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Abstract 

Athletes and coaches, as a successful adjunct to normal firm surface training 

regimes, have often used sand running. However, previous research investigating the 

energy cost (EC) of running on sand is limited to two studies that produced conflicting 

results. Furthermore, the kinematic and electromyographic aspects of running on sand 

have not previously been reported. Therefore, a series of studies was undertaken to 

determine the energy cost of running on soft dry sand and to document the kinematic 

and elctromyographic aspects of running on soft dry sand when compared with a firm 

surface. 

The first two studies assessed the accuracy and precision of portable 

measurement equipment (Accusport portable blood lactate analyser and Cosmed K 4 b 

portable metabolic unit) that was used to collect data taken in the field during Studies 3 

and 4. 

Study 3 compared the EC (J-kg^-m"1) of running on grass and soft dry beach 

sand in recreational runners (n = 13) who were previously inexperienced at running on 

sand. Seven males and five females performed steady state running trials on grass in 

shoes at 8, 11 and 14 km-h"1. Steady state sand runs, both barefoot (BF) and in-shoes 

were also attempted at 8 km-h"1 and approximately 11 km-h" . One additional female 

attempted the grass and sand runs at 8 km-h"1 only. During the running trials, subjects 

wore a portable telemetric metabolic system (Cosmed K 4 b2) that measured the net total 

EC, determined from net aerobic E C (steady state VO2, V C O 2 and R E R ) and net 

anaerobic E C (net lactate accumulation). N o significant differences (P>0.05) in E C 

measures between male or female subjects when running on grass or sand were found. 

W h e n the surface effects (grass, sand bare foot and sand in shoes) of running at 8 km-h"1 

(133.33 m-min"1) were compared in 9 subjects who most accurately maintained that 

speed (133.33 ± 2.2 m-min"1), no differences (P>0.05) were found between the net 

aerobic, anaerobic and total E C when running on sand, B F or in-shoes. However, the 

sand running measures (BF and in-shoes) were all significantly greater (P<0.05) than 

the corresponding values (net aerobic, anaerobic and total E C ) when running on grass. 

W h e n all running speed trials performed by all subjects, for each surface condition were 

combined for analysis, the sand B F and sand in-shoes values for net aerobic EC, net 
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anaerobic E C and net total E C were significantly greater (P<0.001) than the grass 

running measures, but not different (P>0.05) from each other. W h e n expressed as ratios 

of sand to grass running E C coefficients, the sand running B F and sand in-shoes 

running trials at 8 km-h"1, revealed values of 1.6 and 1.5 for net aerobic EC, 3.7 and 2.7 

for net anaerobic E C and 1.6 and 1.5 for net total EC, respectively. For all running 

speeds combined, these coefficients were 1.5 and 1.4 for net aerobic EC, 2.5 and 2.3 for 

net anaerobic E C and 1.5 and 1.5 for net total E C for sand running B F and in-shoes, 

respectively. It was concluded that, for recreational male and female runners, running 

on sand, B F or in-shoes, at speeds ranging between 8 and 11 km-h"1, E C measures were 

up to 1.5 - 1.6 times greater than on a firm surface such as grass, at comparable running 

speeds. The results suggest that running on soft, dry, beach sand B F or in- shoes, 

potentially provides a high-EC, low impact, training stimulus when compared with 

running on a firm surface at the same speeds. 

Study 4 measured the energetics of six elite surf iron men, who were trained 

sand runners, whilst performing the same experimental protocol as the subjects who 

participated in Study 3. W h e n the iron men ran on the sand B F and in-shoes at 8 and 11 

km-h"1, the net aerobic E C and total net E C (but not anaerobic EC) were significantly 

greater (PO.001) than the corresponding grass running trial values. N o significant 

differences (P>0.05) were found between the sand B F and sand in-shoes trial measures. 

W h e n running at 8 km-h"1, the sand B F / grass and sand in-shoes / grass net total E C 

coefficients were 1.39 and 1.41, respectively. At 11 km-h"1 these coefficient values were 

1.40 and 1.44 respectively. 

Comparisons between the iron men and the male recreational runners who 

participated in Study 3, revealed that the iron men were significantly more economical 

in measures of net anaerobic E C of running (J-kg^-m"1) on grass, sand B F and sand in-

shoes (PO.05). W h e n running on the sand BF, the iron m e n were also found to be 

significantly more economical than the male recreational runners in measures of net 

total E C (PO.05). A n analysis of the effect size differences between the two groups in 

the measures of net aerobic (effect size 0.343) and net total E C (effect size 0.443) when 

running on grass, revealed that the differences were small-to-moderate, with the iron 

men recording the more economical values. W h e n both subject groups ran on the soft 

sand BF, and in-shoes, the effect size differences in net aerobic E C (sand B F effect size 
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0.615; sand in-shoes effect size 0.437) and net total E C (sand B F effect size 0.794; sand 

in-shoes effect size 0.625) increased in magnitude. 

The results of Study 4 indicate that the iron men demonstrated a specific training 

effect when running on sand, B F and in-shoes, compared with the responses of the 

recreational runners, who were inexperienced at sand running. This was suggested by 

the effect size differences between the two groups, which increased in magnitude when 

running on sand, B F and in-shoes, with the iron men recording the more economical 

values. Also, as the effect size differences between the two groups were largest when 

running on sand BF, the findings further suggest that a specific training effect might 

exist between B F and shod running for the iron men, as they typically only run on the 

sand BF. 

Studies 5 and 6 examined the kinematic and electromyography differences that 

exist when running on a firm surface compared with soft, dry sand B F and in-shoes, at 8 

and 11 km-h"1, respectively. The subjects who participated in these studies were eight 

well-trained male runners. Study 5 revealed that stance time was greater (P<0.05) when 

running on sand (BF and in-shoes), compared with firm ground values, at 8 km-h"1. In 

the 11 km-h"1 trials, stance time was greater (PO.05) when running on sand, in-shoes, 

compared with the other surface conditions. The percentage of stance to stride, was also 

greater (PO.05) running on sand in-shoes, compared with the other surface conditions, 

at both 8 and 11 km-h"1. Stride length measures when running on sand in-shoes at 11 

km-h"1, were significantly less (PO.05) than other surface condition values. Cadence, 

when running on sand B F and in-shoes, was greater (PO.05) than the firm surface 

counterpart values, when running at 11 km-h"1. 

During the running stride, hip flexion angles at initial foot contact (IFC), mid-

support (MS) and hip flexion maximum were all greater (PO.05) when running on sand 

(BF and in-shoes) compared with the firm surface values at both 8 and 11 km-h"1. Knee 

flexion angles at IFC and for peak flexion (during the swing phase) were also greater 

(PO.05) when running on sand (BF and in-shoes), compared with the firm surface 

values, at both 8 and 11 km-h"1. 
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The increased hip and knee flexion angles observed when running on sand (BF 

and in shoes) at 8 and 11 km-h"1 are similar to values commonly reported when running 

on firm surfaces at faster speeds. The altered kinematics observed when running on 

sand, compared with those of running on a firm surface at similar speeds, were also 

accompanied by a higher level of E M G activation in the lower limb muscles during the 

running stride, compared with the firm surface measures. These findings assist in 

explaining the higher E C observed when running on sand. 

During the stance phase of running, indices of foot pronation were lower when 

running on sand, compared with a firm surface. Also, the level of co-contraction of 

muscles that cross the knee joint and to a lesser degree the ankle joint during the stance 

phase, was higher when running on sand compared with firm surface values. These 

findings suggest that sand running might favor mechanisms that could enhance injury 

prevention and rehabilitation in runners. 

In conclusion, the results of this thesis suggest that the EC of running on soft dry 

sand is 1.4 to 1.5 times firm surface values at running speeds between 8 to 11 km-h"1. 

Running on sand at between 8 to 11 km-h"1 is characterised by greater hip and knee 

range of motion during the stance and swing phases of running gait compared with firm 

surface values. This gait pattern is similar to that evoked at faster running speeds on 

firm surfaces. Sand running gait is also accompanied by a higher generalised level of 

muscle activation and muscle co-contraction across the knee joint compared to that 

elicited when running on firm surfaces at similar speeds. These results suggest that sand 

running provides a high-EC, low impact training stimulus and a novel surface that 

might enhance injury prevention and rehabilitation. 
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A thought for us 

Exercise lies at the heart of the 

struggle for existence. 

The exercise abilities of animals are 

constantly being challenged and refined 

by the relentless process 

of natural selection. 

Anon. 
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Introduction 1. 1 

Chapter 1 

Introduction 

BACKGROUND 
This thesis examines the physiological and biomechanical aspects of running on 

soft dry beach sand, compared to a firm surface, such as grass. 

In Australia, sports such as Surf Lifesaving, including Ironman and Ironwoman 

events and Beach Volleyball enjoy high levels of participation, sponsorship and media 

coverage. Although beaches provide a popular facility for leisure, athletic competition 

and a venue for exercise and training (Berger, 1980; Wischnia, 1982; McKeon, 1989; 

Oviatt and Hemba, 1991; Pen et al., 1996) few studies have investigated the 

physiological responses or adaptations that m a y accrue from running training programs 

conducted on sand surfaces. Furthermore, no studies have examined the biomechanical 

differences in gait that may be evidenced when running on soft sand compared to firm 

surfaces. 

Two studies appear in the literature that have assessed either the energy cost 

(EC), or efficiency of running on sand. However, possible limitations in these studies 

m a y restrict the inferences that could assist the recreational or elite athlete. Zamparo et 

al. (1992) investigated the E C of running on sand compared to a firm surface, and 

reported that the net total E C of running on sand was approximately 2 4 % greater than 

firm ground values. However, that study was limited to the responses of six male 

subjects running at speeds ranging between 7 and 14 km-h"1. A further possible 

limitation was that steady state oxygen demand of running at the experimental speeds 

was determined from collection of expired gases using a Douglas Bag technique, 

commencing after only 4 min of constant speed running. However, the literature 
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Introduction 1. 2 

(Barstow, 1994; Gaesser, 1994; Gaesser and Poole, 1996; Green and Dawson, 1996) 

reports that a continued upwards drift in oxygen uptake (V0 2 ) kinetics occurs beyond 3 

min at moderate exercise intensities that coincides with increased lactate production. It 

is therefore possible that subjects in the study by Zamparo et al. (1992) had not 

achieved steady state V O 2 kinetics, especially at higher running velocities on sand. This 

could have subsequently resulted in an underestimation of the oxygen (O2) cost of sand 

running, compared to running on a firm surface. 

More recently, the development of portable telemetric metabolic systems have 

allowed the measurement of exercise responses over extended periods in the field, 

without the limitations of sometimes cumbersome laboratory equipment. Lejeune et al. 

(1998) used a portable telemetric metabolic system (Cosmed K4) to assess the aerobic 

E C for ten male subjects running on an artificial circular sand track (depth 7.5cm) and a 

hard surface (concrete). They reported the aerobic E C of running on sand to be 1.6 

times the hard surface values, but did not measure accumulated lactate values, following 

running on either the hard surface or on sand. 

Most sports that are conducted on sand are performed in bare feet. Furthermore, 

anecdotal evidence suggests that most people who perform training regimes on the sand 

prefer to do so bare foot. In neither of the studies conducted by Zamparo et al. (1992) or 

Lejeune et al. (1998) were differences in the E C of running on sand bare foot (BF) 

compared to shoes assessed. Furthermore, the E C of females running on sand or gait 

characteristics associated with sand running have yet to be reported. 

The studies by Zamparo et al. (1992) and Lejeune et al. (1998) may shed some 

light on the E C of running on sand compared to a hard surface, although the limitations 

of both studies restrict the inferences that could assist in exercise prescription for 

recreational or elite athletes who may wish to incorporate sand running in their training 

regimes. 

Historical performance benefits from Sand running? 

Track athletes and coaches have previously used beach and sand hill running 

with good results (Berger, 1980; Wischnia, 1982). It has been reported (Wischnia, 

1982) that the great Australian miler and Olympic Champion, Herb Elliott, under the 

tutelage of legendary coach Percy Cerutty, regularly used the hills of Portsea Beach, 
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Introduction 1. 3 

Victoria, as a conditioning venue, with unparalleled success. Wischnia (1982) suggested 

that Elliott never stepped on to a track during his training but preferred the tougher "on 

sand" running: a form of specific resistance training. Berger (1980) attributed the 

success of his High School (USA) Cross Country athletics teams to a rigorous pre

season training regime based on sand running, having previously heard of the 

tremendous success of sand training for distance runners in Australia. 

Oviatt and Hemba (1991) suggested that a program of high intensity beach 

running was responsible for a significant improvement in the High school athletics 

career of the late Steve Prefontaine, who developed into one of the United States of 

America's most celebrated distance runners before his accidental death in the 1970's. 

They also cited testimonials from coaches and footballers ascribing improved 

performance and enhanced injury rehabilitation to training programs that incorporated 

sand running. 

The Benefits of Sand running: A dichotomy of opinion! 

Although many athletes and recreational runners have utilised training on sand 

to supplement their conditioning regimes, opinion between exercise and conditioning 

experts is divided regarding the benefits of sand running. 

Even though based on little scientific evidence, Oviatt and Hemba (1991) 

suggested that a number of physiological, biomechanical and rehabilitative advantages 

could accrue from sand running conditioning programs, which they considered included 

the following: -

• Energy cost of running is almost twice as costly on sand, compared to that on firm 

ground, so training time could be reduced by 50 %. 

• Increased metabolism of intramuscular fat deposits. 

• Greater hip flexion of the recovery leg during the push phase of the support leg, 

reflects a higher knee / thigh action. This action increases the physiological demands 

of the hip flexors and also that of the hamstrings during the braking action that 

follows knee extension. 

• Stride rate and length are exaggerated when sprinting on sand. 

• Quadriceps dominance is de-emphasised by sand's characteristic instability. 

Quadriceps / Hamstring strength ratio imbalances are therefore naturally addressed. 

• Hamstring conditioning is increased by exaggerated hip flexion, knee extension and 
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Introduction 1. 4 

hip / thigh extension. 

• Increased range of ankle motion. 

In part contrast to the opinions of Oviatt and Hemba (1991), Faccioni (1993) 

contends that sand running has limited application to increasing stride length, with a 

greater activation of hip flexors rather than hip extensors. H e suggested that when 

running in soft sand, the ability to apply great extension force is diminished, 

consequently any increases in running speed are achieved through an increase in stride 

rate, by way of a shorter stride and faster hip flexion activity. M a n n et al. (1986), in an 

electromyography study of firm surface running, also suggested that in order to increase 

running speed further, hip flexion was the primary movement, with the remainder of the 

lower limb motion following as a consequence of the hip function. They reported that as 

the speed of gait increased, the activity of the iliacus muscle increased, and in 

conjunction with the psoas muscle was the prime flexor of the hip joint. This activity 

brought about the greatest change in the movement of the lower extremity, in the line of 

forward progression. 

Pen et al. (1996) and Wischnia (1982) suggested that sand runners use a 

technique referred to as "upstepping", where the leg is lifted up and out of the sand to 

prevent the heel sinking deeply into the sand during the support phase. If sand running 

requires a technique of "upstepping" (Pen et al., 1996) to lift the leg following the 

support phase, then the greater hip flexion required, as suggested by Oviatt and H e m b a 

(1991) m a y actually promote training adaptations that contribute to increased running 

speed. 

A brief survey of team trainers and exercise physiologists associated with 

satellite Sports Institutes in Australia has also revealed some conflicting opinions 

regarding benefits of "on sand" training. The N.S.W "Blues" Rugby Union trainer 

revealed that, "the team performs some sand training in the off season, but team 

members report increased residual muscle soreness, but this m a y be attributable to the 

infrequency of "on sand" training. Training on the sand during the competition season is 

generally avoided as it is thought to shorten stride length" (Hopley B, Personal 

Communication, 1997). 

Athletes sponsored by the Western Australian Institute of Sport (W.A.I.S.) have 
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Introduction 1. 5 

used sand running on an infrequent basis to add variety to their training regimes 

(Lawrence S. Manager, Sports Science, W.A.I.S., Personal Communication, 1997). 

However, it is the view of Sports Scientists from W.A.I.S. that regular sand running 

places extra load on the Achilles tendon, produces greater muscle soreness and m a y 

contribute to injury. "Uphill sand running had been used infrequently for training 

hockey players to increase load, and to condition the players to running in a stooped 

position " (Lawrence S, Personal Communication), as is often required in field hockey. 

Some authors (Wischnia, 1982; Wernicki and Glorioso, 1991) have also 

suggested an increased risk of injury with sand running. Wischnia (1982) cites a 

podiatrist's opinion quoting that "the sand surface does not offer sufficient support, 

causing the foot to pronate or supinate excessively. Secondly, the heel sinks into the 

sand on foot contact stretching the Achilles tendon, causing irritation." Wernicki and 

Glorioso (1991) support this opinion in reporting hazards associated with lifeguarding, 

and suggested that running B F over soft sand caused gastrocnemius and Achilles tendon 

pain. They further suggested that the degree of dorsiflexion and plantar flexion required 

for running B F on sand led to increased strain on, and inflammation of, the dorsi and 

plantar flexors of the foot. Wernicki and Glorioso (1991) concluded that soft sand 

running also leads to a greater incidence of plantar fasciitis among lifeguards than in 

firm ground runners. 

However, Pen et al. (1996) surveyed elite Australian Ironmen competitors and 

actually reported a lower incidence of Achilles tendinitis / rupture and plantar fasciitis 

injuries for sand running compared to athletes and recreational runners w h o trained on 

the athletics track or other firm surfaces. The "upstepping" technique used in sand 

running as suggested by Pen et al. (1996) and Wischnia (1982), is characterised by 

initial foot contact with the ankle in a plantar flexed position and the toes entering the 

sand first (Pen et al., 1996). This m a y indicate that the centre of foot pressure remains 

near the ball of the foot, to increase stability on a shifting surface, and that in fact the 

ankle does not undergo sufficient dorsiflexion that would result in a high heel pressure. 

This would actually reduce Achilles stretch (Pen et al., 1996) and could explain the 

lower incidence of these types of injury in Ironmen despite their severe training and 

competition regimes on soft sand. 

Based on sagittal plane films of the ankle position, Kerr et al. (1983) in a cross-
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sectional study reported that in a marathon race the majority of the runners were 

classified as rear-foot strikers. However, it was also noted that the faster runners 

included a greater proportion of mid-foot strikers. These ankle kinematics during 

running are supported in part by M a n n et al. (1986) who examined ranges of motion and 

electromyographic activity of the lower limb in jogging, running and sprinting. These 

researchers found that the degree of dorsiflexion of the ankle joint at foot contact 

decreased as the speed of gait increased, e.g. about 18° of plantar flexion for jogging, 

12° for running, and 8° for sprinting. The magnitude of dorsiflexion was about 10° for 

jogging and running, but 15° for sprinting. Dorsiflexion was present at the ankle joint 

during jogging and running at foot contact, but during sprinting, the ankle joint started 

in plantar flexion, indicating that foot contact was toe-first. The magnitude of plantar 

flexion that began at mid-stance was 45° for jogging and running, and 35° for sprinting. 

The findings of Kerr et al. (1983) and M a n n et al. (1986) m a y indicate that repeated 

plantar flexion at foot contact, as appears to occur during sand running (Pen et al. 1996), 

could entrain ankle mechanics more commonly associated with efficient running at 

higher speeds. 

Beach camber may present some problems (Wischnia, 1982; Pen et al., 1996) 

for athletes and recreational runners using the beach in their training. Wischnia (1982) 

quotes another podiatrist's opinion that suggests, "knee problems in sand runners could 

be attributed to slope of the beach and running on beaches without shoes. If you run 

without shoes, you will pronate more than normal and your knee will not get the support 

it needs." 

This contention is somewhat supported by Gehlsen et al. (1989) who examined 

the effects of running on cambers and showed that the kinematics of the knee joint are 

significantly altered when running on a laterally inclined surface. Gehlsen et al. (1989) 

suggested that valgus kinematic differences might be related to a change in the line of 

action of the applied ground reaction forces. If the force is directed more medially or 

laterally across the knee than normal, care should be taken when running on cambered 

surfaces (Gehlsen et al., 1989). For beach runners then, exercising along a surface 

where the beach drops sharply to the shoreline may result in malalignment of the 

femorotibial angle in the knee, leading to degeneration of either the medial or lateral 

compartment of the knee depending on which side of the knee receives the greater load 

(Gehlsen et. al.,1989). 

6 



Introduction 1. 7 

However, in contrast to the opinions of Wernicki and Glorioso (1991), and those 

cited by Wischnia (1982), Oviatt and H e m b a (1991) presented a feasible argument that 

exercise and training programs conducted on sand, were beneficial in the prevention 

and rehabilitation of injuries. Oviatt and H e m b a (1991) postulated that the muscles, 

ligaments and tendons that govern the multi-axial function of the ankle, are severely 

taxed by the exaggerated ranges of motion necessitated from running in sand. They 

further proposed that as running in sand requires the ankles to function through their full 

complement of kinesiological ranges, the associated increase in sensory integration of 

the lower extremities would increase proprioception of the ankle. Testimonials from 

coaches and athletes cited by Wischnia (1982) concede that injured athletes have used 

the soft, more forgiving sand for rehabilitative purposes for years, being particularly 

effective in maintaining a level of training whilst recovering from stress fractures. 

The conflicting opinions outlined above remain unresolved and are at best 

anecdotal, as to date, only two scientific investigations have been published in the 

literature that examine some physiological consequences of sand running. N o studies 

have as yet examined the gait characteristics or electromyography aspects of sand 

running. Similarly, no scientific literature exists which reports the responses and 

specific adaptations that m a y accrue from exercise or training programs conducted on 

soft sand. 

The reported success of some high profile athletes who have used sand running 

as a conditioning regime, and the recent popular growth and promotion of sports 

conducted on sandy beach surfaces, warrants investigations that could more clearly 

elucidate the benefits of sand running. It would be anticipated that information gained 

from these investigations could enhance the knowledge of coaches and elite athletes, by 

augmenting existing training methods. It is also feasible that information gained from 

an elaborate investigation into the physiological and biomechanical factors associated 

with sand running could provide knowledge that might enhance injury rehabilitation 

and provide a basis for community fitness exercise prescription. 

Statement of the Problem 

Previous research (Zamparo et al., 1992) that has investigated the E C of running 

on sand, m a y have been confounded owing to measurement constraints. It is also 

unknown whether running on an artificial circular sand track (Lejeune et al., 1998) 
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would produce similar responses to those when running on a natural sand terrain. 

Recent biomechanical research (Lejeune et al., 1998) has investigated some 

parameters that m a y affect mechanical efficiency when running on sand, however the 

kinematics and muscle activation patterns that occur whilst running on sand have never 

been reported. 

Further quantification of the physiological and biomechanical differences of 

running on sand compared to a firm (grass) surface m a y provide important information 

to elite athletes, coaches and the recreational sportsman that m a y assist in developing 

effective training regimes and also strategies that m a y facilitate injury prevention and 

rehabilitation. 

Hypotheses 

A number of hypotheses were tested during the course of this thesis. 

1. It was hypothesised that sand running requires a greater E C at 

comparable running speeds than when running on a grass surface. 

2. Habitual sand running evokes training adaptations that result in 

improved running economy when running on a firm (grass) surface 

and soft dry sand compared to non habituated sand runners. 

3. Running on sand in shoes requires a higher E C than running on sand 

BF. 

4. Running on sand requires alterations in the kinematic aspects of 

running gait that may contribute to an increase in EC. 

5. Muscle activations that occur at the hip, knee and ankle are of greater 

magnitude when running on sand compared to a firm surface at 

comparable running speeds. 

Format for Investigation 

Firstly, an in depth assessment of the current knowledge on running on firm 

ground and sand (Chapter 2) is presented in the review of the related literature. 

As a large portion of data collected in this thesis required the measurement of 

metabolic responses taken in the field, this thesis initially undertook two experimental 

studies to verify the precision and accuracy of portable equipment used to collect this 
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The objective of the first experimental study (Chapter 3) was to determine the 

validity and reliability of the portable Accusport blood lactate analyser. 

The second experimental study (Chapter 4) assessed the accuracy of the Cosmed 

K 4 b portable telemetric metabolic system (Cosmed, Italy) that was used for the 

collection of data during the running trials conducted on soft dry beach sand and on 

grass. 

The third and fourth experimental studies (Chapters 5 and 6) examined "The 

energy cost of running on grass compared to soft dry beach sand" and "Running 

economy of elite surf iron m e n and male runners, on soft dry beach sand and grass", 

respectively. 

The fifth experimental study (Chapter 7) investigated "The kinematic 

differences when running on a firm surface compared with soft dry sand". 

The sixth experimental study (Chapter 8) investigated "The electromyographic 

differences when running on a firm surface compared with soft dry sand". 

Chapter 9 is a summary and synthesis of the results and conclusions of this 

thesis. 

Delimitations and Limitations 

The following delimitations and limitations may limit the inferences to be taken 

from the results. 

Physiological assessments of the EC of running on grass compared to soft dry 

beach sand: 

Delimitations 
1. Thirteen, healthy, recreational runners (7 males and 6 females) who were free from 

injury and suffered no gait abnormalities were recruited to participate in the study 

outlined in Chapter 5. 

2. Six, elite, Western Australian surf iron men, participated in the study outlined in 
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Chapter 6. 

3. Sand and grass running trials were conducted in the morning in an attempt to limit 

the influence of wind resistance on the E C of running (Pugh, 1970, 1971; Davies, 

1980), and any differences due to circadian rhythms (Armstrong and Costill, 1985; 

Garrad and Emmons, 1986). 

4. The net post exercise lactate values were assumed to have an O2 equivalence of 

3ml-02-mmol-l"1-kg"1 (diPrampero, 1981). 

Limitations 

1. A suitable flat beach area in Perth, Western Australia was selected to conduct 

running trials on a soft dry sand surface. Soft sand relative density, apparent 

cohesion (moisture content) and shearing resistance m a y vary from other beaches 

in Australia or overseas. 

2. Running trials on a grass surface were conducted on The Department of H u m a n 

Movement and Exercise Science Oval, University of Western Australia. This grass 

surface m a y differ from other grass surfaces. 

Biomechanical assessments of the differences in running on a firm surface and soft 

dry sand: 

Delimitations 
1. Eight well-trained males, who were free from injury, had no gait abnormalities, nor 

prior sand running experience participated in this study. 

Limitations 
1. A simulated sand track was used to obtain kinematic, electromyography and force 

plate data whilst subjects ran. Subjects were allowed familiarisation trials for 

running on the sand track and across the force plate, before data collection began, 

however, the use and dimensions of the sand running track m a y have introduced 

variance in running technique that would otherwise not be demonstrated in a 

natural beach environment. 
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Chapter 2 

Review of Literature 

Introduction 

Historically, sand running has been used by sports coaches and athletes as a 

supplement to normal training regimens. This training was popularised in the 1950's 

and 1960's by the late Percy Cerutty. The success of several Australian middle distance 

runners in these years were attributed to Cerutty's Spartan training camps conducted at 

Portsea beach, Victoria, Australia. More recently, others (Oviatt and Hemba, 1991) 

have reported advantages from training programmes conducted on sand. Running on 

sand is also an important feature of Surf lifesaving competitions in Australia, N e w 

Zealand and South Africa, whilst Beach volleyball is now an Olympic games event. 

However, anecdotally, it has been postulated that sand running poses a greater risk for 

lower limb injury than does firm ground running (Pen et al., 1996). 

There is little research to quantify the efficacy of sand running as an effective 

training and exercise modality. Therefore, this review of literature will focus on the 

research that has investigated the physiological and biomechanical characteristics of 

running performance on firm surfaces. In this way a generic model of running can be 

developed for comparison with subjects running on sand. As the biomechanical 

characteristics of running are multifactorial, many are beyond the scope of this thesis. 

Accordingly, this review will be confined to discussing biomechanical factors that could 

contribute to running economy (RE) and efficiency, principally the kinematics and 

electromyography of running. Although kinetics constitute an important factor in 

running, this thesis only includes comparisons of the kinematic and electromyographic 
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aspects of running on a firm surface and soft, dry, sand, both barefoot (BF) and in-

shoes. Therefore, only key kinetic aspects that are related to the energy cost (EC) of 

running will be included here. 

Nomenclature used to describe the energetics of running 

a) Running economy 

Some ambiguity exists in the nomenclature describing either running economy 

(RE) or the E C of running. For example, Morgan et al. (1989, 1990), Brandon (1995) 

and Weston et al. (2001) have defined R E as the steady state oxygen uptake (V02) for a 

given running velocity. Pate et al. (1992) quantified R E as the oxygen demand ( V 0 2 

submax) of running at a specified velocity. Others (Bernard et al., 1998; Thomas et al., 

1999) define R E as the rate of oxygen (02) consumption for a given submaximal 

running velocity. The definitions of R E used by Bernard et al. (1998), Thomas (1999) 

and Pate et al. (1992) could imply a determination of R E based on 0 2 consumption in 

non-steady state conditions. This would subsequently underestimate the true E C of the 

activity, without provision for contributions from the anaerobic energy pathways 

(Morgan et al., 1989) and lead to erroneous estimates of efficiency. 

Accordingly, for data presented in this thesis, RE will be defined as: 

"The steady state V 0 2 (ml-kg^-min"
1) for a given running velocity (m-min"1)", as 

described by Morgan et al. (1989, 1990), Brandon (1995) and Weston et al. (2001). 

b i.) The energy cost of running 

Some investigators have used the oxygen cost (V02) at a specific run velocity, 

to measure the E C of running (Falls and Humphrey, 1976; Lacour et al., 1990; Bernard 

et al., 1998). Bernard et al. (1998) expressed the E C of running as the net V 0 2 (i.e. the 

increment in V 0 2 above that at rest) corresponding to any submaximal running velocity 

divided by that velocity, di Prampero (1986) defined the E C of locomotion as the 

amount of energy (above pre-exercise resting levels) spent per unit distance. In 

subsequent studies that examined the energetics of running, di Prampero et al. (1986, 

1993) calculated the E C of running as the ratio of steady state 0 2 consumption (ml-kg" 

^min"1) above the pre-exercise resting level, divided by the running speed (m-min"1). 

Thus, E C emerges as ml-02-kg"
1-m"1. Using the energy equivalent of 0 2 consumption 

(respiratory exchange ratio; RER), the ml-02-kg"
1m"1 value was then converted into 
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J-kg^-m"1 and represents the net aerobic E C (di Prampero et al., 1986). In these 

calculations, the E C has been determined assuming an R E R value of 0.96 or a yield of 

20.92 kJ per litre of 0 2 consumed. Since R E R values generally range from 0.71 to 1.00 

this equates to a variance of only 19.63 to 21.12 kJ. Thus the range of R E R values has 

been considered to be of little consequence in the overall calculation of E C (di 

Prampero et al., 1986, 1993; Zamparo et al., 1992, 1999). In laboratory settings, the 

resting 0 2 consumption is used as a baseline to determine the net aerobic E C of physical 

activity and is measured with the subject resting quietly just prior to undertaking the 

exercise task (di Prampero et al., 1986). However, in experiments conducted in a field 

setting, the resting 0 2 consumption has been assumed to equal 3.5 to 4.0 ml-02-kg" 

^min"1 (Zamparo et al., 1992,1999). 

b ii.) The anaerobic energy cost of running 

di Prampero (1981) has outlined procedures to estimate the E C of performing 

anaerobic work. As lactate accumulation (La) may increase above resting levels when 

performing steady state exercise, the calculation of this energy component, inclusive of 

the net aerobic EC, will permit a more accurate appraisal of the efficiency of 

locomotion (di Prampero, 1981). 

In most forms of aerobic exercise, La increases during the first 5-10 min to 

reach a constant level, or can even decrease if the exercise is prolonged (di Prampero, 

1981; Stainsby and Brooks, 1990). Urhausen et al. (1993) found that, after an initial rise 

in La during cycle ergometry at exercise intensities ranging between 85 and 9 0 % of 

individual anaerobic threshold (IAT), La levels reached a plateau level after 5 min of 

exercise and this persisted for 30 min. Peak La measures were approximately 2.3 and 3 

mmol-L"1 for the 85 % and 9 0 % IAT, respectively. These were reduced marginally 

during the 30 min exercise test. At 1 0 0 % IAT, La reached a peak of 4 mmol-L"1 at 10 

min and remained constant for 30 min of exercise duration. At 105% IAT, La levels 

were approximately 4.7 mmol-L"1 at 10 min of exercise and rose gradually to 

approximately 5.4 mmol-L"1 after 30 min of exercise. Similar La kinetics were observed 

when subjects performed endurance running on a treadmill for 45 min. At 8 5 % of IAT 

in the treadmill runs, La did not rise significantly above resting values (approximately 

1.2 mmol-L"1) for the duration of the run (45 min). W h e n running at 9 5 % of IAT, La 

rose to approximately 2 mmol-L"1 after 15 min and reached a plateau thereafter. At 
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1 0 0 % of IAT, La rose from approximately 1 mmol-L"1 at rest to 3 mmol-L"1 after 15 min 

of running, then gradually increased to approximately 3.8 mmol-L"1 by the conclusion 

of the 45 min run. 

Brooks (1991) reported a mild decrease in blood La levels (approximately 1 

mmol-L"1), after an initial rise during the first 5-10 min of steady state bicycle 

ergometry exercise, that persisted for the remaining 40-60 min of exercise duration. 

The data presented by Urhausen et al. (1993) demonstrate higher levels of La in 

steady state with increased exercise intensities (refer Figures 1 and 2). At lower exercise 

intensities, slow twitch (ST) muscle fibres that have a high mitochondrial density and 

mitochondrial enzyme activity are predominantly activated. This favours- oxidative 

energy production (Ivy et al., 1980) and lactate production is accompanied by 

simultaneous removal (di Prampero,- 198-1). At these-low accumulation levels-(< 3.0 

mmol-L"1, refer Figures 1 and 2) the rate of lactate oxidation could ultimately exceed 

production. This results in a net decrease in blood lactate during long term steady sjate 

conditions (Stainsby and Brooks, 1990) associated with a predominantly higher 

proportion of ST fibre recruitment (Ivy et al., 1980). 

Figure 1. Blood lactate during exercise on a Figure 2. Blood lactate during treadmill 

cycle ergometer at 85, 95 and 1 0 0 % IAT. running at 85, 95 and 1 0 0 % IAT. 

Adapted from Urhausen et al., Int. J. Sports Adapted from Urhausen et al., Int. J. 

Med. 14 (3): 134-139 (1993). Sports Med. 14 (3): 134-139 (1993). 
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At higher submaximal steady state exercise intensities (95-100% IAT) initial 

lactate production is greater (refer Figures 1 and 2), due principally to a greater 

activation of fast twitch (FT) muscle fibres that favour glycolytic energy production 

(Ivy et al., 1980). The recruitment of some F T fibres increases glycolytic flux and / or 

concentration of pyruvate (Chwalbinska-Moneta et al., 1989) before oxidative 

phosphorylation has achieved steady state (di Prampero, 1981). O n attainment of an 

oxidative steady state the rates of lactate production and disappearance through 

oxidative processes will be equal so that La levels in the blood plateau following initial 

stages of exercise (5-10 min) (Stainsby and Brooks, 1990). 

b iii.) Lactate as an index of Anaerobic EC 

di Prampero (1981) experimentally determined the energy equivalent of La in 

the blood and permitted the contribution of anaerobic metabolism to be included in the 

net total E C of physical activity (di Prampero et al., 1993; Zamparo et al., 1992, 1999). 

With the exception of phosphocreatine (PCr), the net accumulation of lactate (ALa) in 

the body is quantitatively related to the overall energy output from anaerobic sources. 

This is supported by experimental evidence (di Prampero, 1981) that shows: 

1. The removal of lactate via oxidation or resynthesis to glycogen by muscles 

or other organs necessarily requires oxygen consumption and is included in 

the aerobic fraction of whole body energy metabolism. 

2. The net increase of blood alanine concentration in exercise is quantitatively 

minor. The energy contributed by the alanine cycle is included in the net 

V 0 2 because the hepatic gluconeogenesis from alanine, via pyruvate is 

accompanied by oxygen consumption. 

Therefore, allowing for the small and insignificant increase in pyruvate, the only 

quantitatively meaningful index of whole body anaerobic metabolism is the net increase 

(above resting levels) of whole body lactate, apart from PCr breakdown (di Prampero, 

1981). 

di Prampero (1981) empirically measured the amount of energy (in 02 

equivalents) released per kilogram of body weight when the peak blood La 

concentration after exercise increased by 1 mmol-L"1, deriving a constant of 3 ml-02-kg" 

^mmol-L"1. This permits the calculation of the amount of energy liberated by lactate 

production in the body from routine measurements of blood La concentration (di 
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Prampero, 1981). However, an elevated constant blood lactate, irrespective of its 

absolute level, is not indicative of an anaerobic contribution to metabolism during the 

steady state; it indicates only that anaerobic energy production has occurred at an earlier 

time (di Prampero, 1981). Therefore, knowledge of the time course of La during 

exercise is necessary to estimate the average rate of anaerobic energy release (di 

Prampero, 1981). However, the contribution to overall energy metabolism is negligible 

at low (< 5.0 mmol-L"1) La levels (di Prampero, 1981). 

The net anaerobic EC of running has previously been reported by di Prampero et 

al. (1993) and Zamparo et al. (1992). The methodology used by these researchers to 

calculate the net anaerobic E C was as follows: 

Net anaerobic E C = Post exercise lactate (mmol-L"1) - resting lactate x 3 

ml-02-kg" -mmol-L" divided by the overall distance covered. This value was then added 

to the net aerobic cost, expressed as ml-kg^-m"1. (Zamparo et al., 1992; di Prampero et 

al, 1993). 

Zamparo et al. (1992) and di Prampero et al. (1993) have then expressed the 02 

equivalent of La, assuming an R E R value of 0.96 (20.92 kJ). This is somewhat puzzling 

as the metabolism of glucose (via the anaerobic pathway) is associated with an R E R 

value of 1.0 and an energy equivalent of 21.12 kJ per litre of 0 2 consumed. However, di 

Prampero et al. (1986) have chosen to neglect this minor effect since the energy 

equivalent of 1 ml-02 only varies from 19.63 to 21.12 U throughout the range of R E R 

values from 0.71 to 1.00. 

In this thesis, the determination of the net anaerobic EC of running is calculated 

using the basic principles outlined by di Prampero (1981) and di Prampero et al. (1993) 

where: 

Net anaerobic E C = (Post exercise lactate (mmol-L"1) - resting lactate) x 3 

ml-02-kg"
1-mmol-L"1, divided by the duration of the run (min). To derive ml-02-kg"

1-m"1, 

this value was then divided by the running velocity (m-min"). The energy value (J) of 

the 0 2 equivalent was then determined assuming an R E R value of 1.0 (21.12 kJ or 2112 

J) associated with the anaerobic metabolism of glucose, to yield J-kg'^m"1. Finally, the 

net anaerobic E C (J-kg^-m"1) was added to the net aerobic E C to calculate total net EC. 
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Running Economy 

Running economy is an important correlate of successful performance (Morgan 

et al, 1990) and has been shown to account for a significant variation in distance 

running performance, even among runners with comparable V 0 2 maX values (Morgan et 

al, 1989). Consequently, factors that contribute to R E or methods for improving R E 

have been a regular focus of attention in the research literature (Daniels, 1985; Sjodin 

and Svedenhag, 1985; Morgan et al, 1989, 1990; Pate et al, 1992; Brandon, 1995). 

Differences in the oxygen cost of treadmill and overground running: The influence 

of air resistance. 

To examine the interplay between correlates of running performance, the use of 

motor driven treadmills, in association with metabolic systems, has been used in the 

laboratory situation. However, as the use of treadmills became more common, some 

concern grew over possible differences that might exist between the energy demands of 

treadmill running compared to overground running (Daniels, 1985). Maksud et al. 

(1971) compared heart rate (HR), ventilation ( V E ) and V 0 2 changes during treadmill 

running and track running at 7 m p h (11.2 km-h"1; 186-67 m-min"1), 10 m p h (16.0 km-h"1; 

266.67 m-min"1) and 12 m p h (19.2 km-h"1; 320.0 m-min"1) at zero grade for 2 min each. 

Heart rate was monitored continuously using radio telemetry and V E and V 0 2 were 

determined from six 20s collections of expired gas during the 2 min run using a 

Douglas Bag technique. Track runs were performed on a 140 yards, banked, indoor 

track. A calibrated bicycle monitored running speeds. Heart rate and V E responses 

between the treadmill and track runs were similar for each running speed. The V 0 2 at 

20s intervals during running on the track and on the treadmill were not significantly 

different when running at 7 mp h (186.67 m-min"). However, when running at 10 and 12 

mph (266.67 and 320.0 m-min"1) the V 0 2 was higher with the track runs. 

McMiken and Daniels (1976) examined the aerobic requirements of track 

compared to treadmill running at 180, 210 and 260 m-min"1 using the Douglas Bag 

technique. Calm conditions (wind velocity < 1.7 m-s"1) were a prerequisite for the track 

runs. Maximal aerobic power was measured under both conditions and was not 

significantly different (mean V 0 2 max treadmill 66.9 ± 3.75 ml-kg^-min"
1; track 66.3 

ml-kg^-min"1) but were highly correlated (r = 0.95, PO.01). A linear and highly 

correlated (r = 0.91, PO.01) relationship was found between V 0 2 and running speed on 
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both the treadmill and track conditions. The mean differences between treadmill and 

track running at the three submaximal speeds were not significantly different from zero. 

These results led McMiken and Daniels (1976) to conclude that any differences 

between track and treadmill determination of V 0 2 were likely to be small and that the 

treadmill appeared to be a valid instrument for the measurement of overground running 

V 0 2 . These findings were supported by Bassett et al. (1985) who also reported no 

significant differences between mean V 0 2 measures from treadmill and overground 

running at speeds ranging between 140 - 280 m-min"1. 

Pugh (1970, 1971) and Davies (1980) have investigated the influence of wind 

velocity and air resistance on V 0 2 , during treadmill running in a wind tunnel and on a 

track. Pugh (1970) found that in treadmill running (no wind) the relationship between 

V 0 2 and running velocity was linear. In track running, the relationship was curvilinear 

but was adequately represented by a linear regression over a range of speeds from 

8 km-h"1 (133.33 m-min"1) to 21.5 km-h"1 (358.33 m-min"1). However, the slope of the 

track regression was steeper than the regression line for treadmill running, an indication 

of a higher 0 2 cost. Pugh (1970) further reported that the additional 0 2 cost associated 

with wind increased with the square of wind velocity. W h e n wind and running velocity 

were equivalent, as would occur during overground running in calm air, the added 0 2 

cost increased with the cube of wind velocity. Based on these data Pugh (1970, 1971) 

estimated that the E C of overcoming air resistance (calm air) in track running was 

approximately 8 % of the total E C at a running speed of 358.33 m-min"1 (21.5 km-h"1) 

and increased to between 13-16% of the total E C at sprint speeds (600.0 m-min"1). 

Davies (1980) reported that, at a headwind velocity of approximately 6 m-s"1, 

V 0 2 increased insignificantly but, at headwind velocities in excess of 6 m-s"
1 the V 0 2 

rose as a curvilinear function of wind velocity. At high air velocities .(> 15 m-s"1), V 0 2 

tended to plateau. Running with the wind effected a curvilinear reduction of V 0 2 , 

which was insignificant at following wind velocities of less than 5 m-s"1. Davies (1980) 

reported that the additional E C of overcoming air resistance was 7.8% for sprinting 

speeds (600.0 m-min"1), 4 % for middle distance running speeds (360.0 m-min"1) and 2 % 

for marathon running speeds (300.0 m-min"). 

In a review of this topic, Leger and Mercier (1984) reported that the differences 
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in E C of horizontal treadmill and track running in calm air are negligible between 8 and 

15 km-h"1 (133.33 - 250.0 m-min"1). At running speeds of 25 km-h"1 (416.67 m-min"1) 

E C m a y increase by up to 6.2 ml-kg^-min"1 running on a track when compared with a 

treadmill. From these observations, the use of motor driven treadmills to assess 

performance characteristics on the track are relevant at experimental running speeds up 

to approximately 260.0 m-min"1. However, when assessing the 0 2 cost and energy 

requirements of overground running at speeds in excess of 260.0 m-min"1, or in wind 

velocities greater than 6 m-s"1, V 0 2 values can be adjusted at a predictable rate to 

include the influence of air resistance (Pugh, 1970, 1971; Davies, 1980; Leger and 

Mercier, 1984). This procedure will permit realistic comparisons of R E and the E C of 

running in the field situation against data acquired using treadmills in the laboratory. 

Significance of RE to performance 

A better R E , quantified by a lower V 0 2 at specific running speeds, has been 

identified as an important characteristic for success in distance running events (Conley 

and Krahenbuhl, 1980) and enables a runner to maintain a higher velocity during a race 

(Brandon, 1995). In elite distance runners with a relatively narrow range of V 0 2 max, the 

R E at different speeds has been found to be significantly correlated (r = 0.79 - 0.83) 

with performance in a 10 k m race (Conley and Krahenbuhl, 1980). There is also a wide 

variation in R E between runners of similar performance capabilities (Sjodin and 

Svedenhag, 1985) and significantly better R E (i.e. lower oxygen cost of running) has 

been reported in marathon runners compared with runners participating over shorter 

distances (Sjodin and Svedenhag, 1985). 

In a review of the physiology of marathon running, Sjodin and Svedenhag 

(1985) identified that a V 0 2 max of 70 - 77 ml-kg^-min"
1 was highly correlated with elite 

performance (i.e. marathon time < 2 h: 30 min). Good runners (i.e. marathon time 2:30 

- 3:00) had V 0 2 max scores ranging between 56.0 and 72.8 ml-kg^-min"
1 (mean 65.6 ± 

1.2 ml-kg^-min"1). Slow runners (i.e. marathon time > 3:00) had V 0 2 max values that 

ranged between 53.4 and 67.4 ml-kg^-min"1 (mean 58.7 ± 1.9 ml-kg^-min"1). W h e n the 

0 2 cost of running at a specific, submaximal speed on the treadmill is related to the 

V 0 2 max (i-e. % V 0 2 max), high correlations with performance in endurance events are 

noted (Sjodin and Svedenhag, 1985). The fractional utilisation of V 0 2 and the 

individual anaerobic threshold (running velocity at 4 mmol-L"1 lactate) have been found 

22 



Review of Literature 2. 23 

to be significantly correlated with endurance running performance. Sjodin and 

Svedenhag (1985) reported a significant correlation (r = -0.94; P< 0.001) with 

individual mean marathon, running velocity and the fractional utilisation of V 0 2 max at a 

running speed of 15 km-h"1. Elite runners used between 60 and 6 5 % of V 0 2 max at 15 

km-h" , good runners between 65 and 8 5 % of V 0 2 maX and slow runners between 80 and 

9 5 % of V 0 2 max at this same speed. Although these data demonstrate a high degree of 

association between either V 0 2 max or V 0 2 submax running velocities and endurance 

running performance, a high degree of variability was reflected by large ranges in V 0 2 

max values or the fractional utilisation of V 0 2 max being evident. 

The variability in RE measures between elite and non-elite, and trained and 

untrained runners has been examined in some detail (Conley and Krahenbuhl, 1980; 

Dolgener, 1982; Maughan and Leiper, 1983; Williams and Cavanagh, 1987; Morgan et 

al, 1989; Daniels and Daniels, 1992; Pate et al, 1992; Brandon, 1995; Morgan et al, 

1995). The training level of subjects has been considered a contributing factor to the 

variance observed in R E (Sjodin and Svedenhag, 1985) but there is little consensus 

regarding the effects of training on R E (Morgan et al, 1989). For example, Conley and 

Krahenbuhl (1980) determined the R E of 12 elite male distance runners (mean V 0 2 max 

71.70 ± 2.80 ml-kg^-min"1) by comparing their 10 k m race time (32.10 ± 1.00 min) with 

V 0 2 values at running speeds of 241, 268 and 295 m-min"
1, respectively. Coefficients of 

determination (R2) revealed that 65.4% of the variation observed in race performance 

was explained by RE. This suggested that there are differences between V 0 2 max 

(training level) and RE. 

Bransford and Howley (1977) determined the 02 cost of treadmill running 

related to running speed in untrained ( V 0 2 max 51.4 ± 1.3 ml-kg^-min"
1) and trained 

(V02 max 69.3 ± 0.9 ml-kg^min"
1) men, and untrained ( V 0 2 max 44.2 ± 1.0 ml-kg^-min"

1) 

and moderately trained women ( V 0 2 max 48.8 ±1.3 ml-kg^-min"
1). The V 0 2 max values 

of the trained runners were significantly higher than their untrained counterparts. These 

results further demonstrated that the rate of increase in V 0 2 for a given increase in 

running speed was the same for all groups. The trained male runners had a significantly 

lower V 0 2 (PO.05) than those of the other groups (untrained men, and trained and 

untrained women) at any measured velocity (150 - 300 m-min"1). The trained females 
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and untrained males had significantly lower V 0 2 measures than the untrained females 

(PO.05) at any given range of velocity. N o significant differences were observed 

between the untrained men and trained w o m e n (P>0.05). From these data, Bransford 

and Howley (1977) concluded that differences in R E existed between trained and 

untrained groups, and between males and females. Conversely, Maughan and Leiper 

(1983) reported no significant differences in the 0 2 cost of running between male and 

female marathon runners at velocities of 6 - 16 km-h"1 (100 - 267 m-min"1), although 

inter-individual variability was observed in both sexes. 

Dolgener (1982) examined the RE of untrained (mean V02 max 42.6 ± 0.97 

ml-kg"1-min"1, n = 13), sprint trained (mean V 0 2 max 49.9 ± 1.95 ml-kg'
1-min"1, n = 13) 

and endurance trained (mean V 0 2 max 54.9 ± 2.50 ml-kg"
1-min"1, n = 12) women with 

similar height, body mass and skinfold measures. They reported no significant 

differences in R E between subject groups running at the test velocity of 160.4 m-min"1, 

despite the untrained group having a significantly lower V 0 2 max than the sprint and 

endurance trained groups. Pate et al. (1992) found similar V 0 2 values (33.9 ml-kg" 

^min"1) in 119 male and 60 female recreational runners when running at 161 m-min"1, 

almost identical to the submaximal experimental speed utilised by Dolgener, (1982). 

However, Pate et al. (1992) reported that, while V 0 2 when running at ̂ lm-min"1 was 

positively correlated with V 0 2 max, the data indicated that R E tended to be poorer in the 

subjects with higher maximal aerobic power. 

Pate et al. (1992) hypothesised that some of the disagreement with previous 

studies and the results of their study might be associated with differences in fractional 

body mass in the limbs and the use of V 0 2 expressed in ml-kg"
1-min"1. They suggested 

that, because weight distribution between the trunk and limbs varies across subjects, R E 

might not be appropriately controlled by dividing V 0 2 (1-min"
1) by body mass. Thus, 

persons who have a greater fraction of body mass in the limbs could evoke a greater 

submaximal V 0 2 because of greater active muscle mass. During submaximal running, 

these same persons would tend to have higher V 0 2 values because of the increased E C 

of moving relatively heavier limbs. Pate et al. (1992) suggested that differences in test 

protocols might also contribute to variance in R E measures between studies. Their 

subjects ran at an experimental velocity of 161 m-min"1 which corresponded to 6 8 % 
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V 0 2 max, with a range of 49 - 9 1 % V 0 2 max- Thus, for runners with higher V 0 2 max 

values, running at 161 m-min"1 required a relatively low percentage of V 0 2 max and was 

probably appreciably lower than their typical training intensity. Pate et al. (1992) further 

hypothesised that runners with higher V 0 2 max values were possibly less comfortable 

when running at this pace and were therefore less economical, due to mechanical and / 

or neuromuscular factors. 

Morgan et al. (1989, 1995) suggested that a number of factors are associated 

with R E , some of which are not necessarily a function of training or performance status. 

They conducted a retrospective analysis of seven published investigations spanning a 

period of 30 years. Subjects were divided into experimental cohorts of elite distance 

runners (Gl), highly trained sub-elite runners (G2), members of local competitive teams 

(G3) and untrained runners (G4). The results indicated a significant difference in 

V 0 2 max, so that Gl > G 2 > G3 > G4. Analysis of submaximal V 0 2 data revealed the 

groups with lower V 0 2 max values were least economical. Hence, in terms of RE, Gl > 

G 2 > G 3 > G4. Of significance though was the finding that average within-group 

variability for submaximal V 0 2 was similar across categories, and that there was a 

marked overlap of minimum, mean and maximal economy values across categories. 

Morgan et al. (1995) concluded that the magnitude of spread in submaximal V 0 2 values 

previously reported suggests that variability in R E within a particular sample is 

independent of performance ability and training status. These data supported the notions 

that better or worse economy is not necessarily a function of training or performance 

status and that anatomical, physiological (Daniels, 1985; Sjodin and Svedenhag, 1985; 

Morgan et al, 1989; Brandon, 1995) and biomechanical (Williams and Cavanagh, 

1987; Morgan et al, 1989) characteristics could influence RE. However, to reduce the 

impact of within-subject variability, future studies should consider the interactions 

between larger and more homogeneously grouped samples (Darnels, 1985) when 

attempting to identify the key characteristics that contribute to improved RE. 

As a means of comparing previous RE measures with values presented in this 

thesis, data from a collection of studies (refer Table 1) are shown for males and females 

in Figure 3 and Figure 4, respectively. 
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Table 1. Summary of studies used to compare running economy. 

Authors Subjects Mean V0 2 m a x 

(±SD) 

(ml-kg"1-min"1) 

Regression prediction 

for V 0 2 

Costill etal. (1973) 16 M 

McMiken & Daniels (1976) 8 M 

Bransford&Howley(1977) 10 M 

10 M 

Conley & Krahenbuhl (1980) 12 M 

Bassettetal. (1985) 7 M 

di Prampero et al. (1986) 36 M 

Lacouretal. (1990) 

Weston etal. (2000) 

Williams (1990) 

Zamparo etal. (1992) 

27 M 

8M 

8M 

4M 

6M 

66.6 

66.6 + 3.7 

51.4 

69.3 

71.7 + 2.8 

59.3 ±4.6 

56.4 + 5.7 

71.3 ±4.5 

a 60.7 

c 69.9 

y = 0.252x- 15.54 R2 = 0.92 

y = 0.172x + 5.36 R2 = 0.83 

(UT) y = 0.203x-3.56 

(T) y = 0.204x-0.51 

y = 0.209x-5.67 R2 = 0.74 

y = 0.222x-1.33 R2 = 0.90 

Falls and Humphrey (1976) 7 F 

Bransford and Howley (1977) 10 F 

10 F 

Dolgener (1982) 38 F 

50.7 

44.2 ± 1.0 (UT) y = 0.151x + 10.94 

48.8 + 1.3 (T) y = 0.182x + 3.51 

54.9 ± 2.5 (ET) 

49.9 ±1.9 (ST) 

42.6 ±0.1 (UT) 

Key: y = predicted VO2; x = run speed (m-min"1); (UT) = untrained subjects; (T) = trained 

subjects; (ET) = endurance trained subjects; (ST) = sprint trained subjects; a = African subjects; 

c = Caucasian subjects; M = male subjects; F = female subjects. All data are based on treadmill 

running trials. Data from McMiken and Daniels (1976) includes track running trials. 

Maughan and Leiper (1983) reported the V 0 2 measures for 18 male (mean V 0 2 

max 60.6 ml-kg"1 min"1) and 10 female (mean V 0 2 max 51.6 ml-kg"
1-min"1) subjects 

running on a motor driven treadmill at speeds ranging between 6 and 16 km-h"1. The 

combined data (i.e. males and females) were represented by the regression: V 0 2 (ml-kg" 

^min"1) = 9.43 + [2.52 x speed (km-h"1)], (r = 0.91, n = 82). These data closely fit those 
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presented in both Figures 3 and 4, and suggest little gender difference in R E at 

velocities less than 16 km-h"1. 
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Figure 3. V 0 2 for males running on a motor driven treadmill. Values are^taken from 

studies outlined in Table 1. Data are represented by the linear regression y = 0.186x + 

1.963 (PO.001) (R2 = 0.902), where y is the V 0 2 and x is the running velocity. The 

mean V 0 2 m a x values, where reported, ranged between 51.4 and 71.7 ml-kg"
1-min"1 (n = 

221). 
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Figure 4. V 0 2 for females running on a motor driven treadmill. Values aretaken 

from studies outlined in Table 1. Data are represented by the linear regression y = 

0.156x + 10.24 (P<0.001) (R2 = 0.94), where y is the V 0 2 and x is the running 

velocity. The mean V 0 2 m a x values ranged between 42.6 mlkg^-min"
1 for untrained 

females and 54.9 ml-kg^min"1 for endurance trained females (n= 19). 
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The energy cost of running 

W h e n the range of V 0 2 max is narrow, as with highly trained athletes, the 

correlation between V 0 2 max and performance is not necessarily strong (di Prampero, 

1986). For example, Conley and Krahenbuhl (1980) found a low correlation (r = -0.12) 

between V 0 2 max and 10 k m performance time. For subjects with small differences in 

V 0 2 max, the fraction of V 0 2 max utilised has been shown to be significant (Costill et al., 

1973; Conley and Krahenbuhl, 1980) in predicting endurance running performance. 

Accordingly, in order to discriminate the characteristics contributing to elite 

performance, authors (di Prampero et al, 1986, 1993) have investigated the E C of 

running which is defined as the amount of energy above resting levels expended per 

unit distance, expressed as J-kg^-m"1 (di Prampero, 1986). 

In an expansive review of the EC of human locomotion di Prampero (1986) 

identified the relationship between performance and the E C of locomotion, whereby the 

energy expended (above resting) per unit of time is the product of the speed of 

locomotion times the E C (metabolic power). Applied to maximal conditions, the 

sustainable speed depends upon the ratio of the maximal metabolic power to the E C of 

locomotion, at that speed. Thus, since maximum metabolic power is similar for elite 

athletes, the maximal speed attainable is set essentially by the value of EC. Hence the 

maximal metabolic power is high in those forms of activity in which E C is low (di 

Prampero, 1986). 

Using V02 max to set metabolic power, di Prampero et al. (1986) assessed the 

maximal sustainable running speed in endurance runners in conjunction with the 

maximal sustainable fraction of V 0 2 max and the E C of running (J-kg^-min"
1). They 

found that the sustainable running speed is a function of the subject's V 0 2 max, the 

maximal fraction of V 0 2 max sustainable and the E C of running per unit distance. These 

factors explained up to 7 2 % of the variance in the actual speed of performance. 

The EC of running has been assessed previously as an important component of 

R E and efficiency (Margaria et al., 1963; di Prampero, 1986; di Prampero et al., 1986; 

Zamparo et al., 1992; di Prampero et al., 1993). Excluding the provision for La, di 

Prampero et al. (1986) determined the E C (J-kg'^m"1) of 36 male subjects (mean V 0 2 

maX 56.4 ± 5.7 ml-kg"
1-min"1) who had competed in either a marathon or a half marathon 
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whilst replicating their competition velocity (mean 3.45 ± 0.42 m-s"1) during treadmill 

running. The E C of running at velocities between 85 and 1 2 0 % of average marathon 

velocity amounted to a mean of 3.73 J-kg^-m"1. At velocities equal to approximately 

8 5 % and 1 2 0 % of competition running velocity, E C amounted to mean values of 3.73 

and 3.78 J-kg'^m"1, respectively. 

di Prampero et al. (1993) determined the EC of running on a tartan track in 6 

female (mean V 0 2 maX 50.0 ± 5.2 ml-kg"
1-min"1) and 10 male (mean V 0 2 max 60.2 ± 3.0 

ml-kg"1-min"1) athletes using a Douglas Bag technique. At running velocities ranging 

between 220.0 and 290.4 m-min"1, the mean E C for the females (excluding provision for 

La) was 3.36 + 0.28 J-kg^-min"1. For the males, mean E C (excluding provision for La) 

was 3.51 + 0.33 J-kg'^min"1 for velocities ranging between 214 and 360 m-min"1. When 

all data were combined, including provision for La, the overall mean E C was 3.72 ± 

0.24 J-kg" -min"1. This was comparable to the values previously reported by di Prampero 

et al., (1986) for an all male cohort. 

The anaerobic EC of running determined from net La values measured at the 

conclusion of steady state running has been previously assessed in 0 2 equivalents (di 

Prampero, 1981) and added to the net aerobic (oxygen) cost of running (Zamparo et al., 

1992; di Prampero et al., 1993). Zamparo et al. (1992) measured post exercise La after 

completion of 5 min runs at fixed speeds between 7 and 14 km-h"1, and reported that the 

0 2 equivalent of net La accounted for between 7 and 1 2 % of the total EC. di Prampero 

et al. (1993) reported net La values of approximately 3.4% of the total net E C following 

steady state runs. The discrepancy in the proportion of net anaerobic E C reported 

between these two studies (Zamparo et al., 1992; di Prampero et al., 1993) is difficult to 

explain as lactate sampling times post-exercise appeared to be similar. However, it 

could be postulated that differences in the training status between the two subject 

groups might have been a contributing factor. 

Table 2 presents a summary of studies that have investigated the EC of running 

determined in J-kg^-m"1. Data from these studies are also presented in Figures 5 and 6, 

the values representing the net aerobic E C of running, excluding provision for net La 

accumulation. 
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Table 2. Summary of studies used to compare the energy cost of running. 

Authors Subjects Mean V 0 2 max Mean E C 

(ml-kg"1-min"1) (J-kgW1) 

Margaria et al. (1963) 

Zamparo etal. (1992) 

di Prampero et al. (1986) 

di Prampero et al. (1993) 

Lejeune etal. (1998) 

2M 

6M 

36 M 

6F 

10 M 

4M 

56.4 + 5.7 

50.0 + 5.2 

60.2 ± 3.0 

4.2 

4.9* 

3.71+0.28 

3.36 + 0.28 

3.51 + 0.33 

4.08 ± 0.32 

Key: M = males, F = females. Data from Zamparo et al. (1992)* includes provision for net La 

accumulation. 

A commonly accepted tenet is that the E C of running, expressed per unit of 

distance (J-kg'^m"1), is essentially independent of running speed (Margaria et al., 1963; 

di Prampero, 1986; di Prampero et al., 1986; di Prampero et al., 1993). Also, little 

difference in E C has been reported between males and females (di Prampero, 1986; di 

Prampero et al., 1993). However, reference to Figures 5 and 6, that includes data 

compiled from a number of studies (Margaria et al., 1963; di Prampero et al., 1986, 

1993; Lejeune et al., 1998) using various experimental running speeds, suggests that E C 

might be higher at slow running speeds, when compared with faster speeds in excess of 

300 m-min"1. This anomaly might be due to differences in mechanical efficiency 

experienced by trained athletes unaccustomed to running at slow speeds (Pate et al., 

1992) and to the utilisation of stored elastic energy at the faster speeds (Cavagna, 1977; 

Shorten, 1987). 
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Figure 5. Net aerobic energy cost (J-kg^-mf1) of running in males (n = 79) between 

the velocities of 102 and 360 m-min"1. Data has been adapted from Margaria et al. 

(1963), di Prampero et al. (1986, 1993) and Lejeune et al. (1998). The relationship 

between E C and running velocity is defined by the regression: E C = -0.00367x + 

4.603 (r = -0.539, R 2 = -0.291), (PO.001), where E C is the energy cost and x is the 

running velocity (m-min"1). Mean E C value across the running speed range is 3. 71 ± 

0.40 J-kg'W1. Data from Zamparo et al. (1992) (refer Table 2) has not been 

included in Figure 5, as their E C values included provision for anaerobic EC. 
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Figure 6. Net aerobic energy cost (J-kg" m " ) of running in females (n = 23) between 

the velocities of 220 and 290.4 m-min"1. Data have been adapted from di Prampero et 

al., (1993). The relationship between E C and running velocity is defined by the 

regression: E C = -0.00629x + 4.926 (r = -0.456, R 2 = -0.209), (P<0.05), where E C is 

the energy cost and x is the running velocity (m-min"1). Mean E C value across the 

running velocity range is 3.36 ± 0.28 J-kg" -m" . 

As evidenced from Figures 5 and 6, a modest inverse relationship appears 

between E C and running speed, when including data ranging from slow to faster 

submaximal speeds. However, closer inspection of Figure 5 also suggests that 

elimination of data at the ends of the running speed ranges depicted could easily result 

in conclusions that E C is independent of speed (Margaria et al. 1963; di Prampero, 

1986; di Prampero et al., 1986, 1993). It could also be possible that combining data 

from a number studies does not take into consideration subtle differences that might 

exist between R E and efficiency, within-and-between different subject cohorts. The 
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interaction of EC, determined over a broader spectrum of submaximal running speeds, 

and using subjects homogeneous in their characteristics could shed further light on 

factors contributing to elite running performance. 

Over more limited ranges of running velocities, EC has been found to essentially 

be independent of speed (Margaria et al., 1963; di Prampero, 1986; di Prampero et al, 

1986, 1993). Accordingly, E C expressed as J-kg^-m"1, has been used to assess the 

effects of locomotion over various terrain, independent of the changes in velocity 

(Zamparo et al., 1992; Lejeune et al., 1998). 

Energy cost of locomotion over terrain "similar" to sand. 

The research that has examined the E C of walking in snow may provide an 

insight into mechanisms that contribute to an increased E C when running on soft sand 

(Heinonen et al., 1959; Ramaswamy et al., 1966; Pandolf et al., 1976; Smolander et al., 

1989). A linear increase in the E C of walking in snow with increased depth of foot-print 

has been reported (Heinonen et al., 1959; Ramaswamy et al., 1966; Pandolf et al., 

1976). For foot print depressions of 10, 20, 30 and 40cm Heinonen et al. (1959) 

reported E C coefficients (i.e. E C of snow walking ± E C of firm ground walking) 

ranging from 2.2 to 12.8. Pandolf et al. (1976) reported coefficients that ranged between 

2.1 and 4.5 for the range of foot print depressions analysed (10-40cm). Comparing their 

results with those of Soule and Goldman (1972), and Pandolf et al. (1976) indicated 

that, for walking in snow, a foot print depression of 10cm would represent a similar 

coefficient for walking in sand. 

Smolander et al. (1989) determined the EC of 10 subjects (7 males, 3 females, 

mean age 24.6y) walking at self-selected speeds on a treadmill and in snow, whilst 

wearing three differently weighted boots. The mean treadmill walking H R in boots was 

98 bpm and the mean snow walking H R in boots, 151 bpm. The results indicated an E C 

coefficient for snow walking of 2.85 for light to moderate work intensities 

The variance in the EC coefficients for walking in the snow reported by 

Heinonen et al. (1959), Pandolf et al. (1976) and Smolander et al. (1989), could have 

been due to E C differences in self selected (Heinonen et al., 1959; Smolander et al., 

1989), or pre-determined (Pandolf et al., 1976) walking speeds, differing snow 
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characteristics, wind velocity, individual gait characteristics and extremity (boots) 

loading (Pandolf et al., 1976; Smolander et al., 1989). Heinonen et al. (1959) and 

Pandolf et al. (1976) suggested that the increased E C coefficients observed when 

subjects walked on snow could be attributed to, less ballistic movements of the legs, a 

forward leaning posture, difficulty of maintaining balance, slipperiness of wet snow and 

a higher leg lift. Some of these characteristics might be similar to those expected when 

running on soft sand, namely, reduced ballistic movements of the legs, a forward 

leaning posture, slipping of the support foot and a higher leg lift. 

Energy cost of walking on sand 

A small number of researchers have examined the E C of walking on sand 

(Strydom et al., 1966; Soule and Goldman, 1972; Zamparo et al., 1992; Lejeune et al., 

1998). Strydom et al. (1966) measured the V 0 2 and H R of eleven healthy young men 

during a three mile (4.8 k m ) route march conducted on consecutive days, at 3 miles per 

hour (m.p.h.) (4.8 km-h"1) wearing full military kit (average pack weight, 51 lb or 23.2 

kg). The subjects walked either on a hard road surface or on the soft sand at the side of 

the road on alternate days. Respiratory masks were fitted before starting the walk and 

connected to a Kofranyi apparatus by rubber tubing. Assistants walked next to the 

subjects and carried this equipment. Expired air was collected after the 6th minute of 

walking and all collections were made over a period of five minutes. Aliquot samples 

were analysed for 0 2 and carbon dioxide (C02) content on Haldane apparatus. 

For the nine paired samples from which V02 was accurately determined, 

Strydom et al. (1966) reported that the mean V 0 2 for firm ground marching was 1.135 

L-min_1 and this increased to a mean of 1.943 L-min"1 for soft sand marching, thereby 

representing an increase of 71.2%. Oxygen uptake, expressed in ml-kg"1 min"1, could not 

be accurately determined due to individual differences in pack weights (mean 23.2 kg, 

range 20.5 - 27.3 kg). The mean H R recorded for 10 paired samples was 126 bpm for 

firm ground and 149 bpm for the soft sand surface, an increase of 18.3%. 

Soule and Goldman (1972) evaluated the EC of walking over varied terrain (tar 

sealed road, dirt road, light brush, heavy brush, swamp and sand) carrying loads (8, 20, 

30 kg) at speeds of 0.66 and 1.1 m-s"1 for heavy brush, swampy bog and loose sand and 

at speeds of 1.1 and 1.55 m-s"1 for tar sealed road, dirt road and light brush terrain. 
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Expired air was sampled using a M a x Planck gasometer during minutes 8-12, 16-20 and 

25-29 of each 30 minute walk. For sand walking at speeds of 1.1 m-s"1 (3.96 km-h"1; 2.5 

m.p.h), the E C coefficients (energy cost of sand walking 4- energy cost of treadmill 

walking) were found to be 2.45 carrying 8 kg, 2.03 carrying 20 kg and 2.11 carrying 30 

kg (mean 2.2). 

Zamparo et al. (1992) examined the metabolic cost of walking (and running) on 

sand and compared results with values obtained on firm surfaces using a Douglas Bag 

technique for the assessment of V 0 2 and V C 0 2 . Nine subjects (6 males and 3 females) 

performed walking tests at 3-7 km-h"1. The aerobic E C of the activity was determined 

from the ratio of steady state V 0 2 above resting values (assumed to equal 4 ml. 02- kg"
1-

min"1) and expressed in (J- kg^-m"1-). The anaerobic energy contributing to the total E C 

(Aerobic + Anaerobic yields) was determined from post-exercise La samples between 

the 5th and 7th minutes of recovery. Net lactate (ALa) (post exercise - resting values) 

was converted to an energy value assuming equivalence of 3ml-02-mmor
1-L-kg"1 (di 

Prampero, 1981). The anaerobic E C of walking above resting values was determined by 

dividing the energy value of ALa by the overall distance covered and adding it to the 

aerobic EC. The lactate contribution averaged about 7 % (range 2-7%) of the total 

walking EC. 

Zamparo et al. (1992) found that the net EC of walking on sand or firm ground 

was essentially equal in men and women when expressed per kilogram of body mass. 

However, inferences from this are limited by the small sample size of women used in 

the comparison (n = 3). Data regression revealed that the E C of sand walking was on 

average 6 7 % greater than for firm ground walking. The individual values on firm 

ground were interpolated by a U shaped curve indicating less difference for sand 

walking at the slower and faster speeds (3 and 7 km-h"1 respectively). 

The increased EC coefficients for walking on sand reported by Zamparo et al. 

(1992) were similar to those described by Strydom et al. (1966), but less in magnitude 

than those identified by Soule and Goldman (1972). These discrepancies could be 

explained partly by a number of factors. Firstly, it could be assumed that the various 

pack weights carried by the subjects in the studies by Strydom et al. (1966) and Soule 

and Goldman (1972) contributed to the increased E C of walking. Secondly, no 
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allowances were made for anaerobic energy contributions to walking by Strydom et al. 

(1966) or Soule and Goldman (1972). A third factor that may have contributed to 

metabolic variance in these studies is that the fitness levels of the participating subjects 

were not clearly elucidated by the researchers. 

Lejeune et al. (1998) have more recently investigated the mechanics and 

energetics of locomotion on sand. They hypothesised that the energy-saving 

mechanisms utilised during firm surface locomotion are not functional on a soft surface 

and that the muscles used on a soft surface contract and do work at a lower efficiency, 

and the mechanical work required to walk (and run) on a soft surface is much greater 

since the foot does work on the substratum. To test this hypothesis, Lejeune et al., 

(1998) attempted to quantify the increase in metabolic cost and the reason for that 

increase in human walking (and running) on dry sand. 

The methodology used by Lejeune et al. (1998) and their results pertaining to 

walking on sand are included below. For running on sand, the results of Zamparo et al. 

(1992) and Lejeune et al. (1998) also will be discussed. Lejeune et al. (1998) 

determined the mechanical or muscle-tendon work performed during locomotion. This 

was calculated from the external work (WEXT)> the positive work necessary to move the 

centre of mass of the body ( C O M ) relative to its surrounding ( W C O M ) , plus work done 

on the environment ( W E N V ) (i.e. the surface), and the internal work (WI N T ) (i-e. the work 

done to move the limbs relative to the C O M ) . The total muscle-tendon work ( W T O T ) 

done while moving on sand was calculated as: 

(WTOT) = WEXT + WINT
 = WCOM + WENV + WINT 

where, on a firm surface, W E N V is essentially zero as wind resistance is negligible and 

the foot does not displace the substratum. However, when moving on sand, W E N V is 

positive as the foot moves the sand, which results in additional external work. 

Lejeune et al. (1998) determined WCOM from vertical and horizontal components 

of force-plate data exerted by the foot on the ground. W C O M was the mechanical energy 

of the C O M , i.e. the sum of the kinetic energy and potential energy of the C O M . The 

kinetic energy (Hmv2) was calculated using C O M velocity-time curve (v) determined 

from integration of force-time records. The potential energy (mgh) calculated using the 

C O M height-time curve (h) determined from integration of the C O M velocity-time 

curve. W C O M was then calculated by numerically integrating the mechanical energy 
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over one stride. Force-plate data were collected using 8 contiguous plates (0.6m long x 

0.4m wide). For sand walking trials, a wooden trough was fixed on each plate and filled 

to a depth of 0.075m with fine dry sand. 

The work done by the foot on the sand was computed during the stance phase 

from the movement of the foot into the sand and the ground reaction force (GRF) in the 

sagittal plane. The foot was divided into forefoot and rear-foot segments connected at 

the fifth metatarsal-phalangeal joint, each segment modelled as a rigid body. The 

movement of each of these segments was identified by two infrared light-emitting 

diodes (LEDs) per segment placed on the upper part of the shoe of which the motion 

was measured using three infrared cameras, synchronised to the force platform signals. 

Work done on the sand was determined by summing the time incremental work done 

over the stance phase. The incremental work done was calculated by multiplying 

ground reaction force magnitude at each time point and the incremental movements of 

this force vector projected on the sole of the foot on the sand, as the sole moved into the 

sand. 

WINT was calculated by numerically integrating the linear and rotation kinetic 

energies of the body segments, over one complete stride. These segmental kinetic 

energies were determined using the angular and linear velocities of the body segments, 

measured using LEDs placed on body landmarks and the 3 infrared video cameras and 

estimates of the body segments inertial parameters. 

Lejeune et al. (1998) also calculated energy expenditure from V02 and VC02 

measured using a portable telemetric system (Cosmed K4, Italy). The muscular 

efficiency of positive work production by the muscles and tendons was calculated as the 

ratio between the total mechanical work done and the energy expended. They reported 

that the E C of walking on a hard surface took the usual "U" shaped curve as a function 

of speed, with a minimum cost of 2.3 J-kg^-m"1 at an optimal speed of 1.3 m-s"1. The 

curve for the cost of walking on sand had the same shape but was shifted upwards by 

2.1 - 2.7 fold, and the optimal speed reduced to approximately 1.1 m-s"1. It was further 

found that when walking on sand at low and high speeds (0.75 m-s"1 and 2.3 m-s"1 

respectively) W C O M was similar to hard surface values. However, at intermediate speeds 

(1-2 m-s"1), walking on sand resulted in a 1.6 fold increase in W C O M - This was due to a 

7 % reduction in energy recovered by the pendular transfer mechanism and a 1.6 fold 
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increase in the vertical displacement of the C O M . Also, at low walking speeds W I N T 

was similar on sand and on a hard surface. But, as speed increased (1.5 - 2.3 m-s"1), 

W I N T became up to 1.25 times greater at 2.3 m-s"1 on sand than on a hard surface. 

The work done by the foot to accelerate the sand whilst walking decreased from 

0.8 J-kg'^m"1 at 1 m-s"1, to approximately 0.4 J-kg^-m"1 at 2.3 m-s"1. Walking on sand 

increased the muscle-tendon work ( W T O T ) by 2.5 fold at slow speeds (1 m-s"1) and by 

1.6 fold at high speeds (2.3 m-s"1). Lejeune et al. (1998) concluded that the increased E C 

of walking on sand was due principally to an increase in muscle-tendon work done, 

work done by the foot on the sand and a decrease in muscle-tendon efficiency. 

The Energy Cost of Sand Running 

Soule and Goldman, (1972) described the E C of walking on sand dunes carrying 

pack weights as almost twice as costly as walking on firm turf. Based on these 

observations, Oviatt and Hemba (1991) also predicted that running in sand would be 

twice as costly and deduced that effective training time could therefore be reduced 50%. 

Accordingly, Oviatt and Hemba, (1991) suggested that implementing a physical 

conditioning program for athletes that included sand running was a viable method of 

achieving optimal results in as little time as possible. 

However, Zamparo et al. (1992) were the first to quantify the metabolic cost of 

running on sand compared with values obtained on firm surfaces. Thus, an initial 

insight into the training stimulus that might accrue from incorporating sand running in 

traditional training regimes was provided. Six male subjects completed running tests at 

between 7 and 14 km-h"1 on a firm surface and on soft dry sand on a beach in Italy. 

Expired air was sampled after 4 min of running for the measurement of V 0 2 using a 

Douglas Bag technique. The procedures used for the calculation of net aerobic, net 

anaerobic and total net E C have been outlined above. 

Zamparo et al. (1992) reported that running on sand led to an increased EC of 

between 10 and 4 0 % compared with firm ground measures. W h e n running on the sand, 

E C was virtually independent of the speed and amounted to a mean value of 5.3 J-kg" 

^m"1. This was approximately 1.2 times greater than firm ground values and somewhat 
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less than anticipated by Oviatt and Hemba (1991). The ALa contribution to the total net 

E C ranged from approximately 7 - 1 2 % (ranges 0.86 - 9.9 mmol-L"1; mean 4.7 + S D 

2.9) or as 0 2 equivalents, 2.6 - 29.7 ml-kg"
1. The E C of running (J-kg^-m"1) as a function 

of speed (v, km-h"1) on sand was expressed by E C = 4.89 + 0.04v (r = 0.20), and on the 

firm surface was expressed by E C = 4.89 + 0.005v (r = 0.03). 

In summary, Zamparo et al. (1992) presumed that the increased EC of running 

on sand was due to a reduced capacity to re-utilise elastic energy (EE) that would 

normally occur when running on a firm surface. They suggested that, to avoid 

backwards slipping of the foot, the push of the active muscles at each stride must be 

applied along a direction closer to the vertical. Hence, they suggested that, whereas 

kinetic energy (KE) changes at each stride are not affected (the stride frequency was 

unchanged), the changes in potential energy (PE) at each stride become larger and leads 

to greater oscillations of overall (KE and PE) energy. Because of the soft sand surface, 

these larger changes of the overall energy level cannot be entirely accumulated in the 

form of EE, but are partially wasted. It was further suggested that the tendency of the 

foot to slip backwards during the push phase of the stride does occur and increases work 

done. This would be proportional to the force applied in the horizontal direction times 

the backwards slipping of the foot and would be wasteful, thereby increasing the energy 

cost (Zamparo et al., 1992). 

The study by Zamparo et al. (1992) suggested that an additional training 

stimulus may accrue by incorporating some sand running in normal training regimes. 

However, in their study only six males performed the running tests, which limits any 

inferences that could be made for the E C of females performing similar tasks. A further 

limitation of their study was that expired air collection (Douglas Bag) commenced after 

4 minutes of constant speed running, with collection times ranging from 40 - 75 s. 

However, a continued upwards drift in V 0 2 kinetics occurs beyond 3 min at moderate 

exercise intensities and coincides with increased lactate production (Barstow, 1994; 

Gaesser, 1994; Gaesser and Poole, 1996; Green and Dawson, 1996). As the lactate 

values in the study by Zamparo et al. (1992) ranged between 0.86 and 9.9 mmol-L"1, 

their subjects might not have achieved steady state V 0 2 kinetics. Therefore, the 

subsequent determination of the 0 2 cost of sand running, especially at higher running 

velocities could have been underestimated. Green and Dawson (1996) suggested that a 

gas collection of up to 10 min of exercise were required to account for the slow 
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component rise in V02 kinetics associated with moderate levels of exercise, when 

determining the 0 2 cost. 

Lejeune et al. (1998) (refer to previous section, "Energy cost of walking on 

sand") also compared the E C of 4 male subjects running on a firm surface and a sand 

surface. They reported that the E C of running was independent of speed, and on-sand 

running (mean 6.6 J-kg'^m"1) was 1.6 times greater than on a hard surface (mean 4.1 

J-kg^-m"1) for speeds ranging between 1.7 and 2.78 m-s"1 (102 - 167 m-min"1). Lejeune 

et al. (1998) reported that, during running on sand compared with a hard surface, the 

work done on the sand surface to accelerate the C O M forward and to lift it against 

gravity both decreased significantly, with the consequence that W C O M decreased by 

approximately 0.85 fold on the sand. The mass-specific internal work done per unit 

distance ( W I N T ) to move the body segments relative to the C O M was similar on sand 

and the hard surface at slow running speeds (2.0 - 2.5 m-s"1). However, as speed 

increased (2.5 - 4.0 m-s"1) W I N T became relatively larger on sand than on the hard 

surface. At the highest speed, W I N T was 1.4 times greater on sand. Because this occurred 

via a lower vertical take-off velocity, the period and distance travelled during the aerial 

phase was shorter and resulted in a slight increase (less than 1.15 fold) in step 

frequency. This, coupled with awkward limb movements explained the 1.4 fold increase 

in W I N T for running on sand. Subsequently, running on sand increased W T O T by 

approximately 1.15 fold at all speeds, compared with running on a hard surface. The 

work done on the sand to accelerate the C O M at a running speed of 2 m-s"1 was 0.45 

J-kg^-m"1 and reduced to approximately 0.3 J-kg^-m"1 at 4 m-s"1. Overall, Lejeune et al. 

(1998) reported that the work done on the body, W C O M and W I N T was roughly the same 

on sand and a hard surface. Therefore, the mean 1.15 fold increase in W T O T was almost 

entirely due to work done on the sand to accelerate the C O M . 

Lejeune et al. (1998) concluded that, during running on sand, the muscle-tendon 

efficiency is decreased relative to when running on a hard surface. This was because the 

increase in energy consumption is disproportionately larger than the increase in the 

mechanical work done, and is principally associated with work done by the foot on the 

sand. During running on sand, the increase in E C at all speeds and, consequently, 

efficiency, was decreased relative to running on a hard surface from 0.45 to 0.30. They 

also found that it was difficult for the well-trained subjects to maintain a running speed 
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of greater than 2.75 m-s"1 (165 m-min"1) on the sand surface. However, Zamparo et al. 

(1992) reported that their subjects ran at velocities up to 14 km-h"1 (233.33 m-min") at 

steady state on sand. Zamparo et al. (1992) also reported that the E C of running on sand 

(5.3 J-kg" -m" ) averaged 2 3 % greater than running on firm ground. These values differ 

considerably from those reported by Lejeune et al. (1998), who found that the E C of 

running on an artificial sand track (depth of sand 0.075m) was 6.6 J-kg'^m"1 or 1.6 

times firm ground values at running speeds between 100 and 166.8 m-min"1. These data 

suggest that the sand surface used by Zamparo et al. (1992) was relatively firm. To 

compound these differences, the E C data presented by Zamparo et al. (1992) included 

provision for net anaerobic E C whereas, Lejeune et al. (1998) measured only the net 

aerobic EC. 

Both Zamparo et al. (1992) and Lejeune et al. (1998) utilised only small subject 

numbers (Zamparo et al., n = 6: Lejeune et al., n = 4) and neither included female 

subjects. Furthermore, the training status ( V 0 2 max) of the subjects was not reported, 

making it difficult to explain possible differences in the results between the studies, or 

to make comparisons with other subject populations. Also, individuals who often run on 

sand commonly do so barefoot (BF). Neither Zamparo et al. (1992) nor Lejeune et al. 

(1998) assessed differences that might exist between B F or shod running on sand. 

Training benefits from running on sand? 

Anecdotal observations (Berger, 1980; Wischnia, 1982; Oviatt and Hemba, 

1991) have suggested potential performance benefits on firm surfaces by performing 

some running training on sand. Oviatt and Hemba (1991) cited testimonials from 

coaches and footballers ascribing improved performance and enhanced injury 

rehabilitation to a training program of sand running. Conversely, Faccioni (1993) is of 

the opinion that little benefit to performance can be gained by running on sand. 

However, to date no studies appear in the scientific literature that have determined the 

kinematic or electromyographic aspects of running on sand when compared with a firm 

surface. Therefore, any opinions regarding the potential advantages or disadvantages of 

sand running are anecdotal and subjective in nature. Table 3 contains a brief summary 

of the subjective opinions of Oviatt and Hemba (1991) and Faccioni (1993) regarding 

the merits of performing sand running and highlight the need for a quantitative analysis 
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of the physiological and biomechanical aspects of running on sand. 

Table 3. Subjective opinions of the merits of running on sand. 

Potential Advantages 

Oviatt and Hemba (1991^. 

• E C is almost twice as costly on sand so training time could be reduced 50%. 

• In the push phase of the support leg when running on sand, hip flexion reflects a higher 

knee/action. This action increases the physiological demands of the hip flexors and also that 

of the hamstrings during the braking action that follows knee extension. 

• Stride rate and length are exaggerated when sprinting on sand. 

• Quadriceps dominance is de-emphasised by sand's characteristic instability. 

Quadriceps/hamstring ratio imbalances are therefore naturally addressed. 

• Hamstring conditioning is increased by exaggerated hip flexion, knee extension and 

hip/thigh extension. 

• Quadriceps and hamstring flexibility are increased by working through extended ranges of 

motion. 

Potential Disadvantages 

Faccioni. (1993^) 

• Sand running has limited application to increasing stride length and leads to a greater 

activation of the hip flexors rather than the hip extensors. 

• Diminished extension force, as increases in speed are achieved through an increase in stride 

rate through a shorter stride and faster hip flexion activity 

Performing running training on sand has been subjectively attributed to athletic 

success (Berger, 1980; Wischnia, 1982; Oviatt and Hemba, 1991). The studies by 

Zamparo et al. (1992) and Lejeune et al. (1998) have provided an insight into the 

training stimulus that running on sand might provide as a supplement to traditional firm 

surface training regimes. However, only one study has examined training benefits that 

might accrue from performing training on sand. 

Yigit and Tuncel (1998) compared the endurance training responses of 60 male 

students (aged 15 - 21y) w h o were assigned to one of three experimental groups: road 

running, sand running or a control group (n = 20 per group). Subjects were tested for 
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right thigh and calf circumferences, and vertical jump. Maximal aerobic power was 

estimated using the 12 min Cooper run / walk test. Both running groups exercised for 30 

minutes a day, 3 days a week for 6 weeks by using a target H R equal to 7 5 % of H R 

reserve. They reported that thigh and calf circumferences increased significantly in the 

sand running group (thigh 50.0 ± 3.9 c m pre-test to 50.8 ± 3.9 c m post-test; calf 35.5 ± 

1.6 c m pre-test to 36.1 ± 1.6 c m post-test) but these measures did not change in the 

control or road running groups. A significant increase was also found in vertical jump 

for the sand runners (A = 2.04 ± 2.36 cm) and the road runners (A = 1.67 ± 1.87 cm) but 

remained unchanged in the control group. The V 0 2 max was found to increase 

significantly for the sand runners (A = 1.19 ± 0.85 ml-kg"1-min"1) but not for the road 

runners (A = 0.64 ± 1.35 ml-kg"1-min"1) or controls (A = 0.13 + 0.03 ml-kg"1-min"1). 

However, only limited inferences can be drawn from the results. The training 

protocol was vague and described only as 30 min of exercise a day, 3 days a week for 6 

weeks. The methods of controlling the overall work performed by the training groups 

were not elucidated and the use of H R to control training stimulus is subject to day-to

day variability (Reilly et al., 1984; Armstrong and Costill, 1985; Atkinson and Reilly, 

1996). Furthermore, the increase in V 0 2 max for the sand running group amounted to less 

than 2.7% despite the relatively low training status of this group (mean V 0 2 max 42.68 ± 

5.13 ml-kg"1-min"1) prior to the commencement of the study. The increase i n V 0 2 max as a 

result of the training protocol is less than that which may be expected from mere day to 

day variations in V 0 2 max (Reilly et al., 1984; Armstrong and Costill, 1985; Garrard and 

Emmons, 1986; Atkinson and Reilly, 1996). Also, any changes in body mass of the 

subjects during the course of the training regime were not elucidated, so it is impossible 

to determine whether the small changes in V 0 2 max (ml-kg"
1-min"1) resulted from an 

increased oxidative capacity or a decreases in body mass. These results may also 

expose the weakness of using a field test to predict V 0 2 max where motivation of the 

subjects may effect results, rather than collecting empirical data. The increases in thigh 

circumferences between pre and post-test measures were also so modest that these could 

have been attributed to variability in tester measurements. Due to experimental 

limitations, few inferences can be drawn from this study (Yigit and Tuncel 1998), 

regarding the value of sand running as a viable training modality. Therefore, the merits 

of running on sand as an effective training supplement require further study. 
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Biomechanical aspects of running 

Spatio-temporal characteristics of running 

i. Stance time 

As speed increases, the time for a running cycle decreases, changing for 

example from 0.746s at 3.4 m-s"1 to 0.492s at 9.2 m-s"1 representing an overall reduction 

of 3 4 % at these speeds (Grillner et al., 1979; Nilsson et al., 1985; Williams, 1985; 

Cavanagh and Kram, 1990). In conjunction with a decreased running cycle time, the 

support phase time also decreases with increased running velocity (Dillman, 1975; 

Grillner et al., 1979; Nilsson et al., 1985; Williams, 1985; Munro et al., 1987). 

Observations from Grillner et al. (1979), Nilsson et al. (1985) and Munro et al. (1987) 

demonstrated that, at running velocities of approximately 2 m-s" , support time in 

horizontal ( 0 % grade) running ranged between 0.35 and 0.37s. At running velocities of 

8 m-s"1 the support time decreased to approximately 0.16 - 0.18s (Grillner et al., 1979; 

Nilsson et al., 1985; Munro et al., 1987). 

ii. Percent of stance time to stride time 

A number of studies have shown that the absolute and relative support time are 

inversely related to running speed (Williams, 1985). For example, Grillner et al. (1979) 

and Nilsson et al. (1985) demonstrated that as running speed increases from 2.0 - 8.0 

m-s"1 stride duration decreases from approximately 0.77s to 0.55s, and decreased 

support time from about 0.38s to 0.17s. Accordingly, the ratio of support time to stride 

time decreases curvilinearly from approximately 4 9 % at 2.0 m-s"1 to 3 1 % at 8.0 m-s" . 

The swing or in-flight phase of the stride cycle decreases from 0.39s at a running speed 

of 2.0 m-s"1 to 0.38s at 8.0 m-s'1. This represents a curvilinear increase from 50.6% of 

stride time to 6 9 % between the speeds of 2.0 - 8.0 m-s" . 

iii. Stride length 

The terms used in the literature to define stride length (SL) are ambiguous. For 

example, Elliott and Blanksby (1976), Williams (1985) and Correa (1988) have 

commonly interpreted stride or step length as the distance from the point of initial 

contact of one foot to the point of initial contact of the opposite foot. Williams (1985) 

defined cycle length as the distance travelled between successive contacts of the same 

foot. This latter definition is now more commonly used to describe SL (Vaughan, 1984; 

Cavanagh and Kram, 1990; Williams, 1990), as it is consistent with terminology for 
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forms of locomotion other than bipedal running (Cavanagh and Kram, 1990). 

Accordingly, in this thesis, SL is interpreted as the distance between successive contacts 

of the same foot. 

Previous studies have established that humans increase both SL and stride 

frequency (SF) as running velocity increases (Dillman, 1975; Fukunaga et al., 1980). 

Relatively large linear increments are made in SL (Dillman, 1975) and step length 

(Fukunaga et al., 1980) as speed is increased at lower running velocities ranging from 

3.5 - 6.5 m-s" . At running velocities greater than approximately 7 m-s"1, SL (Dillman, 

1975; Williams, 1985) and step length (Fukunaga et al., 1980) tend to plateau. Some 

slight decreases in SL have been reported at maximal speeds (Dillman, 1975) 

accompanied by trends to increase SF relatively more at higher velocities (Williams, 

1985; Fukunaga et al, 1980; Cavanagh and Kram, 1990). 

Cavanagh and Kram (1990) examined the SL of 12 subjects running at speeds 

ranging from 3.15 - 4.12 m-s"1 during a randomised, 5 min, continuous running 

protocol. All subjects exhibited a linear relationship between mean SL and running 

velocity with correlation coefficients >0.99. Mean SL increased from 2.27 m at 3.15 

m-s"1 to 2.85 m at 4.12 m-s"1. Regression analysis, using running velocity (m-s"1) as the 

independent variable, predicted SL from the following equation: 

SL = 0.599v+ 0.387, 

where v is running velocity. 

Stride frequency (SF) was determined from 

SF = 1.203 + 0.0575v. 

Regression analysis revealed that a 33% increase in velocity between 3 and 4 

m-s"1 increased SL by 2 8 % , whereas SF increased by only 4%. Stride time, defined as 

the time between initial contact of one foot and the next contact of the same foot, 

decreased from 0.723 s at 3.15 m-s"1 to 0.694 s at 4.12 m-s"1. Cavanagh and Kram 

(1990) concluded that SL might be considered a strong function of velocity and SF a 

rather weak function of velocity. 
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Cadence 

Cadence is defined as steps per minute and is largely dependent on the subject's 

height and leg length (Cavanagh and Kram, 1990; Winter, 1991). Cadence can be 

determined by the following formulae: 

Cadence = (60 -5- stride time) x 2 

or 

Cadence = (stride frequency per second x 60) x 2 

where 1 step is equivalent to 0.5 SL. 

Regression analysis performed on data presented by Cavanagh and Kram, 

(1990) has permitted determination of cadence values at submaximal running speeds 

between 2.0 and 6.0 m-s"1, where stride time (ST) was defined by (see Figure 7); 

ST =-0.029v+ 0.815, 

or stride frequency was defined by 

SF = 1.203+0.0575v, 

where v is velocity in m-s"1. 

Figure 7 is a representation of cadence measures determined from the data 

presented by Cavanagh and Kram (1990) for running velocities ranging between 2.0 

and 6.0 m-s"1. 
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Figure 7. Cadence at selected running velocities. Data are adapted from Cavanagh 

and Kram, (1990). 

Kinematic characteristics of running 

This section will identify common kinematic characteristics of running that will 

serve as a model for comparison against responses that might subsequently occur when 

running on a soft sand surface. The angular conventions used to describe the angular 

displacements of the hip, knee and ankle during the running cycle are depicted in Figure 

8. 
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i. Angular displacement of the hip during running 

Figure 9 depicts typical hip flexion angles that occur during the running stride at 

running speeds of 8 and 11 km-h"1 on a firm surface, recorded in our laboratory. At low 

running speeds (= 2.0 m-s"1) the movements of the leg assume some characteristics of 

the walking pattern which gradually change to a run-like pattern with increasing 

velocity (Nilsson et al., 1985). At jogging speeds of approximately 3.0 m-s"1 hip flexion 

angles at initial foot contact (IFC) have been reported to range between 43 and 47° 

(Mann and Hagy, 1980a; Mann et al., 1986; Novacheck, 1998). At sprint speeds (10.0 

m-s"1), Mann et al. (1986) reported hip flexion angles of approximately 50° at IFC. 

By mid-support (MS), the hip has extended to hip flexion angles of between 30 

and 35° for jogging at approximately 3.0 m-s"1 (Mann and Hagy, 1980a; Mann et al., 

1986; Novacheck, 1998). For sprinting speeds, Mann and Hagy (1980a) and Mann et al. 

(1986) report values ranging between 25 and 30° at M S . 
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Maximum hip extension is reached at or immediately after toe-off (TO) (Mann 

et al., 1986). The hip angle at T O has been measured to be in extension by 2 - 5° at 

running speeds of 3 - 4 m-s"1 (Mann and Hagy, 1980a; Mann et al., 1986; Novacheck, 

1998). At sprinting speeds, Mann and Hagy (1980a) and Mann et al. (1986) reportecf hip 

flexion values of between 15 - 20°. However, Novacheck (1998) reported values closer 

to zero degrees at TO. 

Peak hip flexion angles during the swing phase of running increase as the 

velocity of running increases and is associated also with a net increase in the amplitude 

of hip extension (Mann and Hagy, 1980a; Nilsson et al., 1985). At running speeds of 

about 3.3 m-s"1, Mann et al. (1986) and Novacheck (1998) reported maximum hip 

flexion angles approximating 50°. At speeds of between 4.0 and 5.3 m-s"1, the peak hip 

flexion angles could increase to between 55 and 65° (Mann and Hagy, 1980a; Mann et 
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al., 1986; Novacheck, 1998). At sprint running speeds of greater than 7.6 m-s"1, Mann 

and Hagy (1980a) and Mann et al. (1986) reported peak hip flexion angles of between 

80 and 90°. Nilsson et al. (1985) showed that as speed increased from 3.0 to 6.0 m-s"1, 

the maximum hip flexion angles increased by 13°, thereby tending to confirm the values 

reported by Mann and Hagy (1980a) and Novacheck, (1998). 

Generally, the overall range of motion at the hip is increased as the running 

increases (Mann and Hagy, 1980a). Most of this increased range of motion takes the 

form of increased hip flexion during the swing phase (Mann and Hagy, 1980a; 

Novacheck, 1998) and leads to a longer step and stride length (Correa, 1988; 

Novacheck, 1998). As running speed increases, the higher velocity, and hence angular 

momentum of the limb segments brings about greater maximum flexion of the hip joint 

so that the knee of the driving leg is pushed up higher in front of the body (Correa, 

1988). 

ii. Angular displacement of the knee during running. 

Figure 10 depicts typical knee flexion angles during the running stride at speeds 

of 8 and 11 km-h"1 on a firm surface, recorded in our laboratory. Generally, when 

running, the knee is not fully extended at IFC but exhibits flexion angles of 10 - 20° 

(Milliron and Cavanagh, 1990). However, knee flexion angles of 20 - 40° at IFC have 

been reported for running speeds between 3.2 and 4.5 m-s"1 (Mann and Hagy, 1980a; 

Mann et al., 1986; Buczek and Cavanagh, 1990; Novacheck, 1998). At running speeds 

between 4.7 and 7.6 m-s"1, knee flexion angles of 25 - 43° have been reported (Mann 

and Hagy, 1980a; Mann et al., 1986). 

Following IFC, flexion occurs during what is commonly called the cushioning 

phase or absorption period and continues to M S (Milliron and Cavanagh, 1990; 

Novacheck, 1998). Knee flexion angles at M S approximate 40 -45° for running speeds 

ranging between 3.0 and 7.6 m-s"1 (Mann and Hagy, 1980a; Williams and Cavanagh, 

1987; Buczek and Cavanagh, 1990; Novacheck, 1998). Buczek and Cavanagh (1990) 

reported that the peak knee flexion at M S in seven experienced male runners occurred at 

33.6 ± 2.4% of the stance phase of running. 
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Figure 10. Knee flexion angles normalised to one stride running at speeds of 8 and 

11 km-h"1 on a firm surface. Zero and 100 percent of stride represents IFC. Dashed 

vertical line represents zone of toe-off (TO). 

Following M S , the knee extends during the propulsive phase that lasts up tp or 

slightly after T O (Milliron and Cavanagh, 1990), but remains in flexion at an average of 

20 - 25° during submaximal running (Mann and Hagy, 1980a; Novacheck, 1998). 

During the support phase in sprinting, the absorption period is shorter and the knee 

flexes less (Mann and Hagy, 1980a; Novacheck, 1998) so that the extension of the knee 

is reduced in magnitude during the propulsive phase. 

Peak knee flexion occurs near mid-swing (Milliron and Cavanagh, 1990) and 

reaches values of between 80 and 110° for submaximal running speeds (Mann et al., 

1986; Milliron and Cavanagh, 1990; Novacheck, 1998). For sprint running, peak knee 

flexion values of between 110 and 130° have been measured (Mann and Hagy, 1980a; 
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M a n n et al., 1986; Novacheck, 1998). The greater knee flexion peak values during mid-

swing, accompanied by an increased hip flexion with increasing running speed, lowers 

the moment of inertia of the leg. This brings the centre of gravity of the leg closer to the 

hip (Nilsson et al., 1985; Williams, 1985) and acts as an energy-saving mechanism at 

faster running speeds (Williams, 1985). In addition, at faster running speeds, the 

increased hip flexion angular velocity during the swing phase causes the knee to flex 

more. This brings the centre of gravity of the lower leg closer to the hip and helps to 

lower hip torque somewhat, even though the hip torques needed to bring the leg forward 

increases with running speed (Nilsson et al., 1985; Williams, 1985). 

iii. Angular displacement of the ankle during running. 

Typical ankle dorsi-plantar flexion angles during running at speeds of 8 and 11 

km-h" on a firm surface, recorded in our laboratory, are depicted in Figure 11. 

Figure 11. Ankle dorsi-plantar flexion angles normalised to one stride 

running at speeds of 8 and 11 km-h"1 on a firm surface. Zero and 100 percent 

of stride represents IFC. Dashed vertical line represents the zone of toe-off 

(TO). 
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At IFC, the foot is almost flat on the ground, but because the knee is flexing, the 

shank rotates forward relative to the foot segment and, increases the dorsi-flexion angle 

(Milliron and Cavanagh, 1990). During the absorption phase of running, between IFC 

and M S , the ankle dorsi-flexes as body weight is transferred to the stance leg 

(Novacheck, 1998). Thereafter, the dorsi-flexion angle at M S is largely a function of the 

tibial position with the foot flat on the ground and the knee flexed to approximately 40°. 

Maximal dorsi-flexion during stance phase in sprinting is generally less than in running 

(Novacheck, 1998). This is due to the tibial position allowing the ankle to be more 

neutral, slightly dorsi-flexed or plantar flexed at initial contact, and to a shorter 

absorption period prior to M S . During the propulsive phase, m a x i m u m plantar flexion is 

greater in sprinting than at slower speeds (Novacheck, 1998) and occurs shortly after 

T O (Milliron and Cavanagh, 1990). A steady return to dorsi-flexion then occurs during 

the majority of the swing phase (Milliron and Cavanagh, 1990). 

At low running speeds of 3.0 - 5.0 m-s"1, the majority of runners are rear-foot 

(heel first) strikers (Payne et al, 1983; Williams, 1985; Munro et al., 1987; Keller et al, 

1996), which indicates that the foot is dorsi- flexed at IFC. However, there is a great 

deal of variability between subjects in initial foot position (Cavanagh and LaFortune, 

1980; Williams, 1985). Keller et al. (1996) investigated the foot strike patterns of 23 

subjects (13 males and 10 females) classified as recreational runners. It was reported 

that the majority of subjects were rear-foot or heel first strikers at running speeds less 

than 5.0 m-s"1. At speeds above 3.0 m-s"1, there was an increasing frequency of mid-foot 

and forefoot strikers. Eighty-six percent of the subjects were mid-foot or forefoot 

strikers at 6.0 m-s'1. Mero et al. (1992) reported also that most sprinters make the first 

contact high on the ball of the foot. However, the literature generally indicates that an 

increase in running speed is accompanied by a progression from dorsi-flexion at IFC to 

slight plantar flexion at faster speeds. 

Variability in performance has also been associated with initial foot position 

during running. For example, Kerr et al. (1983) found that 8 0 % of 753 distance runners 

were rear-foot strikers and the remainder were mid-foot strikers, but the mid-foot 

strikers tended to be the faster runners. Conversely, Williams and Cavanagh (1987) 

found that heel strikers were more efficient. Williams (1990) suggested that the 

variations in foot strike patterns are influenced by individual anatomy, flexibility, 

muscular strength and training, and the most efficient pattern for one runner m a y not be 
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so efficient for another. 

At IFC, ankle angles ranging between 0 and 18° of dorsi-flexion have been 

reported at running speeds of 3.2 - 5.3 m-s"1 (Mann and Hagy, 1980a; Mann et al., 

1986; Buczek and Cavanagh, 1990; Novacheck, 1998; Stefanyshyn and Nigg, 1998). At 

running speeds greater than 7.0 m-s"1, ankle angles at IFC ranged between 5 and 10° of 

plantar flexion (Mann and Hagy, 1980a; Mann et al., 1986; Stefanyshyn and Nigg, 

1998). 

At MS, ankle dorsi-flexion angles commonly range between 10 and 30° at 

running speeds of 3.2 - 5.3 m-s'1 (Mann and Hagy, 1980a; Mann et al., 1986; Buczek 

and Cavanagh, 1990; Novacheck, 1998; Stefanyshyn and Nigg, 1998). At running 

speeds of 7 - 10 m-s"1, ankle dorsi-flexion angles of 8 - 10° have been recorded (Mann 

and Hagy, 1980a; Mann et al., 1986; Stefanyshyn and Nigg, 1998). Buczek and 

Cavanagh (1990) reported that the time of peak dorsi-flexion occurred at 45.0 ± 2.9% of 

stance time. 

Ankle angles at TO range between 10 and 30° plantar flexion at running speeds 

between 3.2 and 5.3 m-s"1 (Mann and Hagy, 1980a; Mann et al., 1986; Novacheck, 

1998; Stefanyshyn and Nigg, 1998). However, for running speeds of 7 - 10 m-s"1 ankle 

plantar flexion values ranged between 10 and 25° (Mann and Hagy, 1980a; Mann et al., 

1986; Stefanyshyn and Nigg, 1998). 

Kinematics of barefoot versus shod running. 

Athletes who compete on a sand surface such as surf iron men and iron women, 

and beach volleyball players, usually are barefoot (BF). Also, experienced sand runners 

usually have a preference to run on the sand BF. However, in some instances, 

individuals might choose to wear shoes whilst running on the sand to protect the feet 

from trauma. As this thesis will examine the physiological and biomechanical 

differences when running on sand and a firm surface BF or in shoes, a brief review of 

the possible biomechanical differences between BF and shod running is pertinent. 

At IFC, the ankle is in a more plantar flexed position when running BF. When 
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running in shoes, the ankle fends to be modestly dorsi-flexed (Kinoshita et al., 1988; 

McNair and Marshall, 1994; D e Wit and De Clercq, 1998; D e Wit et al., 2000). 

Representing the ankle at zero degrees in a neutral position, Kinoshita et al. 

(1988), D e Wit and D e Clercq (1998) and De Wit et al. (2000) reported IFC ankle 

angles when running BF, ranging between -3.7 and 2.0° (i.e. 3.7° plantar flexion - 2.0° 

dorsi-flexion) at running speeds of 3.5 - 5.5 m-s"1. Dorsi-flexion values at IFC for shod 

running ranged between 3 and 10°. 

Kinoshita et al. (1988) suggested that changing to a mid-foot landing position 

(plantar flexion) in B F running added another degree of freedom to the shock absorbing 

mechanism. Therefore, changing from the rear foot striking pattern (dorsi-flexion) to 

the mid-foot, or even a forefoot striking pattern, serves as a logical consequence of a 

need to attenuate a greater landing force away from the heel pad. 

Subtle differences in the kinematics of the knee during the stance phase have 

also been identified between B F and shod running (Kinoshita et al., 1988; McNair and 

Marshall, 1994; D e Wit and D e Clercq, 1998; D e Wit et al., 2000). At IFC, Kinoshita et 

al. (1988), D e Wit and D e Clercq (1998) and De Wit et al. (2000) all reported slightly 

greater knee flexion angles of 4 - 5° for B F running when compared with shod running 

at speeds between 3.5 and 5.5 m-s"1. De Wit et al. (2000) also reported that maximum 

knee flexion occurred significantly earlier during the stance phase for B F running when, 

compared with shod running. Mean time to maximum knee flexion in the stance phase 

occurred at approximately 38.2% of stance for running BF, and at approximately 43.4% 

of stance for shod running. Maximum knee flexion angles during stance (near M S ) were 

found to be approximately 2° less for BF running when compared with shod running at 

the running speeds of 3.5 - 5.5 m-s"1. De Wit and D e Clercq (1998) reported also that 

extension of the knee following M S started sooner when running BF. 

However, McNair and Marshall (1994) reported that the net amount of knee 

flexion in the stance phase was slightly less (PO.05) when running BF. But at T O (at 

approximately 4 0 % of the stride cycle), the knee was slightly more flexed when running 

BF. These results conflict with the previous studies and could be due to subject 

differences or to the heights of the heel raises (0, 7.5 and 15mm) used in the shod 

conditions. 
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Kinoshita et al. (1988), D e Wit and D e Clercq (1998) and D e Wit et al. (2000) 

also reported the shank angle at IFC to be less for B F than shod running. Kinoshita et al. 

(1988) also found that peak tibial deceleration was greater for B F than shod running. 

This was later supported partially by D e Wit and D e Clercq (1988) and D e Wit et al. 

(2000) who found that heel velocities at IFC and impact were significantly less for B F 

compared to shod running. D e Wit and D e Clercq (1988) postulated that larger plantar 

flexion and lower heel velocity for B F running could, in part, be a neuromuscular 

control system used reduce the impact shock on the heel. D e Wit et al. (2000) 

concluded that the most prominent differences between B F and shod running were a 

much flatter foot placement at touchdown, as noted by a larger plantar flexion and more 

knee flexion when running BF. They found this caused the heel to be placed closer to 

the vertical projection of the hip and contributed to a reduction in the horizontal 

distance travelled through the stance phase when BF. 

In another study, De Wit and De Clercq (2000) investigated the time differences 

between subtalar and knee joint movement to assess the levels of pronation that 

occurred while running B F and shod, at 3.5, 4.5 and 5.5 m-s"1. With increased velocity, 

the knee became significantly more flexed and extension at the knee started later in both 

B F and shod running. The knee also flexed significantly less in B F running than for 

shod running and the extension at the knee started significantly earlier. A significantly 

larger maximum pronation value was found while running in shoes than BF. 

Electromyography of the lower limb muscles in running 

This section examines the muscle activation patterns of the lower limbs during 

the running stride cycle. Firstly, a generic model for muscle activation controlling the 

movements of the lower limb will be summarised from previous studies. Next, 

differences in the individual muscle activations of the leg occur as a consequence of B F 

or shod running will be discussed. Thirdly, the effects of muscle recruitment and the 

amplitude of activation on the 0 2 cost of running will be discussed. However, it should 

be stressed that the model presented is not necessarily a definitive pattern of activation 

for a normal runner as considerable inter-subject and intra-subject variability is 

evidenced in electromyography ( E M G ) responses (Vaughan, 1984). 

Figure 12 demonstrates the mean sagittal plane angular displacement values at 

the hip, knee and ankle joints for 8 well trained male subjects running at 3.1 m-s"1 on a 
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firm surface. These data agree closely with profiles commonly reported in the literature. 

As a comparative model only, this figure also contains the E M G activation profiles for 

the leg musculature during running on firm, horizontal surfaces, at speeds of 3.0 - 5.5 

m-s" . The E M G activation patterns depicted in Figure 12 have been adapted from the 

research literature, as listed in Table 4. 

Table 4. Author list from which EMG activation patterns depicted in 

Figure 12 have been derived. 

Elliott and Blanksby (1979) 

Mann and Hagy (1980a, b) 

Pare etal. (1981) 

Harmon etal. (1985) 

Nilsson et al. (1985) 

Williams (1985) 

Mann etal. (1986) 

McClay et al. (1990) 

Heiseetal. (1996) 

Walmsley (1977) 

Wank etal. (1998) 

i. Phasic action of individual muscles. 

This section describes the phasic activity of muscles of the lower limb whilst 

running on a firm surface, namely: Rectus Femoris (R Fern), Vastus Lateralis (Vas Lat), 

Vastus Medialis (Vas Med), Biceps Femoris long head (Bi Fern), Semimembranosus 

(Semimem), Tensor Fasciae Latae (Tfl), Peroneus Longus (Per L), Tibialis Anterior 

(Tib Ant), Medial Gastrocnemius (Med Gas), Lateral Gastrocnemius (Lat Gas). The 

E M G activity of these muscles were subsequently compared in this thesis whilst 

subjects ran on a firm surface and a soft, dry, sand surface. 
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Figure 12. Phasic E M G activation of the lower limb musculature coinciding with the 

angular displacement of the hip, knee and ankle normalised to one stride during running 

(on a firm surface). Initial foot contact (IFC) occurs at zero and 100 percent of stride. 

The dashed vertical line represents toe-off (TO). Muscles depicted are: Rectus Femoris 

(R Fern), Vastus Lateralis (Vas Lat), Vastus Medialis (Vas Med), Biceps Femoris (Bi 

Fern), Semimembranosus (Semimem), Anteromedial Tensor Fasciae Latae (A-m Tfl), 

Posterolateral Tensor Fasciae Latae (P-l Tfl), Peroneus Longus (Per L), Tibialis 

Anterior (Tib Ant), Medial Gastrocnemius (Med Gas), Lateral Gastrocnemius (Lat 

Gas). E M G activation profiles have been adapted from studies listed in Table 4. 
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Quadriceps 

Most authors (refer Table 4) have found quadriceps activity during the last third 

of the swing phase and lasting into the first half of stance in the stride cycle. Mann and 

Hagy (1980a, b), Nilsson et al. (1985), Heise et al. (1996) and W a n k et al. (1998) all 

report a burst in R Fern activity from shortly after T O to mid-swing of the thigh. This is 

generally associated with this muscle's function to flex the hip in addition to control 

knee extension (McClay, 1990). Unlike R Fern, Vas Lat and Vas M e d do not cross the 

hip joint so their action is to control knee extension. 

A burst of activity occurs in the quadriceps prior to EFC to control knee flexion 

(Elliott and Blanksby, 1979; Nilsson et al, 1985; McClay et al, 1990) and to prepare 

for the rapid loading that occurs at foot impact (Williams, 1985; McClay et al., 1990). 

The highest levels of activation are recorded during the period between IFC and M S 

(i.e. early stance). This is firstly to control eccentric knee flexion (Elliott and Blanksby, 

1979; Nilsson et al., 1985) and then initiate knee extension (Williams, 1985). Following 

M S , the activity of R Fern, Vas Lat and Vas M e d rapidly diminish (Williams, 1985) and 

are quiescent during the last third of stance (Mann and Hagy, 1980a, b; Hannon et al., 

1985; Nilsson et al., 1985; McClay et al., 1990; Heise et al., 1996; W a n k et al., 1998). 

Silence in the EMG of the quadriceps following MS is paradoxical because the 

knee is extending during the propulsive phase of stance (McClay et al., 1990). McClay 

et al. (1990) examined six males running at 4.0 m-s'1. They found that the knee 

extension following peak knee flexion proceeded for 0.13s or 5 3 % of stance time 

without assistance from the quadriceps. They concluded that the function of the 

quadriceps is primarily to control the descent of the body centre of gravity after landing. 

The quadriceps initiated knee extension but rapidly became quiescent when knee 

extension had been underway for only 30 milliseconds, a time during which less than 5° 

of extension was achieved. McClay et al. (1990) reported that the duration of electrical 

silence in extension is large enough to exclude the possibility that electromechanical 

delay between E M G activity and force production may explain the paradox. Also, hip 

extensor action, (refer Figure 11) which may also cause the knee to extend, ceases 

activity at about the same time during the stance phase (McClay et al., 1990). McClay et 

al. (1990) concluded that the mechanisms explaining this paradox remain largely 

unexplained. 
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There is also dormancy in Vas Lat and Vas M e d (Nilsson et al., 1985; W a n k et 

al., 1998) when knee extension occurs in the early stages of mid-swing (Williams, 

1985). Williams (1985) suggested that this was because the knee extension at this stage 

is largely passive, resulting from the inertial effects as hip flexion is retarded. 

Hamstrings 

The hamstrings consist of Semimembranosus and Semitendinosus medially, and 

Biceps Femoris laterally, and are two joint muscles (excepting Bi Fern short head). 

They act to extend the hip and flex the knee (McClay et al., 1990). The hamstrings are 

generally noted to be active in the last 25 - 4 0 % of swing, prior to foot contact (Elliott 

and Blanksby, 1979; Mann and Hagy, 1980a, b; Hannon et al, 1985; Nilsson et al., 

1985; M a n n et al., 1986; Heise et al., 1996; Wank et al., 1998). During the late swing 

phase, the hamstrings work eccentrically to decelerate hip flexion and, prior to IFC, 

control knee extension (McClay et al, 1990). Once the thigh has completed its forward 

swing and begins moving backward prior to IFC, the hamstrings act concentrically to 

extend the hip and flex the knee (McClay et al., 1990). At foot-strike there is a 

generalised burst of activity in the three hamstring muscles (Elliott and Blanksby, 1979; 

Mann and Hagy, 1980a, b; Nilsson et al., 1985; Mann et al., 1986; Heise et al, 1996; 

Wank et al., 1998). Elliott and Blanksby (1979) reported that Bi Fern exhibited a major 

E M G burst prior to IFC and again during weight acceptance, but activation persisted till 

after TO. M a n n et al. (1986) found that Bi Fern was active during late swing and the 

first 5 0 % of stance. Both Heise et al. (1996) and Wank et al, (1998) reported a major 

burst of activity in Bi Fern prior to foot-strike, followed by a brief period of quiescence, 

then a second major burst of activity at IFC. Following IFC, Heise et al. (1996) and 

W a n k et al. (1998) found that Bi Fern remained active till approximately 6 6 % of stance 

and then became quiet. 

The activity of the medial hamstrings (Semimembranosus and Semitendinosus) 

is characterised by a burst of activity prior to IFC and they remain activated through the 

first 50 - 6 5 % of stance, followed by quiescence till after mid-swing (Hannon et al., 

1985; Nilsson et al., 1986; Heise et al., 1996). Elliott and Blanksby (1979) reported 

consistent activity of Semimembranosus and Semitendinosus during the entire stance 

phase. They also detected a low level of activation in these muscles that persisted 

through the swing phase. Mann et al. (1986) also reported a burst of brief activity in 

these muscles just after TO. Presumably, this was associated with some active knee 
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flexion in the early swing phase. Also, at IFC, the hamstrings and quadriceps co-act, to 

provide stability to the knee during impact and weight acceptance (McClay et al., 1990). 

Hamstrings, also act to help keep the load on the anterior cruciate ligament lower than 

would otherwise occur due to the action of the quadriceps at these knee flexion angles 

(Besier et al., 2002; Pandy and Shelburne, 1997; O'Connor, 1993). The co-activation of 

the hamstrings and quadriceps during impact and weight acceptance also help stabilise 

the knee against the varus thrust that occurs during the stance phase when running 

(Besier et al., 2001; Besier et al., 2002). 

Tensor Fasciae Latae 

In an extensive examination of the functional characteristics of Tfl, Pare et al. 

(1981) found that the main function of the anteromedial Tfl muscle fibres (A-m Tfl) 

during straight line running is to flex the hip. During jogging and running, activity in 

the A - m Tfl was observed only after T O as the hip flexed during the swing phase. 

During sprinting, the A - m Tfl was active only just before the hip started to flex during 

the late-stance phase and during subsequent flexion. The A - m Tfl fibres were not active 

at IFC during forward locomotion. Their lack of activity at IFC suggested that, if the 

flexion forces of those fibres were present at and after IFC, it would hinder the hip 

extension that must occur for forward progression to proceed. The A - m Tfl fibres were 

most active when rapid deceleration of hip extension and rapid acceleration of hip 

flexion was needed. Thus, they showed relatively low levels of activity during jogging 

and running at constant speed and were found to be most active during the acceleration 

phase of sprinting. Pare et al. (1981) suggested that the recruitment of the A - m Tfl 

fibres late in the stance phase of sprinting might help to produce the necessary 

deceleration and reversal of direction of the rapidly extending thigh. 

Pare et al. (1981) found the posterolateral fibres (P-l Tfl) to be active during 

internal rotation and abduction of the hip. In running, they were found to be active just 

prior to and shortly after foot-strike, the duration of recruitment increasing as the speed 

of progression increased. Pare et al., (1981) also found that a few of the most 

posterolateral fibres of the Tfl insert into the tendon coming from the superior fibres of 

the gluteus maximus. This suggests that P-l Tfl may function synergistically with the 

superior portion of the gluteus maximus during stance to produce abduction at the hip 

and, help control hip rotation. During faster speed running and sprinting, activity of the 

P-l Tfl was observed during the swing phase. Pare et al. (1981) observed that external-
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internal rotation of the hip might have attributed to this activity but three-dimensional 

data of the hip joint motion was not available. 

The Tfl also crosses the knee where it has a small extension moment arm, but 

the largest moment of all muscles crossing the knee (Lloyd and Buchanan, 2001). The 

P-l Tfl activity in the stance phase can contribute to stabilising the knee against the 

varus thrust during the stance of walking and running (Lloyd and Buchanan, 2001). 

Peroneus Longus 

The actions of peroneus longus (Per L) are principally that of foot abduction and 

eversion (Walmsley, 1977). During walking, this muscle helps to stabilise the leg and 

foot during mid-stance (Walmsley, 1977) however, representations of its activity during 

running is scarce. M a n n et al. (1986) reported that Per L was active from IFC to M S 

when running at 3.3 and 4.8 m-s"1. At sprint running speeds (10.8 m-s"1), Per L was 

active just prior to IFC and during the first two-thirds of the support phase of running. 

Presumably, the E M G burst prior to IFC reported by M a n n et al. (1986) for the sprint 

running speed was associated with a greater plantar flexion evident at IFC at these 

speeds (Williams, 1985,1990) and increased requirements for foot stability when 

absorbing greater impact forces (Williams, 1985). 

Tibialis Anterior 

Tibialis anterior (Tib Ant) is reported to be active through most of the gait cycle 

(McClay et al., 1990). Elliott and Blanksby (1979) reported the activity of Tib Ant to 

increase during mid-swing. This was thought to occur to dorsi-flex the foot to obtain 

suitable toe clearance during swing and in preparation for a dorsi-flexed ankle position 

(heel first) prior to IFC. At IFC, they reported that Tib Ant acted eccentrically to control 

the foot as it lowered to the ground, but this would only need to occur in runners who 

contacted the ground heel first. During support, Tib Ant acted concentrically to bring 

the shank forward over the foot. 

Nilsson et al. (1985) observed that Tib Ant may be silent after IFC, and Mann 

and Hagy (1980a, b) and M a n n et al. (1986) found Tib Ant to be active prior to IFC and 

for 5 0 % of stance. These differences could be associated with various degrees of plantar 

flexion prior to IFC (Williams, 1985) and to plantar flexion during the push phase of 

stance (Mann et al., 1986). Elliott and Blanksby (1979), M a n n and Hagy (1980a, b) and 
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M a n n et al. (1986) reported that Tib Ant activity continued through the entire swing 

phase, essentially to control plantar flexion and initiate dorsi-flexion (McClay et al., 

1990). 

Medial and Lateral Gastrocnemius 

In general, gastrocnemius is active prior to IFC and through 50 - 80 % of the 

stance phase (Elliott and Blanksby, 1979; Mann and Hagy, 1980a, b; Nilsson et al, 

1985; M a n n et al., 1986; W a n k et al., 1998). In late swing, the gastrocnemius is co-

acting with Tib Ant to stabilise the foot into position for IFC (Nilsson et al., 1985; 

Williams, 1985; M a n n et al., 1986). From IFC to the M S phase, rapid dorsi-flexion 

occurs at the ankle joint and the gastrocnemius undergoes an eccentric contraction 

which controls the forward movement of the tibia over the foot (Mann et al., 1986; 

McClay et al., 1990). Mann et al. (1986) concluded that it is this stabilisation of the tibia 

by the gastrocnemius, along with the forward movement of the trunk, which enables the 

knee to extend during T O in jogging and running. At M S , the gastrocnemius then 

undergoes a concentric contraction to initiate plantar flexion for push-off (Mann et al., 

1986). However, gastrocnemius is dormant by 70 - 8 0 % of the stance phase (Elliott 

and Blanksby, 1979; Mann and Hagy, 1980a, b; Mann et al., 1986; W a n k et al., 1998). 

ii. Differences in EMG activation running barefoot and in shoes 

Kinoshita et al. (1988) are the only researchers to have investigated the 

differences in E M G activation patterns between barefoot (BF) and shod running. They 

reported that, compared to shod running, the termination of activity in Tib Ant was 

earlier and the level of the Tib Ant pre-landing activity lower in B F running. This was 

accompanied by an earlier onset of Gas M e d by 0.1 - 0.2s in B F running. These E M G 

patterns were associated with greater plantar flexion prior to IFC in B F running. 

The pre-landing activity in R Fern during BF running was stronger than in shoes 

and Kinoshita et al. (1988) suggested that this increased leg stiffness before landing to 

compensate for increased landing force. The associated depressed hamstring activity 

during the pre-landing phase in B F running was presumed to be an influence of a 

reciprocal inhibitory inflow (Kinoshita et al., 1988). 

After foot contact with the ground, Kinoshita et al. (1988) reported that the R 
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Fern and M e d Gas exhibited a marked discharge from the moment of landing in the B F 

condition. The occurrence of the discharge in either R Fern or M e d Gas seemed to 

depend on the footfall pattern. Runners who landed on their heels exhibited the activity 

more clearly in the R Fern than in the M e d Gas, those who landed on the mid-foot 

portion exhibited the discharge mostly in the M e d Gas, or both the M e d Gas and R Fern 

simultaneously in a few cases. Kinoshita et al. (1988) suggested that these patterns of 

discharge had been evoked by stretching the muscle during the load compensation 

immediately after landing. Kinoshita et al. (1988) hypothesised that it was possible that 

increased E M G activity further stiffened the knee extensors at the beginning of the 

support phase to meet an additional need for load compensation brought about by an 

increased knee flexion and plantar flexion at IFC during B F running. 

iii. The relationship between EMG activation and oxygen uptake. 

The E M G activity has generally been found to increase with running speed 

(Williams, 1985; Mero and Komi, 1987). Nilsson et al. (1985), Mann et al. (1986) and 

Kinoshita et al. (1988) all found that the burst duration of the E M G decreased with 

increasing running speed. This was because decreases in the duration of the stride with 

increasing speed also results in reduced support time and proportional increases in 

swing time (Nilsson et al., 1985; Mann et al, 1986). However, despite the reduced 

duration of E M G activation the mean and integrated E M G increased in magnitude with 

increasing speed (Nilsson et al., 1985; Kinoshita et al., 1988). 

Bigland-Ritchie and Woods (1974) investigated the relationship between 

integrated E M G , force and V 0 2 during bicycle ergometry. They found that, for forces 

less than 7 5 % of maximal voluntary muscle contraction, the relationship between E M G 

and force, and E M G and V 0 2 , were linear and highly correlated (r > 0.98). Thus, for 

submaximal contraction, a linear EMG/force and E M G / V 0 2 relationship is predictable, 

but any changes in the velocity of movement will also change the ratio in proportion to 

the force-velocity relationship (Bigland-Ritchie and Woods, 1974). Jammes et al. 

(1998) also reported a significant, linear relationship between V 0 2 changes with 

incremental workload bicycle ergometry (40, 80, 120, 160W) and proportional 

increases in the integrated E M G (r > 0.98). These results (Bigland-Ritchie and Woods, 

1974; Jammes et al., 1998) suggest that increased V 0 2 accurately predicts a 

corresponding increase in E M G activation during submaximal exercise. 
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Potential biomechanical aspects that may influence the energy cost and 

running economy on sand. 

This section will discuss factors that have previously been hypothesised to 

influence the E C and R E on sand. Zamparo et al. (1992) hypothesised that the increased 

E C of running on sand was due to a reduction in the re-utilisation of E E and to energy 

loss associated with foot slippage during the support phase. These assumptions imply 

that running on sand might increase the time of foot contact, which alters the magnitude 

or loading rate associated with the ground reaction force (GRF). Also, Lejeune et al. 

(1998) suggested that the sand acts as a dampener and absorbs energy, which is not 

returned to help generate subsequent movements. However, the influence this altered 

G R F m a y have on segmental accelerations or decelerations, the net muscular action and 

pre-stretch load on the muscle-tendon unit have not been quantified. The mechanisms 

that contribute to E E loss or recovery when running on firm surfaces will be discussed 

with possible inferences and implications for sand running. 

Ground reaction forces: What implications for sand running? 

The G R F , studied extensively by gait specialists, reflects the net effect of 

muscular action, segmental accelerations (Martin and Morgan, 1992), and provides 

descriptive information concerning the magnitude, direction and point of application of 

forces (Keller et al., 1996) while the support leg is in contact with the ground. In 

general, the vertical component of the G R F dominates the impact force-time history in 

comparison with the other two components (anterior-posterior; medial-lateral) (Keller et 

al., 1996). The force loading rate, impact peak, relative minimum, thrust maximum and 

decay rate are dependent upon external factors. These external factors include body 

mass, loading rate, running speed, running style, area of the foot-ground contact as well 

as the mechanical properties of the foot, shoe and surface conditions (Keller et al., 

1996). 

As running speed increases on a firm surface, the magnitude of the push exerted 

by the ground against the body increases (Cavagna et al., 1976; Williams, 1985; Keller 

et al., 1996). The vertical ground reaction force (VGRF) generated by a rear-foot striker 

at low running velocities (3-5 m-s"1) demonstrates two distinct peaks of force (Payne, 

1983; Williams, 1985; Keller et al., 1996). The initial sharp peak represents impact 

maximum, whilst the second peak, at mid-stance, characterises thrust maximum (Keller 

et al., 1996). At running speeds approximating 3-5 m-s"1, V G R F typically ranges 
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between 1.6 and 2.0 body weight (Bwt) to 2.9Bwt, respectively (Williams, 1985; 

Munro et al., 1987; Nigg et al„ 1987; Keller et al., 1996). W h e n forward progress is 

retarded at foot-strike, the anterior-posterior GRFs have been reported to increase from 

0.5-0.8Bwt and the propulsive anterior-posterior G R F from 0.3-0.5Bwt for speed 

increases from 3.4 m-s"1 to 5.4 m-s"1 (Williams, 1985). At higher running speeds, 

runners have a tendency to land more toward the mid-foot or forefoot, and the initial 

impact peak in V G R F is often attenuated or disappears (Williams, 1985; Keller et al., 

1996). Keller et al. (1996) reported that the V G R F increased linearly with gait speed up 

to about 60%o of maximum speed. At higher speeds, V G R F remained fairly constant at 

approximately 2.5Bwt. Payne (1983) reported V G R F of 3.5Bwt for a sprinter running at 

9.5 m-s" (Williams, 1985). However, variability in the pattern of the initial impact 

peaks has also been recorded between subject groups. For example, Williams and 

Cavanagh (1987) later reported that more economical runners had significantly lower 

first peaks in the vertical component of the G R F that suggested a more mid-foot striking 

pattern. Conversely, Morgan et al. (1989) reported that more economical runners tended 

to have smaller anterior-posterior and vertical peak forces, and more of a rear foot 

striking pattern. 

Increases in the GRF and decreases in the duration of the support phase, which 

accompany increases in running speed, contribute to the mechanisms that affect R E on 

firm surfaces. Williams and Cavanagh (1986) have reported that a decrease in support 

time correlated positively with economy (r = 0.49). It has also been shown that as 

running speed increases, the increased G R F coupled with a decreased support phase 

(Dillman, 1975; Cavagna et al., 1976; Williams, 1985; Mero et al., 1992), produces a 

higher pre-stretch load on the triceps surae muscle-tendon unit during the eccentric or 

braking phase of the gait cycle (Bosco et al., 1981). This enhances mechanisms for a 

greater return of E E during the concentric or propulsive phase, and improves 

mechanical efficiency (Cavagna et al., 1971; Cavagna et al., 1976; Cavagna and Kaneko 

1977; Komi and Bosco, 1978; Ito et al., 1983). 

With increasing running speeds, greater forces in any of the ground reaction 

components might result in the need for more intense muscular contributions to control 

segmental movements and stabilise body position during the support phase. This would 

create a greater metabolic demand from the involved muscles (Williams, 1990). Across 

a range of running speeds, G R F peaks increase with increased running speed as do 
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measures of V 0 2 , although the strength of the correlations have varied (Williams, 

1990). Williams (1990) suggested that this possibly could be due to factors such as 

variability in the capacity between individuals to re-utilise EE. However, because 

increased force is only one of the many changes that occur with speed increases, a 

causal relationship between increased force levels and energy expenditure could not be 

determined (Williams, 1990). 

From the above literature it is apparent that increases in the GRF, coupled with a 

decreasing support phase, contribute to mechanisms that correlate with improved 

efficiency. However, no research appears to have examined the G R F produced whilst 

humans run on soft sand surfaces at different speeds. Examination of the interaction 

between eccentric and concentric phase integrals and the forces exerted against the 

support leg during sand running may shed some light into related factors which 

contribute to an increased E C whilst running on sand. 

Contributions of elastic energy to running economy 

Observations of humans (and animals) whilst running have suggested that the 

legs act like springs (Alexander, 1984, 1991, 1997; Ferris and Farley, 1997). A spring 

absorbs energy (negative work) as it is stretched and does positive work as it shortens 

(Alexander, 1997). Alexander (1984) likened the recovery and subsequent re-use of 

elastic strain energy to that of a mass spring system. W h e n landing, as in foot strike 

during running, the force on the ground decelerates the body and compresses the spring. 

Kinetic and gravitational potential energy are taken from the body and converted to 

elastic strain energy in the spring. As the spring recoils, its elastic strain energy is re

converted to kinetic and gravitational potential energy. 

Tendons are excellent elastic material, dissipating as heat only about 7% of the 

strain energy stored in them (Bennett et al., 1986) and play an important role as springs 

(Alexander, 1991). The human Achilles tendon has been estimated to store as strain 

energy, 3 5 % of the kinetic and potential energy stored and released in a running step at 

moderate speeds (Ker et al., 1987). Tendons that serve as springs in this way are loaded 

to much higher stresses than most others. Therefore, they stretch to higher strains and 

store more strain energy (Ker et al, 1988; Alexander, 1991). 

Muscle has elastic properties which allows absorption of energy while it is 
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stretched (negative work) and does positive work as it shortens (Alexander, 1997). 

However, the elastic properties of muscle allows the fibres to be stretched by only ~ 

1.3% when the muscle contracts isometrically (Alexander, 1997). A fully activated 

muscle contracting isometrically uses metabolic energy at a predictable rate (Alexander, 

1997). It uses energy faster when doing positive work and less fast when doing negative 

work (Alexander, 1997). Muscle also exerts less force when shortening and more when 

lengthening (Alexander, 1997). Metabolic rate and force-velocity relationships imply 

that a muscle fibre (i.e. with out and in-series tendon) doing negative work followed by 

positive work uses more metabolic energy than one that contracts isometrically while 

exerting the same forces. From this, follows the principle of energy saving by elastic 

mechanisms in running. B y doing some of the required (negative and positive) work, 

tendon compliance (elasticity) enables the muscles to work isometrically, and so 

decreases the metabolic E C required (Alexander, 1997) and increases net efficiency 

(Cavagna and Kaneko, 1977). 

During negative work, when the tendon and its muscle are forcibly stretched, 

this spring unit absorbs elastic strain energy (Cavagna, 1977; Alexander, 1991). As 

tendons have the greater elastic qualities, they absorb larger relative proportions of this 

strain energy, which reduces the negative and positive work that their muscles have to 

perform (Alexander, 1991). Hence, subsequent positive work (concentric muscle 

contractions) can be derived from mechanical energy previously stored within the 

muscle and tendon during the negative phase of work. Also, reduced contributions are 

made from the transformation of chemical energy into mechanical work by the muscle 

contractile machinery (Cavagna, 1977). 

Cavagna et al. (1971, 1976) found that the negative work of muscles during the 

braking phase at initial foot contact (negative phase) increased beyond running speeds 

of 7 m-s"1. Cavagna (1977) and Cavagna and Kaneko (1977) reported that the efficiency 

of running increased with increasing running velocities beyond 7 m-s"1. They suggested 

this was due to the re-use of E E stored during phases of negative work and to a lesser 

extent, from the active shortening of the contractile machinery, and reducing 

contributions from the transformations of chemical energy. 

Total running performance was evaluated by Kaneko et al. (1985) who reported 

that mechanical efficiency decreased from 6 4 % to 1 7 % for velocities ranging from 4.0 
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to 9.5 m-s" . Efficiency was higher in distance runners than in sprinters at speeds lower 

than 7 m-s" . This relationship tended to reverse at higher velocities and was attributed 

to specificity of training (Mero et al., 1992). Subtle differences in the force-velocity 

relationship between slow and fast twitch fibres might also have contributed to 

variability in efficiency values at relative speeds (Kaneko, 1990). 

The studies by Cavagna (1977) and Cavagna and Kaneko (1977) suggest that the 

contractile machinery is largely responsible for the mechanical work done in running up 

to velocities of approximately 7 m-s"1. At running speeds increasing beyond 7 m-s"1, 

there is a progressive increase in negative work done. Also, there is an accompanying 

increase in the proportion of E E contributing to mechanical work, thus saving chemical 

energy required to perform concentric work. These findings seem to contradict the 

assumptions made by Zamparo et al. (1992) that the increased E C of sand running when 

compared with firm ground running could largely be attributed to a loss of EE. This is 

because the maximum velocity of sand running performed by the subjects who 

participated in the study by Zamparo et al. (1992) was 3.89 m-s"1 (14 km-h"1), and 

significantly slower than the speed of 7 m-s"1 recognised by Cavagna et al. (1977) as the 

point at which reutilised E E may contribute to an appreciable portion of total 

mechanical work. This suggests that factors other than the loss of E E m a y be 

responsible for the increased E C of sand running, at least for speeds below 14 km-h"1. 

Anderson (1996) suggested that elastic capacitance is influenced by the rate and 

magnitude of stretch, the level of activation and resultant stiffness of the muscle tendon 

unit, muscle length at completion of the stretch, and time lag between completion of the 

stretch and initiation of the succeeding concentric contraction. In running, it has been 

found that, as speed increases, the time for a running cycle decreases, changing for 

example from 746 m s at 3.4 m-s"1, to 492 m s at 9.2 m-s"1 (Williams, 1985). Bosco et al. 

(1981) examined the influence of pre-stretch speed, pre-stretch amplitude, the force 

attained at the end of pre-stretch and the transition (coupling) time between negative 

and positive phases on the final performance of vertical jumps with and without 

counter-movements. The results demonstrated that the counter-movement jump 

enhanced average concentric force and mechanical power by 6 6 % and 81%o 

respectively. This potentiation effect was higher when the force was higher at the end of 

pre-stretch (P<0.001). Pre-stretch speed and a short coupling time were both highly 
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correlated (P<0.001 and P<0.01, respectively) with enhanced performance during the 

concentric phase (Bosco et al., 1981). 

The effective utilisation of EE also appears dependant on a short transition time 

from the negative to positive phases, or the stretch-shortening cycle (Bosco et al., 

1981). Thys et al. (1972) and Asmussen and Bonde-Petersen (1974) measured the E C of 

two different methods of performing a stand-sit-stand task. In the first case, the stand-

sit-stand motion was continuous with no pause between the motions (rebounding). In 

the second case, the stand-sit motion was followed by a brief pause that allowed 

muscles to relax; this was followed by the standing phase (Cavanagh and Kram, 1985). 

W h e n performing the rebound manoeuvre, Thys et al. (1972) reported that the subjects 

achieved a 9 % increase in the vertical lift of the centre of gravity, a 2 0 % increase in the 

maximal speed of lift of the centre of gravity, a 2 9 % increase in power and a 1 3 % 

decrease in the duration of the positive work phase, as opposed to values obtained 

without rebound. Furthermore, V 0 2 was 2 2 % less with the rebound, leading to an 

increase in efficiency of 3 7 % higher than in the no rebound exercise. Thys et al. (1972) 

attributed the higher efficiency values in the rebound experiments to the mechanical 

work performed in the lifting phase not being all due to the contractile elements of the 

muscle. They claimed the advantage was partly accounted for by the E E stored in the 

muscles as an effect of the work done on the muscles during the negative work phase. 

Asmussen and Bonde-Petersen (1974) used rebounding experiments via a deep 

knee bend and a half knee bend and found that 3 4 % and 51%, respectively, of the 

negative work performed was saved for subsequent positive work by elastic recoil. 

In running, the duration of the support phase decreases as running velocity is 

increased (Dillman, 1975; Cavagna et al., 1976; Williams, 1985). This significantly 

reduces the transition time between negative and positive phases as the running cycle 

also decreases in duration with increased velocity (Williams, 1985). The potentiation 

for an enhanced mechanical power and E E generation, achieved by a higher pre-stretch 

load and short coupling time, was demonstrated by Bosco et al., (1981). This finding is 

supported by others (Cavagna, 1971; Cavagna et al., 1976; Cavagna and Kaneko 1977; 

Komi and Bosco 1978; Ito et al., 1983), who reported that the contribution of E E and 

spring constant values to mechanical power, was increased with increasing running 

speed (Luhtanen and Komi 1980; Mero and Komi 1986). 
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To date, no studies have investigated the interactions of the stretch-shorten cycle 

in contributing to mechanical work done whilst running on sand. However, it is 

presumed that the support phase whilst sand running is increased in duration due to the 

unstable nature of sand, and to foot slippage. The influence this might have on any lag 

time between the eccentric pre-stretch and initiation of the succeeding concentric 

contraction, and subsequent potentiation for re-use of EE, awaits examination. 

Influence of surface compliance, foot contact time and gait perturbations on the 02 

cost of running? 

Modifications that increase surface compliance (McMahon and Greene, 1979) 

and alter gait patterns have increased the duration of foot contact time with the ground 

and also increased the oxygen cost of running. M c M a h o n and Greene (1979) examined 

mechanical differences between running over a hard surface with stiffness greater than 

human spring stiffness, and a very compliant foam rubber pillow surface with stiffness 

less than that of a human. Using a dampened spring rack-and-pinion model of the 

support leg, M c M a h o n and Greene (1979) found that step length and foot contact time 

was greater on the pillow track than on the hard surface. For example, running on the 

pillows increased foot contact by an average factor of 2.3, but the runners' speed was 

not halved. Instead, step length increased by a factor of 1.6 and the runner's speed was 

preserved at 7 0 % of the hard surface value. M c M a h o n and Greene (1979) concluded 

that very compliant surfaces, which have spring stiffness much less than those of 

humans' stiffness, are responsible for a marked reduction in running performance. 

Williams and Cavanagh (1986, 1987) have reported that longer support times 

were associated with poorer RE. M c M a h o n et al. (1987) examined the effect of 

reducing the vertical spring stiffness of the body by having subjects run with an 

exaggerated knee flexion (Groucho Running). This gait pattern demonstrated that, as a 

runner bends the knees more deeply, he decreases the time of flight and increases the 

time of contact by roughly equal amounts. Bobbert et al. (1991) presented data 

demonstrating that, at similar velocities for normal versus Groucho running, the 

duration of the G R F (and thus foot contact time) was approximately 28.8% longer for 

Groucho running. M c M a h o n et al. (1987) and Bobbert et al. (1991) further reported that 

the vertical force at mid-stance was much lower in Groucho running. However, the 

early peak in force associated with the foot striking the ground was about the same for 
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normal running. Step length was shown to increase with a deeper knee flexion 

(McMahon et al., 1987). Furthermore, running with increased knee flexion during foot 

contact significantly reduced the calculated vertical spring stiffness by approximately 

8 2 % with a thigh angle at mid-stance near 50°. Steady state V 0 2 increased above 

normal running technique values the deeper the Groucho posture became, ranging in 

coefficients of 1.1 to 1.35 with mid-stance thigh angles ranging from 70°-60°. At mid-

stance, thigh angles that approximated 50°, the steady state V 0 2 increased by as much 

as 5 0 % above normal running technique values. M c M a h o n et al. (1987) attributed the 

increased 0 2 cost of Groucho running to the increased force required by antigravity 

muscles to extend the knee. Unfortunately, M c M a h o n et al. (1987) and Bobbert et al. 

(1991) did not examine the correlation between foot contact time and 0 2 cost, making 

inferences between these relationships difficult. 

More recently, Heise and Martin (2001) tested the hypothesis that less 

economical runners would exhibit greater support requirements during foot contact, as 

indicated by higher total vertical impulse values. They found that more economical 

runners exhibited lower total vertical and net vertical impulse values. Physiologically, 

the relationship between total vertical impulse and R E suggested that the overall 

muscular support produced by runners during ground contact accounted for 4 0 % of the 

variability in RE. 

Parameters such as surface compliance (McMahon and Greene, 1979) and 

altered gait (McMahon et al., 1987), and their associated mechanical and physiological 

consequences m a y provide a basis on which to hypothesise the additional 0 2 cost of 

running on sand. It is feasible, but not substantiated, that soft sand running, due to its 

surface compliance, m a y evoke similar responses to those described by M c M a h o n and 

Greene (1979) for subjects running on a pillow track. Presumably, factors such as 

surface compliance, the need to stabilise the support leg and foot, together with foot 

slippage (Pen et al., 1996) could significantly increase the foot support phase during the 

gait cycle whilst running on soft sand. The impact these factors could have on ground 

reaction forces, step length, the muscle tension - time integral and V 0 2 during soft sand 

running awaits examination. 

It is reported that soft sand runners employ a technique of "up-stepping" where 

greater emphasis is placed on hip flexor muscles to lift the leg up and out of the sand 
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(Pen et al., 1996; Wischnia, 1982; Faccioni, 1993). This gait pattern could be similar to 

that employed by subjects who ran on the pillow track or used a Groucho running 

technique in the studies conducted by M c M a h o n et al. (1987) which required greater hip 

and knee flexion to increase stride length. The influence this "up-stepping" gait 

technique and the associated muscle recruitment might have on an increased V 0 2 when 

running on sand remains unqualified. 

Jones (2002) found that 34 male distance runners demonstrated a highly 

significant relationship between V 0 2 at 16 km-h"
1 and sit-and-reach scores. The subjects 

with poorer flexibility measures were found to be more economical runners. Jones 

(2002) suggested that stiff musculotendinous structures might reduce the aerobic 

demand of submaximal running by facilitating a greater storage of E E during the 

eccentric phase of running and allowing the subsequent release of this energy during the 

concentric phase. This partly corroborates the findings of M c M a h o n et al. (1987) who 

found a compromise to R E when leg stiffness was reduced by increasing hip and knee 

flexion. If sand running does require an "up stepping" technique (Pen et al., 1996) that 

is characterised by an increased hip and knee flexion during the support phase, this 

suggests a mechanism for increased 0 2 cost via a compromise in leg stiffness. However, 

the kinematics of running on sand have not been reported. 

Forward trunk lean 

Williams and Cavanagh (1987) compared distance runners grouped by running 

economy and found that the most economical group exhibited slightly greater forward 

lean. Their mean trunk angle, relative to the vertical, was 5.9° as compared with 3.3° 

and 2.4° for the middle and least economical groups. However, there were still 

individuals who had low V 0 2 values and very little trunk lean, and some who had 

higher V 0 2 values (lower efficiency) and a great deal of lean. Therefore, increased 

trunk lean might not have been the critical factor for improved efficiency of some 

individuals. 

Keller et al. (1996) found also that subjects adopted a forward leaning running 

posture at higher speeds. A more pronounced forward trunk lean was also associated 

with a reduced magnitude of the G R F in comparison to running with a more upright 

posture. Keller et al. (1996) proposed that this was due to a lowering of the centre of 
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gravity and reduced downward velocity of the head, arms and trunk at touchdown. 

Williams and Cavanagh (1987) also identified that less vertical oscillation was 

associated with increased running efficiency. Impact force-time histories demonstrated 

that, as running speed increases, V G R F s remain fairly constant (Williams and 

Cavanagh, 1987; Keller et al., 1996), in excess of 6 0 % of the individual's maximum 

speed. 

Although the kinematics of sand running have not been reported to date, 

anecdotal observations suggest that a forward leaning posture is adopted whilst running 

on soft sand when compared with firm ground running. This strategy may help 

counteract the foot depressing and slipping backwards in the sand during the stance 

phase of running. Adopting a forward lean would move the body centre of gravity 

forwards so that forces during foot contact and leg extension could be directed 

posteriorly to the runner's central mass. This presumably would apply force and 

maintain horizontal momentum in the desired direction of travel and reduce vertical 

osscillations. These characteristics have been associated with increased running 

efficiency at higher speeds (Williams, 1985,1990; Keller et al., 1996). This poses the 

question as to whether sand running entrains a running posture specific to those 

associated with enhanced efficiency when running on a firm surface? 

The effect of stride length and frequency variation on oxygen uptake during 

running: Evidence for a gait optimisation process. 

Several studies (Cavanagh and Williams, 1982; Cavanagh and Kram, 1985; 

Kaneko et al., 1987) have indicated that the aerobic demand of running at a given speed 

tends to increase curvilinearly, as stride length (SL) is either lengthened or shortened 

from that which is freely chosen by the runner (Morgan et al., 1989), i.e. people run at 

their optimum SL for RE. 

Generally, it is not possible to predict optimal SL in a population of runners on 

the basis of leg length (LL) alone (Cavanagh and Williams, 1982). Cavanagh and 

Williams (1982) measured the V 0 2 often recreational runners during treadmill running 

at 3.83 m-s"1. During acclimation running trials, each lasting 30 min over 5 days, the 

subjects' freely chosen SL's were determined as a percentage of LL. O n two subsequent 
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testing days, SL was systematically varied over a range of ± 2 0 % L L about the freely 

chosen value. All subjects exhibited an optimal SL at which V 0 2 was minimised, 

although individual profiles varied considerably. Oxygen uptake increased 2.6 and 3.4 

ml-kg" min" at the short and long SL extremes respectively. The average predicted 

optimal SL expressed as a multiple of L L was 1.40 with considerable variability among 

subjects (range = 1.30 - 1.65). L o w correlations were found between V 0 2 at optimal 

conditions and SL (r = 0.41) and SL (% of LL), (r = 0.27). A comparison of L L versus 

optimal SL yielded a very low correlation of 0.09, indicating that there was no 

consistent relationship found between L L and optimal SL. This was supported by the 

findings of Cavanagh et al. (1977) and Cavanagh and Kram (1990). Cavanagh and 

Williams (1982) concluded that the low correlation between optimal SL (both SL and 

SL [% LL]) and L L indicate that it is not possible to predict optimal SL in a population 

of runners on the basis of LL. 

There also appears to be an optimal SF for RE (Cavanagh and Williams, 1982; 

Kaneko et al., 1987). Kaneko et al. (1987) examined the optimisation of SF in constant 

speed running in endurance and sprint runners by comparing energy supply and 

mechanical power output during various constant speeds of running (212 to 366 m-min" 

{). Kaneko et al., (1987) found increased internal power for shorter stride lengths and 

higher external power output for longer stride lengths. The sum of the mechanical 

power was minimised at a SF of approximately 1.4 H z for running at 2.5, 3.5, and 4.5 

m-s"1. Net E C demonstrated a minimum value at about 2.9 steps-s"1 regardless of speed, 

which was consistent with the natural SF and corresponds closely to data presented by 

Cavanagh and Kram (1990). 

These results suggest that well-trained runners are likely to run with a 

combination of SL and SF, which is extremely close to their optimum condition 

(Cavanagh and Williams, 1982). The studies of Cavanagh and Williams (1982) and 

Kaneko et al. (1987) suggest that, when running speed is constant, an optimal gait can 

be located such that both shorter and longer strides (and greater or lesser SF) result in 

increased energy expenditure. Cavanagh and Kram (1985) proposed that each 

individual apparently exhibits an optimal SL for running at a given speed at which 

energy cost is minimised. This optimal gait is typically close to the freely chosen one, 

indicating that a process of self-optimisation occurred (Cavanagh and Kram, 1985). 
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Cavanagh and Williams (1982) speculated that self-optimisation was achieved 

through an iterative approach to the location of the optimal gait, using perceived 

exertion to generate feedback concerning the individual's location on the S L (and SF) 

versus V 0 2 curves. Ratings of perceived exertion have been shown to be linearly 

related to work intensity as well as to physiological measures such as H R or V 0 2 

(Cavanagh and Williams, 1982). Mechanical power output (Kaneko et al, 1987) might 

also provide input into the optimisation process. Cavanagh and Williams (1982) suggest 

that perhaps during the course of a training run, or over periods of weeks of training, a 

runner is able to perceive physiological differences that result from gait variations (SL 

and SF) at a given pace. This could be the result of random gait alterations or as the 

result of intentional or subconscious experimentation. 

On the basis of these findings, Cavanagh and Williams (1982) recommended 

that, in general, it was not wise to indicate a particular gait profile to an athlete. This is 

emphasised by the lack of strong relationships between SL and V 0 2 , or SL and LL. The 

relatively small changes in V 0 2 which accompany considerable variations in SL appear 

to indicate that S L is not a critical determinant of physiologically efficient running as 

measured by V 0 2 in well-trained runners (Cavanagh and Williams, 1982). 

The Influence of training on stride length 

Evidence from early studies reviewed by Dillman (1975) suggested that better 

runners have greater stride lengths and a lower SF at a given velocity compared to 

untrained, average or poor runners. A number of these studies were hampered though 

by small sample sizes (Williams, 1985). Cavanagh et al. (1977) found that mean SL for 

elite runners (1.56m) was marginally lower than for good runners (1.64 m ) during 

treadmill running at 5.0 m-s"1 though the differences were not significant. The elite 

runners had non-significantly faster stride rates. The lack of significant differences 

between the elite and good runners, for SL and SF, was partly attributed to the 

inexperience of some subjects in treadmill running which perhaps altered their natural 

gait (Cavanagh et al., 1977). 

Nelson and Gregor (1976) examined the biomechanical changes that occurred 

over a four-year period in male college distance runners. They reported that 

performance times improved during the four-year period over a range of speeds 
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between 5.0 to 8.5 m-s"1. Nine of the 10 subjects demonstrated a decrease in SL and 

stride time with corresponding increases in SF. For most subjects, SL typically 

increased in a curvilinear fashion, rising quickly at lower speeds and tapering off as 

m a x i m u m velocity (8.5 m-s"1) was approached. Stride frequency increased somewhat 

gradually at lower speeds but more rapidly at higher speeds. Nelson and Gregor (1976) 

concluded that part of the runners' improvement was due to a shortening of SL and that 

runners modify their technique with long-term training. 

Bailey and Messier (1991) compared the effect of SL variation following 

training. Twenty-six novice runners were divided into two equal training groups. One 

group was allowed to freely choose their SL, whilst the other group, trained with 

constant S L equivalent to their initially chosen SL. Training consisted of a 5 minute 

warm up (60% V 0 2 max) and a 15 minute run at a speed equivalent to 8 0 % of the 

subjects' initial V 0 2 max, conducted on a treadmill, 3 days per week for 7 weeks. 

Relative V 0 2 max increased 3.56% and 5.05%, respectively, for the freely chosen SL 

group and the constant SL groups following training. Relative sub-maximal V 0 2 

decreased 3.38% and 4.32% in the freely chosen and constant SL groups, respectively. 

N o significant differences were found in relative sub-maximal V 0 2 between both 

groups during the training period indicating that both groups had obtained similar 

physiological training adaptations. The freely chosen stride group increased their SL by 

2.21%) during the 4th week, but by the 7th week decreased to values only 0.63% greater 

than initial SL. N o changes in SL occurred in the constant SL group. Bailey and 

Messier (1991) concluded that SL did not change significantly over a 7 week training 

period in novice male runners and that any changes in SL with training could take 

several months, perhaps years, to develop. 

Possibly, the strategy of Bailey and Messier (1991) in using a freely chosen SL 

and that chosen initially by the subject groups did not constitute sufficient perturbation 

of S L during the training period to result in significant differences occurring between 

and within the groups. The introduction of specific SL training drills might have 

produced significant results. Cavanagh and Williams (1982) proposed that the processes 

of optimisation allowed well trained runners to select a combination of SL and SF close 

to their optimal efficiency and could be linked to adaptation through training. Cavanagh 

and Williams (1982) hypothesised that perhaps the optimal gait conditions for an 
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individual can be changed by a prolonged period of training at a S L that differed 

considerably from the pre-training optimum. 

Williams et al. (1991) investigated kinematic and V02 adaptation at a longer 

than optimal SL (SL + 1 0 % LL) in seven male runners who performed 15 training 

sessions. The longer training SL prompted immediate increases in cycle time, non 

support time, maximal knee flexion during swing, maximal plantar flexion angle and 

velocity, and vertical oscillation. N o significant changes in kinematics occurred during 

training and the chosen SL showed only a non-significant 1.5 c m increase following 

training. In freely chosen SL post-training runs, only cycle time, non-support time and 

maximal knee flexion angle during swing increased significantly. However, trends for 

the majority of kinematic variables showed post-training data to be intermediate 

between pre-training and training values. Williams et al. (1991) concluded that the 

immediate changes in kinematics when the longer SL was introduced, and the 

persistence of these changes over the training period, suggested that runners have the 

ability to biomechamcally adapt very quickly to a perturbation in mechanics. The lack 

of sustained significant changes in kinematics during training despite a reduced oxygen 

cost, suggested that long term kinematic adaptations are subtle or that other 

biomechanical mechanisms of adaptation are more important. 

More recently, Morgan et al. (1994) found that runners who had an over-striding 

gait responded positively to SL optimisation training and showed improved economy 

when S L was shortened to that which was predicted as optimal. Stride length-V02 

curves indicated that V 0 2 was increased as SL was lengthened and shortened from the 

freely chosen SL with subjects demonstrating higher V 0 2 values with increased SL. 

Mean post-training optimal SL was shorter than the mean pre-training value, though 

differences were non-significant. 

The results of studies by Nelson and Gregor (1976), Cavanagh et al. (1977) and 

Morgan et al. (1994) imply that untrained or lesser-ranked runners m a y be characterised 

by over-striding techniques that compromises efficiency. Subsequent long-term training 

appears to optimise gait, thereby improving efficiency and performance. Unfortunately, 

studies which have examined the influence of SL perturbation training on efficiency 

(Bailey and Messier, 1991; Williams et al., 1991; Morgan et al., 1994) have used short 

term training regimes (2-7 weeks) which m a y have limited the habituation response. 
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The effects on the V O 2 and efficiency in runners of long term or habitual training 

perturbations that increase SL have not been examined. 

The significance of sand running in optimising stride length? 

Faccioni (1993) implied that sand running offered little benefit in improving 

running mechanics as it resulted in an increase in SF and a shorter stride to increase 

speed. However, this hypothesis has never been investigated. In contrast to Faccioni's 

views, as explained above, evidence exists (Cavanagh et al., 1977) that elite runners 

tend to have shorter SLs than good or average runners, and also have trends for faster 

SFs. Running economy has also been shown to improve in novice or good runners who 

shorten SL, after initially being classified as over-striders (Nelson and Gregor, 1976; 

Morgan et al., 1994). 

McMahon and Greene (1979) examined mechanical differences between 

running over a hard surface and a very compliant foam rubber pillow surface. They 

found that SL was greater on the pillow track than on the hard surface. This finding may 

contradict assumptions that a compliant surface such as sand reduces SL. In fact, the 

opposite may apply, as suggested by Oviatt and Hemba (1991). 

Therefore, sand running perhaps offers a dichotomy of possibilities that could 

influence running economy. Firstly, if Faccioni's (1993) contentions are correct, sand 

running could be an effective training perturbation to optimise SL and SF in untrained, 

novice or good runners who are classified as over-striders. Secondly, SL has been 

considered a strong function of running velocity (Cavanagh and Kram, 1990) and some 

evidence exists that better runners have greater SLs (Dillman, 1975). As SL also has 

been shown to be responsive to training (Williams et al., 1991; Morgan et al., 1994), it 

is perhaps possible that long term running on a compliant surface such as sand could 

ultimately shift the optimisation "set point" to the right on the V02-stride length curve, 

thereby improving efficiency. These possibilities await scientific verification. 

Between and within-segment energy transfer and running economy. 

Most efficient runners (low 0 2 cost of running) demonstrate lower mechanical 

power and greater between-segment energy transfer (Shorten et al., 1981; Williams and 

Cavanagh, 1983,1987). Shorten et al. (1981) found that in subjects running at speeds of 

3.58, 4.02, 4.47, 4.92, 5.36, 5.81 m-s"1, a lower V 0 2 tended to be associated with a 
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higher within-segment energy transfer. Williams and Cavanagh (1983) compared a 

number of methods used to determine mechanical power during running and 

demonstrated that, when allowances were made for between-segment energy transfer, 

physiologically more efficient subjects required the lowest mechanical power. Williams 

and Cavanagh (1987) examined 31 subjects running at 3.6 m-s"1 and found a consistent 

trend for the most efficient group (low 0 2 cost of running) to demonstrate lower 

mechanical power and greater between-segment energy transfer. The findings of 

Shorten et al. (1981) and Williams and Cavanagh (1983, 1987) suggest that more 

economical running patterns (decreased energy cost) are characterised by greater 

within- and between-segment energy transfers, however the influence of these factors 

have never been examined for sand running. 

The use of portable, telemetric systems in the measurement of 

metabolic responses to exercise. 

A n objective of this thesis was to assess the metabolic responses of subjects 

running overground on grass and on soft dry beach sand. This required the use of a 

small, portable metabolic system easily worn by the subject without encumbrance. 

However, the accuracy in measurements of V 0 2 , V C 0 2 and V E is of prime importance 

in studies on endurance exercise (Macfarlane, 2001). Also, errors in the calculation of 

V 0 2 can be caused by errors in the measurements of V E , the fractions of oxygen (F E 0 2 ) 

and carbon dioxide ( F E C 0 2 ) , as well as ambient temperature and pressure, with 

ventilation being a crucial variable (Macfarlane, 2001) at high work rates. 

In a review of the functioning of automated metabolic gas analysis systems, 

Macfarlane (2001) suggested that for the individual components of V 0 2 , respiration 

volumes should be accurate to within ± 1 litre or + 2 % of the true volume, and flow 

rates should be within ± 0.2 L-s or ± 5%. For gas analysers, values for accuracy of ± 

0.0003 and ± 0.0005 have been suggested for FE02, and to within 0.0003 and ± 0.0005 

for F E C0 2 , with precision within ± 0.0003 for both; or within + 0.0002 for F E 0 2 and 

within ± 0.0004 for F E C 0 2 (Macfarlane, 2001). 

Based on studies across five accredited laboratories, The Australian Sports 

Commission suggested that the precision of maximal V 0 2 and maximal V E 

measurements should have a technical error of measurement (TEM) of < 3 and 5%, 

81 



Review of Literature 2. 82 

respectively (Macfarlane, 2001). The T E M is computed as the square root of the sum of 

the squared differences between corresponding measurements, divided by twice the 

sample size. It is interpreted to be the typical magnitude of measurement error expected 

to occur (Knapp, 1992). The standard error of measurement (SEM) may be used to 

provide an estimate of the precision of the measurement and is calculated as follows: 

S E M = sVl-r, where s is the standard deviation of the measurements and r is the 

intraclass correlation coefficient (Denegar and Ball, 1993). The smaller the SEM, the 

more reliable the measurement (Atkinson and Neville, 1998). 

The Cosmed K4 b2 portable, telemetric metabolic system (Cosmed, Italy) was 

used in this thesis to measure the exercise responses of subjects running on grass and 

soft, dry, beach sand surfaces. McLaughlin et al. (2001) assessed the validity of the 

Cosmed K 4 b while subjects rested, and then cycled for 5 min at each power output of 

50, 100, 150, 200 and 250 W . Cosmed K 4 b2 measures for V 0 2 , V C 0 2 , V E , F E 0 2 and 

F E C 0 2 were assessed against criterion Douglas Bag trial measures. N o significant 

differences in V 0 2 (l-min"
1) were found between the Cosmed K 4 b2 and Douglas bag at 

rest (0.33 ± 0.02 vs 0.38 ± 0.02), and 250W (3.51 ± 0.07 vs 3.50 ± 0.05, respectively). 

The Cosmed K 4 b values were significantly higher than Douglas Bag values at 50 

(1.03 ± 0.02 vs 0.94 ± 0.04), 100 (1.63 ± 0.03 vs 1.53 ± 0.02), 150 (2.24 ± 0.03 vs 2.14 

± 0.01), and 2 0 0 W (2.87 ± 0.04 vs 2.79 ± 0.03), respectively. 

Similarly, VC02 and VE values from the Cosmed K4 b were found to be 

significantly lower than Douglas Bag measures at 200 and 250W, while no significant 

differences were observed from rest through 150W. The values of F E 0 2 from the 

Cosmed K 4 b2 were significantly lower than Douglas bag values at every power output, 

except rest. The F E C 0 2 values from the Cosmed K 4 b however, were significantly 

higher than the Douglas Bag values at 50W, but not significantly different at any other 

stage. 

McLaughlin et al. (2001) found no significant differences in VE between the 

Cosmed K 4 b2 and Douglas Bag values from rest through 150W, but the Cosmed K 4 b2 

V E values at 200 and 2 5 0 W were significantly lower than the Douglas Bag values. The 

differences between the two systems resulted in the Cosmed K 4 b R E R values being 

significantly lower than the Douglas Bag estimates at every stage. However, the mean 
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exercise energy expenditures were not significantly different between systems. This 

suggested that the Cosmed K 4 b2 is quite accurate for measuring energy expenditure 

(kJ) over a wide range of exercise intensities. Despite statistically significant differences 

between the Cosmed K 4 b2 and Douglas Bag measurements being recorded, 

McLaughlin et al. (2001) concluded that the Cosmed K 4 b2 portable metabolic system is 

acceptable for V 0 2 measurements over a wide range of exercise intensities, as the 

measured differences were small. 

Summary 

Sports coaches and athletes have previously used sand running as a successful 

adjunct to normal training regimens. Locomotion on sand is also an important 

component of popular sporting events such as Surf lifesaving and Beach volleyball. 

However, prior to this thesis only two studies have appeared in the literature (Zamparo 

et al., 1992; Lejeune et al., 1998) that have assessed the E C and / or some 

biomechanical aspects of sand running. Zamparo et al. (1992) and Lejeune et al. (1998) 

did not provide common estimates of the E C associated with running on sand. 

Furthermore, they were confounded by small subject numbers, were restricted to males 

and did not assess any differences that might exist when running barefoot or in shoes on 

sand. 

The primary objectives of this review were to identify typical RE and EC 

measures and spatio-temporal, kinematic and electromyography characteristics 

associated with running on firm surfaces at between jogging (« 2.0 m-s"1) to sprint (« 

10.0 m-s"1) speeds. The purpose was to provide a model of the characteristics of firm 

surface running for comparison against the responses made when running on soft sand. 

Such a comparison might help to identify the characteristics of sand running that 

perhaps evoke an increase in E C and to assess the merits of incorporating sand running 

in training regimes. 
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Abstract 

Clough et al. (1997) reported that 9 5 % of lactate values obtained using an Accusport 

analyser may be up to 2.6 m M below or 2.1 m M above YSI 2300 analyser values over 

the range 0-16 m M . This variability is substantial and unsuitable for research purposes. 

The objectives of this study were to re-examine the specific validity and reliability of an 

Accusport analyser and to develop a regression equation to improve the accuracy of 

Accusport measurements. Duplicate measurements of lactate concentration were made 

on both an Accusport (Boehringer Mannheim) and Analox L M 3 Multi Channel analyser 

on 17 blood samples taken from two subjects performing a discontinuous incremental 

exercise protocol. Analysis of duplicate measurements revealed good test-retest 

reliability for Accusport (TEM 0.35 m M ; S E M 0.24 m M ; ICC r = 0.995) and Analox 

(TEM 0.07 m M ; S E M 0.09 m M ; ICC r = 0.999). The mean values for duplicate samples 

recorded on both the Accusport and Analox between the lactate range of 1-13 m M 

revealed an average difference between the two analysers of 1.7 m M (P< 0.01, range 

1.0-2.9 m M ) but values demonstrated a high level of association (ICC r = 0.853; P< 

0.05). The level of agreement indicated that in 9 5 % of cases the differences would lie 

between + 0.5 to + 3.0 m M with the Accusport values always higher than Analox. 

Linear regression analysis calculated the following equation to predict Analox values 

from Accusport values: Analox = -0.749 + 0.837Accusport (R2 = 0.990). The results 

showed the portable Accusport analyser to be reliable and it demonstrated good 

association with Analox L M 3 lactate analyser measures. However, a need exists to 

develop specifically generated regressions from Accusport and Analox L M 3 analyser 

measures to provide more accurate results when interpreting lactate values from 

Accusport measures taken in the field. 
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Introduction 

Blood lactate analysis is commonly used by sport scientists to gain information 

about the metabolic responses of athletes to various exercise intensities. Examination of 

the relationships between lactate/exercise mode, lactate/heart rate and lactate/workload 

assessed under laboratory conditions provides useful information to the scientist, coach 

and athlete regarding training intensity, prescription, and adaptation (Hagerman, 1984; 

Mickelson and Hagerman, 1982). 

A hand-held portable lactate analyser (Accusport, Boehringer Mannheim) is 

now being widely used by coaches and physiologists to gain immediate access to lactate 

responses to exercise in the field (Clough et al., 1997). This is very useful to the coach, 

allowing immediate adjustments to training intensities and work prescription for 

individual athletes, on a session by session and day to day basis. The Accusport may 

also be valuable in determining the requirements to perform occupational tasks that 

challenge the physical capacities and exercise tolerance of employees, eg. fire fighting, 

rescue and police work. 

Recently, studies have been conducted (Clough et al., 1997; Fell et al, 1998; 

Naik et al., 1996; Warych et al., 1996; Wigglesworth et al., 1996) to investigate the 

validity and reliability of the Accusport analyser. Wigglesworth et al. (1996) reported 

reliability coefficients ranging from r = 0.80 to 0.97 within the physiological ranges of 

1-15 m M lactate, between two Accusport analysers and a YSI Model 1500 analyser 

using Intraclass correlation coefficients. Resting lactate samples demonstrated the lower 

r values (0.80). A repeated measures A N O V A (P>0.05 for the analyser main effect) and 

a Pearson correlation coefficient (r = 0.98) demonstrated concurrent validity of the 

Accusport. Similar r-values of 0.98 (Naik et al., 1996) and 0.95 (Warych et al., 1996) 

have also been reported between Accusport and YSI analyser values using Interclass 

Pearson Product Moment correlation coefficients. 

Fell et al. (1998) reported good agreement (r = 0.98) between the Kodak 

Ektachem E250 and an Accusport analyser for lactate concentrations up to 

approximately 20 m M , with differences between the two analysers not exceeding 

l.lmM. The mean difference between the analysers was 0.26mM (SD 1.17 m M ) . All 

values up to 16.1 m M fell within one standard deviation of the mean difference between 
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analyser readings. 

Clough et al. (1997) sought to determine the magnitude of incongruity between 

lactate values obtained from the Accusport and YSI 2300 stat analyser by examining the 

extent to which values agreed or disagreed. They reported that the limits of agreement 

corresponded to the mean difference ± 2 SD, i.e. +2.1 and -2.6 m M within the 

physiological range of 0-16 m M . This indicated that 9 5 % of lactate values using the 

Accusport m a y be up to 2.6 m M below or 2.1 m M above YSI readings. Agreement was 

closest between analysers for lactate concentrations less than 4 m M . The data indicated 

that the difference between the YSI and Accusport in 9 5 % of cases was less than 2.5 

m M over the range of 0-16 m M . However, by laboratory and research standards, this 

variability is substantial and would contribute to significant error if calculating the 

energy cost of anaerobic exercise from lactate accumulation. 

Although high (r>0.80) correlation coefficients between Accusport and 

laboratory analyser lactate measures have been reported in the literature (Fell et al., 

1998; Naik et al., 1996; Warych et al., 1996; Wigglesworth et al., 1996), indicating 

acceptable reliability, the variability between analyser values can be substantial (1-2 

m M ) (Clough et al., 1997; Fell et al., 1998). Furthermore, Denegar and Ball (1993) 

suggest that by using Interclass correlation coefficients, such as Pearson Product 

Moment correlations as a measure of reliability (as used by previous researchers; Fell et 

al., 1998; Naik et al., 1996; Warych et al., 1996), systematic bias in repeated measures 

will go undetected. This may result in an overestimation of reliability and a subsequent 

underestimation of the precision of measurement (Denegar and Ball, 1993). 

Considering the degree of error documented by previous researchers, the 

purpose of this investigation was to re-examine the specific validity and reliability of an 

Accusport lactate analyser used in this laboratory. This assessment was undertaken by 

comparing the Accusport values to those obtained on an Analox L M 3 Multi-channel 

analyser accredited by the Australian Laboratory Standards Accreditation Scheme, 

using Intraclass correlations and measures of instrument precision (Denegar and Ball, 

1993; Knapp, 1992) for lactate values commonly associated with low to high intensity 

training and exercise regimes. If necessary, it was then planned to develop a regression 

equation that would accurately predict 'true' submaximal exercise intensity lactate 

values (Analox L M 3 ) from Accusport lactate measures taken in the field setting, 

102 



Chapter 3. 103 

thereby improving the utility of Accusport measures for research purposes. 

Methods 

Instrumentation 

The portable Accusport analyser measures either blood or plasma lactate 

sampled from capillary blood. The sample is first applied to a coded yellow test pad. 

Lactate is then determined by reflectance photometry via a colorimetric lactate-oxidase 

mediator reaction. A mathematical function in the instrument allows Accusport to 

display the measured values either related to blood or plasma. The Analox L M 3 is a 

multi-purpose single channel analyser for the measurement of various oxidase and 

dehydrogenase substrates. The Analox functions by measuring the oxygen change when 

oxidoreductase enzymes (oxidases) react with their substrates under controlled semi-

anaerobic conditions. The lactate in the sample is oxidised to pyruvate in the presence 

of lactate dehydrogenase (LDH) and nicotinamide adenine dinucleotide (NAD). The 

N A D H produced is oxidised to N A D and water in the presence of molecular oxygen 

peroxidase and various co-factors. The maximal rate of oxygen change is monitored by 

an oxygen sensor and is directly proportional to the amount of lactate in the sample. 

Exercise protocol 

T w o subjects performed an incremental exercise protocol using either a rowing 

or cycle ergometer. One subject performed a rowing ergometer test on two separate 

days, whilst the other subject performed a cycling ergometer test on one occasion. Step 

progressions in the test protocols were designed to provide a number of data points 

between the physiological range of 0-13 m M of lactate. Work intervals consisted of 

three minutes of exercise at constant workloads. Recovery periods were generally 5-7 

minutes duration, which allowed sufficient time for collection of blood samples and a 

partial recovery. The rowing ergometer exercise protocol undertaken by one subject 

consisted of workloads ranging between 50-200 W with 25 W increments. The bicycle 

ergometer protocol undertaken by the other subject consisted of workloads ranging 

between 60-300 W with 60 W increments. 

Blood sampling procedures 

A lancet was used for the collection of capillary blood from a hyperaemic 

earlobe (Finalgon). Resting blood lactate samples were collected from both subjects 
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prior to undertaking the exercise protocols. Blood sampling also occurred immediately 

following cessation of each workload. The first droplet of blood was wiped clear and 

discarded. T w o blood samples were then collected, one in a 75 pi heparinised capillary 

tube (for Accusport lactate determination), the other in a 100 pi heparin nitrate and 

fluoride capillary tube (required for Analox lactate analysis), with minimal delay. The 

order of collection of the two tubes was counterbalanced, so that within the total 

sample, both the Accusport and Analox tubes were collected first about half the time. 

(The order of sampling was subsequently found to have no effect on the analysed lactate 

values, as the differences apparent between the Accusport and Analox remained 

consistent throughout). A total of 35 blood samples were collected for analysis. 

Using a 200 pi bevelled pippette tip, one 20 pi sample was pipetted from the 75 

pi heparinised capillary tube, ejected onto an Accusport test strip and immediately 

analysed for lactate using the Accusport analyser. The pipette tip was then discarded 

and replaced by a clean, unused pipette tip, following each sample tested. After 

recording the result of the first sample, a second (duplicate) sample was pipetted from 

the 75 pi capillary tube and the analysing procedure repeated. 

The blood sample contained in the 100 pi heparin nitrate and fluoride capillary 

tube was both manually and mechanically mixed prior to analysis. A 7 pi sample was 

then pipetted and analysed using an Analox L M 3 multi-channel analyser. The result 

was recorded and then a second sample was analysed using the same procedure. O n one 

occasion, a third sample from both capillary tubes was analysed following an exercise 

trial. This additional sample was identical to the mean of the first and second (duplicate) 

samples. Consequently, this third sample was included in the pooled data but excluded 

from the averaged lactate values. 

Prior to analysis, the performance of the Accusport analyser was verified using a 

low and a high lactate range solution according to the manufacturer's specifications. 

The Analox L M 3 was calibrated against an 8 m M lactate standard prior to testing, and 

then checked and repeated when necessary throughout the test procedures. 

Data treatment 

Thirty-five sets of lactate values (Analox versus Accusport) were initially 

pooled for analysis. Secondly, the first and second (duplicate) lactate sample measures 

104 



Chapter 3. 105 

following each exercise trial for both the Analox and Accusport analysers were 

averaged, yielding 17 paired values for determination of any differences that existed 

between pooled and averaged lactate values. The paired samples were then ranked in 

ascending Analox lactate value order. 

Statistical analysis 

The Technical Error of Measurement (TEM) (Mueller and Malina, 1987; Knapp, 

1992) and the Standard Error of Measurement (SEM) (Denegar and Ball, 1993) 

between duplicate samples for the Analox and Accusport analysers were determined to 

ascertain the precision of both analysers. Any differences that may have existed 

between the first and second (duplicate) samples for both analysers, following each 

workload, were assessed using a paired t-test utilising the Statistical Package for the 

Social Sciences (SPSS). Intraclass correlation coefficients (ICC), as described by 

Denegar and Ball (1993) were used to indicate the degree of association between 

Analox and Accusport lactate values. The limits of agreement between the two 

analysers were determined using the procedures outlined by Bland and Altaian (1986). 

Linear regression analysis was applied to the pooled and averaged data for the Analox 

and Accusport lactate values (SPSS). Statistical significance was set at an alpha level of 

less than 0.05. 

Results 

The results of comparisons between duplicate lactate samples measured by both 

the Analox and Accusport analysers are presented in Table 1. A paired t-test revealed a 

small but significant difference (P< 0.05) between the overall mean of the first (4.2 ± 

2.9 m M ) and duplicate (4.3 ± 2.9 m M ) Analox samples, which is difficult to explain as 

both blood samples were pipetted from the same capillary tube used to collect the blood 

sample at the end of each workload. However, the technical error of measurement 

between duplicate samples was low (0.07 m M ; 1.64%) as were S E M values (0.09 m M ) 

indicating a high level of instrument precision. As Analox only gives results to 1 

decimal place an error of 0.07 - 0.09 m M is within the measurement limitation of this 

analyser. The intraclass correlation coefficient demonstrated a very close association 

between the duplicate sample values (ICC = 0.999). 
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Table 1. Duplicate lactate samples for Analox and Accusport analysers 

Sample 

Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Mean 
SD 

SE of Mean 

Analox 

First Sample 

0.7 
1.0 
3.9 
5.1 
7.6 
0.3 
0.9 
2.4 
5.2 
7.9 
7.8 
8.9 
0.6 
3.4 
4.9 
5.7 
5.6 

4.2 
2.9 

0.7 

Analox 

Second Sample 

0.8 
1.0 
4.0 
5.0 
7.5 
0.5 
1.0 
2.3 
5.2 
7.9 
7.9 
9.0 
0.7 
3.5 
5.0 
5.7 
5.8 

4.3* 
2.9 

0.7 

Accusport 

First Sample 

1.8 
2.6 
5.2 
6.8 
9.7 
1.5 
2.1 
3.5 
6.4 
10.2 
10.1 
12.3 
1.8 
5.0 
7.7 
8.2 
7.6 

6.0 
3.4 

0.8 

Accusport 

Second sample 

1.7 
2.4 
5.2 
7.2 
9.4 
1.4 
1.9 
3.3 
6.4 
10.1 
10.2 
11.4 
1.7 
5.2 
7.2 
7.9 
8.3 

5.9 
3.4 

0.8 

Note: A small but significant difference (P>0.05)* was found between the duplicate Analox 

L M 3 lactate measures (ICC r = 0.999, T E M - 0.07 m M ; 1.64%, S E M = 0.09 m M ) . No 

significant differences (P>0.05) were found between the duplicate Accusport values (ICC r = 

0.995, T E M = 0.35 m M ; 5.85%, S E M = 0.24 m M ) 

There were no differences (P>0.05; ICC = 0.995) between the means of the 

duplicate Accusport samples. However, it was evident that variability between the first 

and second samples ( T E M 0.35 m M ; 5.85%, S E M 0.24 m M ) was of greater magnitude 

than recorded for the duplicate Analox samples. 

The means of the Analox and Accusport duplicate (i.e; first and second) samples 

were essentially identical to the pooled samples. Regression predictions based on 

pooled or averaged lactate values were also identical (ICC = 1.00; P>0.05). However, as 

the averaging of duplicate samples may reduce analyser variability and provide slightly 
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greater overall accuracy when developing regression predictions, the results of the 

averaged data only were used for further analysis. 

Table 2. M e a n Analox versus Accusport lactate values ( m M ) . 

Sample 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Mean 
SD 
SE 

ICC = 

Analox 

0.40 
0.65 
0.75 
0.95 
1.00 
2.35 
3.45 
3.95 
4.95 
4.97 
5.20 
5.70 
5.70 
7.55 
7.85 
7.90 
8.95 

4.3 
2.9 
0.7 

0.853 
S E M 1.235 

*P<0.001 , significantly 

Accusport 

1.45 
1.75 
1.75 
2.00 
2.50 
3.40 
5.10 
5.20 
7.45 
6.90 
6.40 
7.95 
8.05 
9.55 
10.15 
10.15 
11.85 

6.0* 
3.4 
0.8 

different from other 

±Diff 

1.05 
1.10 
1.00 
1.05 
1.50 
1.05 
1.65 
1.25 
2.50 
1.93 
1.20 
2.25 
2.35 
2.00 
2.30 
2.25 
2.90 

1.7 
0.6 
0.2 

mean 

Note: Lactate values are the average of duplicate samples. For 

statistical accuracy the average values are presented although both 

Analox L M 3 and Accusport analysers only measure to 1 decimal place. 

The ranked (by Analox ascending order) averaged sample data is presented in 

Table 2. Differences between the means of the duplicate Analox and Accusport samples 

were significant (P< .001) (Analox mean 4.3, S D 2.9, SE 0.7 m M ; Accusport mean 6.0, 

S D 3.4, S E 0.8 m M ) , but samples demonstrated a high correlation (ICC = 0.853; 

P<0.05). 
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The degree of difference existing between the Accusport and Analox lactate 

analysers for averaged data within the physiological range of 0 - 12.5 m M , was least at 

Analox lactate levels ranging between 0-4 m M (refer Table 2 and Figure 1). Above an 

Analox lactate value of 4 m M , the level of discrepancy increased. The mean difference 

between the Analox and Accusport analysers for the 17 pairs of averaged samples was 

1.7 mM. 

The limits of agreement (the mean difference between instrument measures ± 

2SD) were -0.48 and -2.97 (Figure 1) indicated that in 9 5 % of cases the Accusport 

value may be up to 0.5 to 3.0 m M above Analox L M 3 values. All data points fell within 

this confidence interval up to a lactate value of 12 m M . 

o 
1/3 

o 
o 
< 

o 
13 

13 
-<—> 

o 

s 
5H 

0 

0 
-0.5 -

-1 

-1.5 

-2 -

-2.5 

10 12 
+2SD 

•r* 

• 

• -2SD 

-3.5 

Mean (of duplicate samples) Analox L M 3 and Accusport Lactate 

values (mM) 

Figure 1. Limits of agreement. 

The limits of agreement correspond to the mean difference between analyser 

measurements ± 2SD; in this case -0.48 and -2.97. This indicates that 9 5 % of 

Accusport lactate measures may be up to 0.5 to 3.0 m M above Analox L M 3 

values. All data points fell within this confidence interval. 
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Linear regression analysis predicting Analox values from the Accusport 

readings is presented in Figure 2 and is represented by the following equation for 

averaged samples: 

Analox = - 0.749 + 0.837Accusport; R2 = 0.990 PO.0001 

10 

9 

u 
13 
-4-> 

g 
X 
Q 

3 

SP 
l-H 

7 -

0 

0 

Analox = -0.749 + 0.837Accusport 

R 2 = 0.990 P<0.0001 

4 6 8 10 

Average Accusport Lactate (mM) 

12 14 

Figure 2. Prediction regression for Analox L M 3 lactate values from Accusport 

measures (Mean of duplicate samples, n = 17). The 9 5 % confidence interval lies 

between -1.06 and -0.44 

Discussion 

This investigation found that both the Analox L M 3 multi-channel laboratory 

analyser and the portable Accusport lactate analyser demonstrated a high level of 

precision in the measurement of duplicate lactate measures obtained from the same 

blood samples. 
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The Analox duplicate lactate measures produced a T E M of 0.07 m M (1.64%) 

and a S E M of 0.089 m M based on an intraclass correlation coefficient. The resulting 

9 5 % confidence interval indicates that duplicate measures would lie within a variance 

of 0.18 m M . For the Accusport analyser, duplicate lactate measures produced a T E M of 

0.35 m M (5.85%) and a S E M of 0.24 m M , indicating a 9 5 % confidence of duplicate 

measures varying by less than 0.5 m M . Although not demonstrating as high a degree of 

precision as the Analox analyser, the Accusport appears sufficiently consistent to offer 

satisfactory reliability. 

The lactate values obtained using the Accusport analyser had a high correlation 

with concurrent lactate values obtained from the Analox L M 3 analyser for the mefan of 

duplicate samples (n = 17, ICC = 0.853). Previous researchers (Fell et al., 1998; Naik et 

al., 1996; Warych et al., 1996) have used Pearson Product Moment Correlation 

coefficients to assess the reliability of the Accusport analyser against laboratory 

analysers, reporting correlation coefficients ranging between r = 0.934 - 0.984. 

However, Pearson Product Moment Correlation coefficients may allow systematic bias 

in repeated measures to go undetected, resulting in an overestimation of reliability and a 

subsequent underestimation of the S E M (Denegar and Ball, 1993). Only Wigglesworth 

et al. (1996) compared Accusport values with a YSI (1500) lactate analyser using 

intraclass correlation coefficients for YSI lactate values ranging from 1 - 14.5 m M , and 

reported ICC values ranging from 0.80 - 0.97, which compares favourably with that 

obtained in the present study (ICC = 0.853). This confirms in part the strong association 

of Accusport lactate measures with values obtained from laboratory analysers, for 

workloads producing lactate in the ranges of 1 - 13 m M . 

Whilst we found a strong association and reliability for the Accusport analyser 

compared to the Analox L M 3 , it was also apparent that for a lactate range of 1 - 13 

m M , there was a high level of disagreement (P < 0.001) between lactate values recorded 

by the two analysers (refer Table 2, Fig 1). The Accusport consistently produced 

readings that were greater than those produced by the Analox L M 3 analyser (Mean + 

1.7 m M , S D 0.6, for averaged data) (Table 2). The calculated bias between the two 

analysers predicted that 9 5 % of the Accusport measures would be between +0.5 to +3.0 

m M greater than concurrent Analox L M 3 values. This finding is in partial agreement 

with those reported by Clough et al. (1997) who found that 9 5 % of lactate values 

obtained using the Accusport may be up to 2.6 m M below or 2.1 m M above YSI 2300 
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analyser readings. However, regression analysis reported by Fell et al. (1998) predicted 

that the Accusport measured marginally lower values (0.3 m M ) than a Kodak Ektachem 

E250 lactate analyser. 

Our findings also indicated that the level of disagreement between the Accusport 

and Analox L M 3 analysers was least between the Analox lactate ranges of 0.3 to 4.0 

m M (refer Table 2, Fig 1). This observation concurs with that of Clough et al. (1997) 

who reported the closest agreement between Accusport and YSI readings to be at lactate 

concentrations of less than 4 m M . The bias found in this study between instrument 

measures above lactate values of l O m M indicates a trend for greater disparity (of up to 

3.0 m M ) between the analysers. Clough et al. (1997) found that at lactate concentrations 

of greater than 10 m M the difference could exceed 5 m M . 

In conclusion, the results of this study indicate that the portable Accusport 

analyser offers a reliable means of estimating sub-maximal lactate (<10 m M ) 

accumulation in the field setting and may be a useful tool for the coach and athlete in 

monitoring steady state exercise intensities. However, although apparently 

demonstrating an acceptable level of consistency and reliability, the Accusport appears 

not to be an accurate or valid measurement device when compared to an Analox L M 3 

analyser assessed regularly under the conditions of the Australian Laboratory Standard 

Accreditation Scheme. This conclusion is based on the substantial disagreement 

(ranging up to greater than ± 2.0 m M of lactate) between the Accusport and laboratory 

analysers, as observed in this study and by others (Fell et al., 1998; Clough et al., 1997). 

It is recommend that if the portable Accusport lactate analyser is to be used by 

the athlete, coach and sports scientist as a means of evaluating metabolic responses to 

exercise and training adaptation, that tests against laboratory standard accredited 

analysers be conducted to generate regression equations that accurately predict "true" 

lactate values from the Accusport analyser readings. This will reduce errors in training 

prescription and performance evaluation in the field and permit accurate comparisons 

against a broad laboratory database. 

Uncorrected Accusport lactate values are not sufficiently accurate for research 

purposes. However, the apparent reliability of the Accusport analyser, when used in 

conjunction with a specifically generated regression equation, does suggest an 
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acceptable level of accuracy for reporting exercise lactate values taken in the field in the 

research journals. 

Although some small variability existed between duplicate Accusport readings 

from the same blood sample (mean 0.09 m M ) , differences over the lactate range of 0 to 

13 m M were not significant. This indicates that analysis of a single blood sample in the 

field setting, using the Accusport analyser, produces results that are acceptably reliable. 

However, using a regression prediction based on a relatively large number of blood 

samples over a wide range of workloads would reduce any error associated with using a 

single sample for analysis. 
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Abstract 

This study aimed to assess the accuracy of the Cosmed K 4 b2 (Cosmed, Italy) portable 

metabolic system that measures FE02, F E C 0 2 and V E on a breath by breath basis. For 

gas concentration comparisons, expired air from 20 subjects performing treadmill 

running was collected in a 600 litre chain compensated Collins Tissot tank and analysed 

for FEC>2 and F E C 0 2 using a laboratory metabolic cart and the Cosmed K 4 b
2 metabolic 

system. For ventilation comparisons, serial steady state V E (STPD) values were measured 

on 10 subjects using the Cosmed K 4 b2 ventilation turbine and a Morgan ventilation 

monitor during a continuous treadmill running protocol at ascending speeds of 8, 11 and 
1 0 

14 km-h' . The Cosmed K 4 b FE02 and FEC02 measures were significantly lower 

(P<0.001) than the metabolic cart values. Pearson correlation coefficients (r) and the 

standard error of measurement (SEM) demonstrated a high association between the 

Cosmed and the metabolic cart measures (FE02 r = 0.971, S E M 0.071; F E C 0 2 r = 0.925, 

S E M 0.087). Cosmed V E (l-min
1) measures were significantly greater than Morgan 

values at running speeds of 8 km-h"1 (PO.001) and 11 km-h"1 (PO.001) but not 

significantly different at 14 km-h"1 (P>0.05). When V E measures at the three running 

speeds were combined, the mean difference between instrument measures ranged 

between 3.5 - 4.0 l-min"1 but the values were highly correlated (r = 0.982, PO.01; S E M 

3.03). Linear regression analysis revealed the following regression equations to predict 

metabolic cart values from Cosmed measures: FEC>2 = 0.852 + 0.963Cosmed (R = 

0.940, PO.001), F E C 0 2 = 0.627 + 0.878Cosmed (R
2 = 0.856, PO.001), V E = -2.50 + 

0.984Cosmed (R2 = 0.965, PO.001). The results indicated that the Cosmed K 4 b2 unit 

assessed here produced measures of FE02, FECC>2 and V E that had strong correlation to 

values obtained from a metabolic cart. However, linear regression analysis may further 

improve the accuracy of Cosmed K 4 b measures when compared to metabolic cart 

values. 
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Introduction 

The measurement of oxygen consumption (V0 2) is integral to research in 

exercise physiology, including for example the development and assessment of training 

programs for elite athletes and the clinical management of patients suffering impaired 

cardiorespiratory function (Peel and Utsey, 1993). Usually V 0 2 is determined by 

indirect calorimetry where the volume of expired air (V E l-min"
1) and it's oxygen and 

carbon dioxide content are measured (Peel and Utsey, 1993; McArdle et al., 1996). 

However, computerised metabolic measurement systems are bulky, restricting the 

assessment of physiological capacity to the immediate laboratory environment. In the 

field situation, direct measurement of V O 2 can be performed by collecting expired air in 

Douglas bags, which are then transported to the laboratory for analysis. Unfortunately, 

this equipment is often cumbersome and hampers the subject's normal movements to 

some degree, thereby restricting and limiting the activities that can be easily performed. 

Recent technological advances have resulted in the development of lightweight, 

portable metabolic systems. The Cosmed K 4 b (Cosmed, Italy) is a portable telemetric 

system that measures V E and the fractional concentrations of expired oxygen (FE02) 

and carbon dioxide (FEC02) on a breath by breath basis. Oxygen uptake ( VO2) and the 

volume of carbon dioxide produced (VCO2), are calculated by the unit's 

microprocessor using the Haldane transformation. This system allows for the 

continuous measurement of oxygen consumption and the energy cost of physical 

activity in the field, thereby overcoming the limitations of the laboratory setting. 

An earlier Cosmed model (K2), which did not contain a carbon dioxide analyser, 

received mixed reviews in terms of its' accuracy and reliability (Lothian et al., 1993; 

Lucia et al., 1993; Peel and Utsey, 1993; Crandall et al., 1994). In summary, these 

studies demonstrated considerable variance in Cosmed V O 2 values compared against 

Douglas bag samples (Lucia et al., 1993) and on-line metabolic systems (Lothian et al., 

1993; Peel and Utsey, 1993) at workloads eliciting R E R values below and above 1.00. 

This was attributed in part to the way in which the Cosmed K 2 calculated VO2, 

assuming a constant R E R of 1.00 (Lothian et al., 1993; Peel and Utsey, 1993; Crandall 

et al., 1994), as no FECC>2 measurements were made. 

Hausswirth et al. (1997) compared the accuracy of the more recent Cosmed K4 
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unit (which is not a breath by breath system, but contains a CO2 electrode), with 

measures from a C P X Medical Graphics metabolic measurement cart during bicycle 

ergometry. At maximal exercise intensity the C P X metabolic cart measures were 

slightly higher (P>0.05) than the Cosmed K 4 values for VE(+1.01 l-min"
1), V 0 2 (+ 0.77 

ml-min^-kg"1), V C 0 2 (+ 2.8 ml-min^-kg"
1) and R E R (+ 0.03) and the measures between 

the systems for these variables demonstrated relatively high correlations (r = 0.89, 0.84, 

0.68 and 0.91 respectively). At the sub-maximal workloads no significant differences 

(P> 0.05) were found between the two measurement systems for these variables. The 

calculated bias between the two devices for V O 2 indicated that the limits of agreement 

at 2 5 % , 5 0 % and 7 5 % of maximal work rate were +3.13 to -3.51 ml-min"1. All but one 

of the individual values was within the limits of agreement (± 2 SD) for each of the 

exercise intensities. The limits of agreement for V C O 2 measures were not presented. 

No independent studies have previously examined the accuracy of the newer 
fy 

model Cosmed K 4 b portable metabolic system. Therefore, the purpose of this study 

was to test the accuracy of the Cosmed K 4 b2 measures of FE02, FECC>2 and V E (STPD) 

when compared to duplicate measures obtained using a laboratory metabolic cart. This 

analysis may ascertain whether field measures obtained using the portable Cosmed K 4 

b need correction to enable comparison against laboratory acquired measures of 

metabolic responses to exercise. 

Methods 

Instrumentation 

The Cosmed K 4 b2 system has not been previously described but has some 

identical features to that of the K 4 model described by Hausswirth et al. (1997). The 

Cosmed K 4 b employs a breath by breath, gas exchange measurement system. The 

portable unit, which can be fixed to the subject during testing by an anatomical harness, 

contains the O2 and CO2 analysers, sampling pump, U H F transmitter, barometric 

sensors and electronics and is powered by a rechargeable battery fixed to the back side 

of the harness. The rapid response (<150 m s per 9 0 % full scale) O2 and CO2 analysers 

are flow dependent, thermostated and compensated for variations in barometric pressure 

and temperature. The O2 analyser has a measurement range of 7-24% O2 and accuracy 

to 0.02% O2. The CO2 analyser has a measurement range of 0-8% CO2 with accuracy to 
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0.01% CO2. Relative humidity is ascertained prior to testing and values are entered 

manually into the Cosmed K 4 b2 software. A bi-directional, digital turbine measures 

respiratory flow with a flow range capacity up to 20 1-s"1. The ventilation range is 0-300 

l-min"1 with accuracy to ± 2%. Flow resistance is stated at < 0.7 c m H 2 0 1-s"
1® 12 Is"1 

with a resolution of 4ml. The turbine is fixed to a soft facemask, available in different 

sizes, with very low dead space. The facemask is kept securely in place by a mesh head-

cap with adjustable straps. Respiratory flow sets in motion a mobile, low-mass and 

inertia rotor blade in the turbine. The rotation of the rotor blade is measured by an opto-

electric system that counts the revolutions per second. The flowmeter measures the 

airflow rate, calculates the volume of expiratory air per minute (BTPS) and counts the 

number of expiratory cycles per minute. Concentrations of expired oxygen (FE02) and 

carbon dioxide (FECC>2) are sampled through a removable sampling plug, housed within 

the turbine unit that connects to the sample port of the portable unit via a Nation 

(Permapure) tube. The Nation tube permits the equilibration of water vapour pressure 

(in the sample with that of the surrounding environment) across its membrane, before 

the sample reaches the analysers. The breath by breath measures are determined by 

detection of the beginning of the inspiratory cycle performed by the flowmeter, and is 

aligned with the change in O2 and CO2 fractions from end tidal to room air. This 

procedure guarantees an accuracy and reproducibility of the delay measurement within 

± 20 ms. The signals for O2, CO2 and volume are aligned from which oxygen uptake 

(VO2) and carbon dioxide production (VCO2) are calculated according to the Haldane 

transformation, where: 

V02=Vi(Fi0 2 )-V E (F E 0 2 ) 

V C 0 2 = V E (FEC02) - Vi (FrC02) 

F1O2 is fixed, assuming a room air concentration of 20.93% 

F1CO2 is fixed, assuming a room air concentration of 0.03%. 

The Cosmed K 4 b manufacturer recommends that the unit be warmed up for a 

period of at least 30 minutes prior to use. 

(K4b2 User Manual) 

The metabolic cart used for comparison against the Cosmed K4 b2 measures 

contained a Servomex basic oxygen analyser (Model 500A) (England), a Datex 

normocap CO2 monitor (Finland) and a Morgan ventilation monitor (P. K Morgan Ltd, 

England). The Servomex basic oxygen analyser had a measurement range of 0-25% O2, 
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resolution 0.01% and accuracy ± 0.1%. The Datex normocap CO2 monitor had a 

measurement range of 0-10% C 0 2 , resolution 0.01% and accuracy ± 0.1%. The linearity 

of the metabolic cart O2 and CO2 analysers was regularly assessed using nitrogen to 

check the zero point of the analysers and alpha grade gases (BOC Gases, Australia Ltd.) 

of three different concentrations of 0 2 and C 0 2 , spanning 14-18% 0 2 (± 0.02%) and 2-

6 % CO2 (± 0.02%). The Morgan ventilation monitor used here measured the volume of 

inspired air (Vi) and the number of respirations using a turbine transducer. Software 

functions of an external computer attached to the ventilometer, converted Vi to V E 

(STPD) (l-min"1), using combined gas law formulae (McArdle et al., 1996). The Cosmed 

K 4 b barometer determined the barometric pressure used in these calculations. 

Assessment of accuracy in Cosmed K4 b2 measures of FEC>2 and FEC02 

Subjects 

Twenty human movement students (12 males, 8 females) from the University of 

Western Australia gave their informed consent to participate in this study. The average 

age, height and mass of the male subjects was 26.5y (± 11.2), 177.3 cm (± 5.5) and 76.4 

kg (+ 15.3) and for the females 23.5y (± 4.5), 162.2 c m (+ 4.5) and 55.2 kg (± 4.8) 

respectively. The experimental objectives and procedures were fully explained to each 

subject prior to obtaining their consent to participate. 

Experimental design 

Subjects ran on a motorised treadmill at a self-selected speed for 12-15 min 

whilst expired air was collected in a 600 litre, chain-compensated Collins Gasometer 

(Tissot tank) via a Koegal Y breathing valve and Collins tubing. After 4 min the Tissot 

tank was flushed (with the subject's own air) before collecting their expired air until the 

Tissot was nearly filled to capacity, at which time the run was terminated. 

Procedures 

Prior to the commencement of each testing session the Cosmed K 4 b2 and the 

laboratory metabolic cart were warmed up for a period of not less than 45 min. 

Following this, and immediately prior to testing, the O2 and CO2 analysers of both units 

were calibrated with a beta (BOC) reference gas of known concentrations, determined 

and refined by previous checking against three alpha gases to give an accuracy of ± 
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0.02% for F E 0 2 and F E C 0 2 values. 

The windshield on the turbine flowmeter of the Cosmed K4 b2 unit was then 

removed and a Hans Rudolph valve connector secured in its place using adhesive tape 

that ensured an airtight seal. The mouth port of a Hans Rudolph valve was then secured 

to this connector. The opto-electronic reader of the Cosmed turbine flowmeter was then 

secured to the inlet/outlet port of a Gould 3 litre Model M 2 0 calibration syringe using a 

Cosmed calibration adaptor and Collins tubing. The inspiratory port of the Hans 

Rudolph valve was connected securely to the inlet pipe of the Tissot tank using Collins 

tubing. The sampling plug of the Cosmed K 4 b2 was then inserted into its housing in the 

opto-electronic reader of the Cosmed turbine. All connections were secured with air 

tight rubber connectors and adhesive tape. Prior to commencement of sampling, the 3-

litre syringe was operated a number of times so that air was drawn from the Tissot tank 
fy 

through the Cosmed K 4 b turbine into the syringe. The air was then expelled from the 

syringe via the turbine and diverted through the Hans Rudolph valve expiratory port to 

the room, to decontaminate the system's dead space. 

A 2-litre pre-evacuated rubber sample bag was then used to obtain a sample of 

the expired air within the Tissot tank. The O2 and CO2 analysers of the metabolic cart 

were then re-calibrated with the reference gas, after which the contents of the sample 

bag were immediately analysed for FEC«2 and F EC02 concentrations. Using a T-tube 

connector and tubing attached to its sampling port, the Cosmed K 4 b2 was then re

calibrated using the reference gas. O n ten occasions the sampling procedure was 

commenced 30 s after the Cosmed K 4 b was in test mode. O n the other ten occasions 

the sampling was commenced after the Cosmed had been in test mode for 

approximately 8 min. During the test sampling procedure air was drawn from the Tissot 

tank, through the Cosmed turbine into the 3-litre syringe, then expelled from the syringe 

via the turbine and diverted through the Hans Rudolph valve expiratory port to the 

room. The sampling procedure was continued for approximately 3-4 min, after which 

the Tissot tank outlet port was sealed and by-passed. R o o m air was then drawn through 

the turbine and sampled by the Cosmed for approximately one minute. This permitted 

an accurate identification of the divisions between stages of the test protocol on the 

Cosmed data files. The reference gas was then re-sampled for a period of 1.5 min to 

check the stability of the Cosmed O2 and CO2 analysers. Finally, a 2-litre rubber sample 

bag was again evacuated and then filled from the Tissot tank for further analysis of 
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FE02 and FEC02 values by the metabolic cart to determine any differences between the 

pre and post test measures. The gas analysers of the metabolic cart were again re

calibrated using the reference gas immediately before the sample bag was analysed. 

Data reduction 

Each Cosmed data file was down loaded to an Excel file. Average values for 

FE02 and F EC02 were determined for each test from the breath by breath data, as were 

the standard deviations and range of all measures sampled. 

Assessment of accuracy in Cosmed K4 b measures of VE 

Subjects 

Ten human movement students and staff members (8 males, 2 females) from the 

University of Western Australia gave their informed consent to participate in this study. 

The average (± SD) age, height and mass of the male subjects was 27.9y (± 11.5), 174.3 

cm (± 6.2) and 72.7 kg (± 17.3) and for the female subjects, 40.4y (± 6.0), 166.5 cm (± 

1.5) and 60.0 kg (± 1.2). The experimental objectives and procedures were fully 

explained to each subject prior to obtaining their consent to participate. 

Experimental design 

Ventilation volume measures of approximately 50, 75 and 100 l-min"1 were 

compared by measuring exercise responses at three submaximal running speeds. Using 

a continuous protocol, subjects ran on a motorised treadmill ( 1 % grade) for 5 min at 8, 

11 and 14 km-h"1 respectively, during which serial ventilation volume measures were 

obtained using the Cosmed K 4 b turbine ventilometer (VE) and the Morgan ventilation 

monitor ( Vi). 

Procedures 

Prior to the commencement of testing the Cosmed K 4 b and the metabolic cart 

were warmed up for a period of not less than 45 min after which the Cosmed turbine 

flowmeter and the Morgan ventilation monitor were both calibrated according to the 

manufacturers' instructions. 

The windshield on the Cosmed turbine flowmeter was then removed and a Hans 

Rudolph valve connector secured in its' place using adhesive tape, ensuring an air-tight 
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seal. The mouth port of the Hans Rudolph valve was secured to this connector with air

tight rubber connectors and adhesive tape. The inspiratory port of the Hans Rudolph 

valve was then connected to the Morgan ventilation monitor using Collins tubing. The 

Cosmed face mask and ventilation turbine was then secured and fitted to the subject. 

The inlet valves on the Cosmed face mask were sealed with adhesive tape to ensure that 

ventilation only occurred via the mouth port. 

Subjects then commenced the running trials during which inspired air was 

drawn in by the subject through the Collins tubing connected to the Morgan ventilation 

monitor, the inspiratory port of the Hans Rudolph valve and the Cosmed ventilation 

turbine attached to the facemask. Expired air passed through the Cosmed turbine and 

the expiratory port of the Hans Rudolph valve. Ventilation values (l-min"1) were 

sampled between the 4th and 5th minute of exercise for each of the three treadmill 

running speeds. 

Data reduction 

The Cosmed K 4 b2 breath by breath 1 min sample values (V E BTPS) were 

averaged using E X C E L software. The values were then converted to V E (STPD) (l-min"
1) 

using the following formula: 

V E (STPD) = V E (BTPS) [(273 * 310) x (PB - P H 2 0 - 760)] 

Where, 

273 = absolute temperature Kelvin 

310 = 273 + T ° (37 ° C; the temperature of expired air) 

P B = Barometric Pressure (determined by the Cosmed K 4 b2 barometer) 

PH2O = water vapour pressure at 37 ° C (body temperature) 

Software functions of the external computer attached to the Morgan ventilation 

monitor converted Vi to VE. For these calculations barometric pressure was measured 

by the Cosmed. 

At the conclusion of each test the Morgan ventilation monitor and the Cosmed 

turbine flowmeter were re-calibrated to determine if any volume drift had occurred. 

These re-calibrations indicated an error of less than ± 0.02% and ± 0.03% for the 

Morgan and Cosmed respectively on all occasions. 
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Statistical analysis 

Paired t-tests were used to determine if any significant differences existed 

between the Tissot tank (Metabolic cart) and the Cosmed averaged sample measures for 

FE02 and FEC02. Paired t-tests were also used to determine if significant differences 

existed in ventilation (V E STPD) values between the Cosmed K 4 b
2 turbine flowmeter 

and Morgan ventilation monitor measures for the three running speeds. Pearson 

correlation coefficients (r) were also used to indicate the degree of association of the 

Cosmed FE02 and F EC02 measures compared to the metabolic cart values and between 

the Cosmed and Morgan ventilation monitor V E (l-min"
1) values. The standard error of 

measurement (SEM) (Denegar and Ball, 1993) between the different instrument 

measures was determined for all variables to ascertain the degree to which the Cosmed 

K 4 b measures fluctuated around the metabolic cart values. The limits of agreement 

between the different instrument measures for all variables were also determined using 

the procedures outlined by Bland and Altaian (1986). Linear regression analysis was 

used to predict metabolic cart FE02 and F EC02 values and Morgan ventilation monitor 

V E (l-min"
1) values from the Cosmed measures. A n alpha level of PO.05 was used to 

determine if a statistically significant difference existed between instrument measures. 

Results 

Accuracy of the Cosmed K 4 b2 in F E02 and FECC>2 measures. 

Paired t-tests revealed that no significant differences (P>0.05) existed between 

the means for the pre and post-test Tissot tank samples (n = 20) for the FE02 (r = 1.000; 

S E M 0.000) and F E C 0 2 (r = 0.999; S E M 0.001) values measured by the laboratory 

metabolic cart. The S E M values indicated that the pre and post-test FE02 and FEC02 

Tissot values were virtually identical. O n this basis the means of the pre and post-test 

Tissot FE02 and F EC02 values were used in the statistical analysis to determine if 

differences existed between the metabolic cart and the Cosmed averaged sample 

measures. 

From the 20 Cosmed tests conducted, a total of 926 breath by breath samples 

were analysed (mean per test 46 ± 16.6; minimum 24; maximum73). The range of all 

Cosmed FE02 measures was 1.35 (min 15.58, max 16.93) and for F EC02 1-26 (min 

3.47, max 4.73). The mean of the standard deviations of all Cosmed breath by breath 
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measures about their test means for F E 0 2 and F E C 0 2 was ± 0.045 and ± 0.006 

respectively. 

Significant differences (PO.001) were found between the metabolic cart and the 

Cosmed test means for F E 0 2 (Metabolic cart mean 16.56 ± 0.40; Cosmed mean 16.30 ± 

0.40) and F E C 0 2 (Metabolic cart mean 4.19 ± 0.30; Cosmed mean 4.06 ± 0.32) 

concentrations. However, the measures of the two systems were strongly correlated 

(FE02; r = 0.971, PO.01, S E M 0.071; FEC0 2; r = 0.925, PO.01, S E M 0.087). 

The limits of agreement between the metabolic cart and the Cosmed measures for 

FE02 and FEC02 are presented respectively in Figures 1 and 2. For FE02, the mean 

difference between the metabolic cart and Cosmed measures ± 2SD (calculated bias), 

was +0.063 and + 0.451 indicating that the Cosmed values were between 0.063 and 

0.451 below metabolic cart values. All but one data point fell within this confidence 

interval (CI). The 9 5 % CI for the mean difference lay between 0.21 and 0.30. Ten of the 

20 data points lay outside this interval. The calculated bias for FEC02 was - 0.11 and + 

0.38 indicating that Cosmed values may be up to 0.11 above or 0.38 below the 

metabolic cart values. All but one measure fell within this CI. The 9 5 % CI for the mean 

differences in FEC02 measures lay between 0.075 and 0.189. Twelve of the 20 data 

points lay outside this interval. 
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Figure 1. The limits of agreement between the metabolic cart and the Cosmed K 4 b 

FE02 measures. 
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Figure 2. The limits of agreement between the metabolic cart and the Cosmed K4 b2 

FEC02 measures. 

Accuracy of the Cosmed K 4 b2 ventilation turbine 

The results of comparisons between V E STPD (at approximately 50, 75 and 100 

l-min"1) measures obtained using a Morgan ventilation monitor and the Cosmed K 4 b2 

ventilation turbine are presented in Table 1. Ten running trials were completed at each 

running speed (8, 11 and 14 km-h"1). The Cosmed mean V E (STPD) values were 

significantly higher than the Morgan ventilation monitor measures for the 8 km-h"1 

(approximately 50 l-min"1) (PO.01) and 11 km-h"1 (approximately 75 l-min"1) (PO.05) 

running speeds. N o significant differences (P>0.05) existed between the mean values 
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for the 14 km-h"1 (approximately 100 l-min"1) trials, though the Cosmed measures were 

again slightly higher than the Morgan ventilation monitor values. W h e n all running 

speed trial ventilation values were combined (n = 30), the Cosmed turbine flowmeter 

and the Morgan ventilation monitor values were highly correlated (r = 0.982, PO.01; 

S E M 3.03) with the mean differences in instrument measures ranging between 3.50 -

4.02 l-min"1. 

Table 1. Comparison of the Cosmed K4 b2 turbine flowmeter and Morgan ventilation 

monitor serial ventilation measures ( V E STPD) at three submaximal 

running speeds (Values are means ± SD). 

Run Speed Cosmed K 4 b2 Morgan Ventilometer Mean Difference P value 

(l-min"1) 

8 km-h"1 51.5 ± 6.8 47.8 ± 6.0 3.7 (P <0.001) 

11 km-h"1 74.0 ± 9.3 70.0 ± 9.8 4.0 (P <0.05) 

14 km-h"1 100.0 ± 14.8 96.5 ± 14.5 3.5 NS 

The limits of agreement between the Morgan ventilation monitor and the 

Cosmed turbine for the measurement of V E is presented in Figure 3. The calculated bias 

for V E was -12.30 and +4.82, indicating that the Morgan ventilation monitor measures 

maybe up to 12.3 l-min"1 below or 4.82 l-min"1 above Cosmed values. All but one value 

lay within this CI for bias. The 9 5 % CI for the mean differences lay between -5.34 and 

-2.14. Seven of the 30 data points were within this interval. 
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Linear regressions 

Linear regression analysis of the expired gas fractional concentration 

comparisons and the ventilation comparisons revealed the following regression 
>y 

equations to predict metabolic cart values from the Cosmed K4 b measures used in this 

study: -

Metabolic cart FE02 = 0.852 + 0.963Cosmed; R
2 = 0.940 P< 0.001 

Metabolic cart FEC02 = 0.627 + 0.878 Cosmed; R
2 = 0.856 P < 0.001 

Morgan ventilometer = -2.50 + 0.984 Cosmed; R2 = 0.965 P < 0.001 
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Discussion 

F E 0 2 and FECC>2 comparisons. 

During the course of this study it was found that the mean of the standard 

deviations of all Cosmed K 4 b2 breath by breath measures about the mean test values 

for F E 0 2 and F E C 0 2 were ± 0.045 and ± 0.006 respectively. This indicates that during 

the sampling of the expired gas collected in the Tissot tank, the Cosmed K 4 b2 measures 

remained stable around the respective mean values for each test. However, comparisons 

between the metabolic cart and Cosmed mean measures of FE02 (metabolic cart mean 

16.56 ± 0.40; Cosmed mean 16.30 ± 0.40, F E 0 2 r = 0.971) and F E C 0 2 (metabolic cart 

mean 4.19 ± 0.30; Cosmed mean 4.06 ± 0.32, F E C 0 2 r = 0.925) revealed significant 

differences (PO.001) between the two systems when measuring the same Tissot tank 

expired gas concentrations. Consequently, calculation of VO2, V C O 2 and R E R using 

arbitrary sub-maximal ventilation values (50, 75, 100 l-min"1) resulted in a modest error 

between the metabolic cart and Cosmed measures, with the Cosmed overestimating 

V 0 2 b y approximately 8.0% and underestimating V C 0 2 b y 3.2%. These discrepancies 

also resulted in the Cosmed unit assessed underestimating R E R by approximately 0.10 

(12.0%). 

The limits of agreement for FE02 (Figure 1) and FEC02 (Figure 2) were +0.063, 

+0.451 and -0.112, +0.376 respectively. For both FE02 and FEC02 only one data point 

lay outside the mean difference between the metabolic cart and Cosmed measures ± 

2SD, indicating that the differences were normally distributed (Bland and Altaian, 

1986). However, the 9 5 % CI for the mean difference between the instrument measures 

revealed that a number of samples lay outside these ranges for both FE02 (CI 0.212 and 

0.302) and F E C 0 2 (CI 0.075 and 0.189) respectively. The bias showed that for F E 0 2 

(Figure 1) the Cosmed K 4 b2 unit measured consistently below the metabolic cart 

values. A similar bias was found for FEC02 (Figure 2) with the Cosmed measures being 

predominantly lower than the metabolic cart values. 

Previously, Hausswirth et al. (1997) reported no significant differences between 

calculated V O 2 max and V C O 2 max values using either the earlier Cosmed K 4 model or a 

C P X Medical Graphics metabolic cart in subjects performing bicycle ergometry. 

Furthermore, they reported that no significant differences were found in measures of 

V O 2 and V C O 2 between instrument measures at rest or 25%, 5 0 % and 7 5 % of 
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maximum workload. However, in the present study, w e found that although the 

metabolic cart and Cosmed K 4 b2 FE02 and FEC02 values were strongly correlated, the 

error between the two measurement systems was physiologically significant. W e 

therefore suggest that it may be necessary to perform regression analysis to improve the 

accuracy in Cosmed K 4 b2 measures of F E 0 2 and F EC0 2, compared to values obtained 

from a laboratory analyser, for the calculation of V 0 2 and V C 0 2 . 

Ventilation comparisons 

Hausswirth et al. (1997) found no significant differences in measures of V E 

between the Cosmed K 4 and a C P X Medical Graphics metabolic cart at ventilation's 

ranging between 10-160 l-min"1. The values were also highly correlated (r = 0.995, 

PO.001). However, in the present study serial V E (STPD) comparisons between the 

Cosmed turbine and the Morgan ventilation monitor revealed significant differences 

(PO.05) at values of approximately 50 and 75 l-min"1. The Cosmed turbine measured 

higher values, though the mean discrepancy was no greater than 4.02 l-min"1. At 

ventilations of approximately 100 l-min"1 no significant differences (P>0.05) were found 

between the two instruments although the mean Cosmed values were again higher (+3.5 

l-min"1). The V E measures between the instruments were highly correlated (r = 0.982; 

S E M 3.03 l-min"1). These results indicate that the Cosmed turbine measured volume 

consistently, although the discrepancy between the instrument measures suggests a 

potential to overestimate V O 2 and VCO2. The limits of agreement between the Morgan 

ventilation monitor and the Cosmed turbine showed a normally distributed bias (Bland 

and Altaian, 1986) for VE, with only one measure lying outside an acceptable + 2 

standard deviations from the mean difference between the instruments. However, a 

number of measures (23) lay outside the 9 5 % CI of -5.34 and -2.14 for the mean 

difference between instrument measures. 

Linear regression analysis predicted that Cosmed measures overestimate 

Morgan ventilation monitor values by approximately 7 % at 50 l-min"1, reducing to a 

3.7% overestimation at 125 l-min"1. This error results in a similar over prediction of 

VO2. At fixed FE02 and FEC02 values a Cosmed V E measure of 50 l-min"
1 overpredicts 

V O 2 by approximately 0.15 l-min"1, whilst at a Cosmed V E measure of 125 l-min"
1 the 

V O 2 is over predicted by approximately 0.20 l-min"1. The discrepancy between the V E 
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measures recorded here resulted in the Cosmed overestimating V C O 2 by approximately 

0.14 l-min"1 at a V E of 50 l-min"
1 and by approximately 0.19 l-min'1 at a V E of 125 l-min" 

. However, these errors do not alter RER. These results again demonstrated a need to 

use regression analysis developed from the Cosmed turbine measures and a calibrated 

laboratory ventilometer to correct and improve the accuracy of the Cosmed V E values. 

Conclusions 

The results of this investigation revealed that significant differences existed 

between measures of FE02, F EC02 and V E (STPD) obtained from a laboratory metabolic 

cart and the Cosmed K 4 b2 portable telemetric system assessed in this study. However, 

measures between the two systems for these variables were strongly correlated, 

indicating that the error in the Cosmed measures was consistent. The S E M values and 

limits of agreement between the Cosmed K 4 b2 and the metabolic cart measures for 

FE02, F EC02 and V E (STPD) demonstrated a potential for the differences in measures to 

be physiologically significant in the determination of VO2, V C O 2 and RER. Based on 
*y 

the results of the Cosmed K 4 b unit assessed in this study, regression analysis using 

measures obtained from a reliable laboratory accredited metabolic cart and the Cosmed 

K 4 b is recommended to enhance the accuracy of the Cosmed measures. This 

procedure may permit an accurate comparison of exercise responses measured in the 

field and in the laboratory. 

Future research may attempt to ascertain the validity and reliability of Cosmed 

K 4 b2 measures assessed during a repeated measures exercise protocol, in series with a 

laboratory metabolic system. 
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Abstract 

This study compared the energy cost (EC) (J-kg^-m"1) of running on grass and soft dry 

beach sand. Seven male and 5 female recreational runners performed steady state 

running trials on grass in shoes at 8, 11 and 14 km-h"1. Steady state sand runs, both 

barefoot and in shoes, were also attempted at 8 km-h"1 and approximately 11 km-h"1. 

One additional female attempted the grass and sand runs at 8 km-h"1 only. Net total E C 

was determined from net aerobic E C (steady state VO2, V C O 2 and R E R ) and net 

anaerobic E C (net lactate accumulation). W h e n comparing the surface effects (grass, 

sand bare foot and sand in shoes) of running at 8 km-h"1 (133.33 m-min"1) in 9 subjects 

who most accurately maintained that speed (133.33 ± 2.2 m-min"1), no differences 

(P>0.05) existed between the net aerobic, anaerobic and total E C of sand running 

barefoot or in shoes, but these measures were all significantly greater (PO.05) than the 

corresponding values when running on grass. Similarly, when all running speed trials (n 

= 87) performed by all subjects (n = 13) for each surface condition were combined for 

analysis, the sand bare foot and sand in shoes values for net aerobic EC, net anaerobic 

E C and net total E C were significantly greater (P<0.001) than the grass running 

measures, but not significantly different (P>0.05) from each other. Expressed as ratios 

of sand to grass running E C coefficients, the sand running barefoot and sand in shoes 

running trials at 8 km-h"1 revealed values of 1.6 and 1.5 for net aerobic EC, 3.7 and 2.7 

for net anaerobic E C and 1.6 and 1.5 for net total E C respectively. For all running 

speeds combined, these coefficients were 1.5 and 1.4 for net aerobic EC, 2.5 and 2.3 for 

net anaerobic E C and 1.5 and 1.5 for net total E C for sand running barefoot and in shoes 

respectively. Sand running may provide a low impact, but high E C training stimulus. 
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Introduction 

Sand running is an integral part of the popular and high profile surf iron man 

and iron w o m a n competitions in Australia. For many years sand running has also been 

used by coaches and elite and recreational athletes as a supplement to normal training 

(Berger, 1980; Oviatt and Hemba, 1991). The great Australian miler and Olympic 

Champion, Herb Elliott, also regularly used the sand hills of Portsea Beach, Victoria as 

a training venue (Wischnia, 1982). However, despite anecdotal suggestions (Berger, 

1980; Wischnia, 1982; Oviatt and Hemba, 1991) of potential performance benefits on 

firm surfaces by performing some running training on sand, there is a paucity of 

research which quantifies the energy cost (EC) of running on sand (Zamparo et al., 

1992; Lejeune et al., 1998) or the training stimulus that may subsequently accrue. 

The EC of marching on sand in full military kit (Strydom et al., 1966; Soule and 

Goldman, 1972), walking on sand dunes with loads of up to 18 kg (Givoni and 

Goldman, 1971), walking on beach sand (Zamparo et al., 1992), or on an artificial 

circular sand track (Lejeune et al., 1998), have been reported to range between 1.7 - 2.7 

times firm ground values. Only Zamparo et al., (1992) and Lejeune et al., (1998) have 

previously compared the E C of running on sand and a firm surface using open-circuit 

spirometry and indirect calorimetry techniques. 

Zamparo et al., (1992) reported that for running speeds ranging between 7-14 

km-h"1, the E C of sand running was approximately 2 4 % greater than for firm ground 

running. The E C coefficients (ratio of sand to firm ground E C values) were found to 

increase slightly with increased running velocity (from 1.15 to 1.40) at speeds between 

7-14 km-h"1. Zamparo et al., (1992) attributed the increased E C of running on sand to a 

reduction in the recovery of elastic energy. 

More recently, Lejeune et al., (1998) investigated the energetics of running on 

an artificial, circular sand track of 0.075m depth on a concrete base using a portable 

telemetric system (Cosmed K4) for the measurement of V O 2 and VCO2. Net E C was 

computed from the change in steady state V O 2 above resting values during running 

trials. They reported running on sand required 1.6 times more energy expenditure than 

running on a hard surface, a greater value than reported by Zamparo et al., (1992). 

Lejeune et al., (1998) attributed the increased E C of running on sand to the work done 

on the sand by the foot and to a decrease in muscle-tendon efficiency. 
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The studies by Zamparo et al., (1992) and Lejeune et al., (1998) give some 

insight into the training stimulus that might occur for athletes performing running 

training regimes on a sandy surface. However, the implications of their findings are 

limited. For example, pilot testing for the present study, indicated that it was not 

possible for even well trained recreational runners to maintain a steady state running 

speed of greater than 11 km-h"1 on a soft, dry sand beach surface, an observation 

confirmed by Lejeune et al., (1998). Yet, Zamparo et al., (1992) reported that their 

subjects ran at 14 km-h"1 in steady state on sand. This suggests that the sand surface on 

which Zamparo and colleagues conducted their running trials was firmer than those of 

the Australian beach used in the present study, or even the artificial sand track used by 

Lejeune et al., (1998). Furthermore, the studies by both Zamparo et al., (1992) and 

Lejeune et al., (1998) were limited to males and by small subject numbers (Zamparo et 

al., n = 6; Lejeune et al., n = 4) and Lejeune et al., (1998) did not report the anaerobic 

contribution to the E C of running. Also, general observations from regular sand runners 

suggest preferences to run bare foot, although running on sand in shoes may protect 

individuals from skin trauma. However, neither Zamparo et al., (1992) or Lejeune et al., 

(1998) investigated any E C differences that may exist when subjects ran bare foot or in 

shoes on a sandy surface. Therefore, the purpose of the present study was to investigate 

the E C of male and female subjects, running on soft, dry beach sand, bare foot and in 

shoes at 8 and 11 km-h"1, compared to running on a firm grass surface in shoes, at 8, 11 

and 14 km-h"1. 

Methods 

Subjects 

Informed consent to participate in the study was obtained from 13 healthy 

recreational runners (7 males and 6 females) free of gait abnormalities and previously 

inexperienced or untrained at running on sand. Subjects were initially measured for 

height, mass, and the sum of six skinfolds. Maximal values for oxygen consumption 

(VO2 max) and heart rate (HR max) were also measured during an incremental treadmill 

running protocol. These data are presented in Table 1. 
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Table 1. Subject Characteristics 

Males 

Mean 

(+SD) 

Females 

Mean 

(±SD) 

Age 

(y) 

34 

10 

30.5 

9.5 

Height 

(cm) 

177.7 

5.7 

164.7 

3.9 

Mass 

(kg) 

77.5 

9.0 

56.6 

5.3 

£LK max 

(bpm) 

187 

10 

182 

18 

V02max 

(ml-kg"1-min"1) 

56.86 

4.65 

50.52 

8.02 

Skinfolds (mm) 

S 6 Sites 

62.1 

15.7 

78.1 

20.4 

H R max and V 0 2 max are the maximal values attained during a treadmill run to exhaustion. The 

skinfold values are the sum of six measures i.e. triceps, subscapular, supraspinale, mid 

abdominal, front thigh and medial calf (Bloomfield et al., 1994. pp294-295). 

Environmental conditions 

Ambient wet and dry bulb temperatures were measured prior to conducting each 

running trial using a whirling hygrometer (Cassella, London) from which relative 

humidity was determined. Where possible, running trials were scheduled in the early 

morning to reduce the influence of excessive heat and the onset of the sea breeze (Pugh, 

1970, 1971; Davies, 1980). A vane anemometer (Taylor Instruments, London) was used 

to monitor and record air velocity during the running trials. 

Running surface stiffness 

The surface conditions of the grass and beach sand running tracks were 

determined using a Clegg impact hammer (Clegg, 1978; 1980) that measures the 

stiffness or the peak impact deceleration force exerted by the surface. Table 2 is a 

summary of the peak deceleration force values measured by the impact hammer for 

grass, soft dry sand, wet sand surfaces and an A M T I (Advanced Mechanical 

Technology Inc.) force plate. The grass running track surface was also assessed using a 

turf penetrometer (Orchard et al., 1997) at 10m intervals along the grass track and was 

measured as good/firm (mean value = 4.2). N o running trials were conducted following 

rain until the surface condition (sand or grass) had returned to a dry state. 
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Table 2. Running surface stiffness conditions. 

Peak Impact deceleration force (N) 

Grass Soft dry beach sand Wet beach sand Force plate 

2.25kg hammer 898.7+139.2 223.4 + 44.1 850.6 + 2.40 12651.8 

(Drop height 0.457m) 

Coefficient value 0.071 0.018 0.067 1.0 

(Surface/Force plate) 

Values are the mean + SD (n = 11) of measures at 10m intervals along a straight 100m grass 

and soft dry beach sand running track used to conduct running trials. The coefficient values 

represent the surface stiffness or impact deceleration force relative to that measured over an 

A M T I force plate. 

Experimental procedure 

O n arrival at the laboratory or beach, a resting capillary (finger tip) blood 

sample was collected from the subject in a 75pl heparinised capillary tube for the 

determination of resting blood lactate levels using a hand-held portable Accusport 

analyser (Boehringer Mannheim). A 20pl sample was immediately pipetted from the 

75pl heparinised capillary tube and ejected onto an Accusport test strip and analysed for 

lactate (La). 

A standardised warm-up consisting of a 5min light intensity run on the test 

surface followed by 5min of stretching and a 200m familiarisation run at the designated 

test velocity, was then undertaken by the subjects prior to performing the running trials. 

During the period of data collection, subjects performed steady state running of 

approximately 10-14min duration, each on separate days using a counterbalanced 

experimental design. All subjects refrained from eating and from drinking coffee or 

carbonated drinks for at least 2 hours prior to undertaking the running trials. Subsequent 

running trials were scheduled at approximately the same time of the day for each 

subject, to account for any diurnal variations in metabolic responses to exercise (Reilly 

et al., 1984; Armstrong and Costill, 1985; Garrard and E m m o n s , 1986). 

The running trials were performed on a 100m straight track, marked on a grass 

oval and on a flat section of a Perth (Australia) city beach. Each trial required the 
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subject to turn 180° at the conclusion of each 100m with minimal deceleration and 

acceleration (examination of the breath by breath V O 2 and heart rate data for each 

subject test, verified that the turns at each 100m of running had no effect on steady state 

V O 2 or heart rate). The grass surface running trials were performed at 8, 11 and 14 

km-h"1. The soft sand running trials were conducted at approximately 8 and 11 km-h" , 

each in bare feet and in running shoes (mean weight of shoes: 0.74 kg; range 0.52-

1.06kg). The total distance run in each trial was adjusted so that the duration of the trials 

was at least lOmin to allow sufficient time for steady state to be achieved (Green and 

Dawson, 1996). This period was selected to account for the slow component rise in 

V O 2 kinetics, associated with exercise intensities that coincide with increased lactate 

accumulation (Barstow, 1994; Gaesser, 1994; Gaesser and Poole, 1996; Green and 

Dawson, 1996). The distance run for the 8 km-h"1 trials was 1.4 km, for the 11 km-h"1 

trials, 2.0 k m and for the 14 km-h"1 trials, 2.4 km. Each subject, using either a hand held 

stopwatch or a wrist watch with an alarm timer, monitored running velocity. Verbal 

encouragement from the experimenter, who closely monitored their 100m split times, 

was also used to assist the subjects in maintaining the required velocity. 

Physiological measurements 

During the running trials, minute ventilation ( V E ) (l-min1) and the fractional 

concentrations of expired oxygen (FE02) and carbon dioxide (FEC02) were measured 

breath by breath using a Cosmed K 4 b2 (Rome, Italy) portable gas analyser unit (total 

weight 1.64kg) that was worn by the subject. Heart rate (HR) was recorded 

continuously using the Cosmed K 4 b2 H R monitor. 

Immediately prior to each running trial the Cosmed K4 b analyser was 

calibrated with a reference gas of known O2 and CO2 concentrations (gravimetrically 

determined). The Cosmed K 4 b2 turbine ventilometer was also calibrated prior to the 

commencement of each testing session using a Gould Model M 2 0 three litre syringe. At 

the conclusion of each trial the reference gas was again passed through the analysers for 

approximately 1-2 min to verify the accuracy of the FE02 and F E C 0 2 measures, where 

any error was determined by dividing the reference gas measures by the Cosmed K 4 b2 

measures. (It was subsequently found that for all 87 running trials performed the error 

factor for the Cosmed K 4 b2 measures for FE02 and F EC02 were: mean 1.0049 ± 

0.0076, SE 0.0008 and mean 1.025 ± 0.036, SE 0.004 respectively. O n this basis no 
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rurming trials were excluded from the subsequent statistical analysis as a consequence 

of instrument error.) 

Steady state values for VE (BTPS), FE02, FEC02 and HR were obtained by 

averaging the Cosmed K 4 b2 breath by breath E P O C H samples recorded during the 

final 2 min of each exercise test. In each instance, the attainment of steady state was 

confirmed by examination of the experimental data, graphically displayed by the 

Cosmed K 4 b software and characterised by an invariant V O 2 and HR. Ventilation 

(BTPS) samples were converted to STPD values using standard corrections for 

barometric pressure, temperature and relative humidity. 

Post-test La values were obtained immediately on conclusion of each running 

trial, using procedures previously outlined for resting samples. Ratings of perceived 

exertion (RPE, Borg Scale) were also obtained from each subject at the conclusion of 

each running trial. 

Data treatment 
fy 

Prior to commencement of the study, the Cosmed K 4 b analyser unit was 

assessed for accuracy in measures of V E ) FE02 and FEC02 spanning physiological 

ranges normally demonstrated by athletic populations, using an Automated V O 2 max 

calibrator system (Gore et al, 1997). A n additional study conducted in our laboratory 

(Pinnington et al., 2001) verified these results using human subjects. From the results of 

the study by Pinnington et al., (2001) the following regression equations were 

developed to correct the Cosmed K 4 b measures of VE, FE02 and FEC02 to a 

laboratory accredited metabolic cart value. 

V E (STPD) = -2.50 + 0.984 Cosmed measure (R2 = 0.965, PO.001) 

F E 0 2 = 0.852 + 0.963 Cosmed measure (R2 = 0.940, PO.001) 

F E C 0 2 = 0.627 + 0.878 Cosmed measure (R2 = 0.856, PO.001) 

Subsequently, mean steady state VO2, VCO2 and RER were calculated from the 

regression corrected values for V E (STPD), FE02 and F E C0 2 , using the Haldane 

transformation. 

The net aerobic and anaerobic EC of running was determined using methods 
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outlined by di Prampero et al., (1986) and Zamparo et al., (1992) as follows: -

Resting V 0 2 was assumed to be 3.6 ml-02kg"
1-min"1 (McArdle et al., 1996, 

pi59). Net aerobic E C (J-kg^-m"1) of running was calculated from steady state V O 2 -

resting VO2, divided by the velocity of the run (m-min"1). Thus, the calculated E C 

emerged as ml-02-kg"1-m"1, and was then converted to Joules (J-kg^-m"1) from the 

metabolic equivalent of the steady state R E R values of the respective run (di Prampero 

et al, 1986). 

The resting and immediate post exercise lactate values obtained using the 

Accusport analyser, were corrected to a laboratory accredited Analox L M 3 Multi

channel lactate analyser values, using regression analysis (Analox = -0.749 + 0.837 

Accusport measure; R 2 = 0.987) as previously determined in our laboratory (Pinnington 

and Dawson, 2001). Net lactate (ALa) accumulation values were then determined from 

the difference between the corrected resting and immediate post exercise La values. The 

ALa accumulation values were converted to an oxygen equivalence of 3ml-02-mmol-L" 

^kg"1 (di Prampero, 1981; Zamparo et al., 1992). The resulting values were then 

converted to Joules, assuming an energy yield of 21.12 kilojoules per litre of oxygen 

consumed (RER of 1.0). The overall energy derived from ALa accumulation was then 

determined by dividing the energetic value of ALa accumulation by the distance of the 

respective run to yield J-kg^-m"1 (di Prampero et al., 1993; Zamparo et al., 1999). This 

value was assumed to reflect the overall anaerobic energy contribution to the total E C of 

running. The net total E C of running was calculated as net aerobic yield (J-kg^-m"1) + 

net anaerobic yield (J-kg^-m"1). 

Statistical analysis 

A n initial data analysis revealed that there were no significant differences 

(P>0.05) between the male or female subjects for net aerobic, net anaerobic or net total 

E C whilst running on grass, sand barefoot or sand in shoes. Therefore, the results of all 

the male and female running trials were combined for statistical analysis. 

An objective of the experimental design was to also compare the EC of running 

on grass, sand barefoot and sand in shoes at 8 and 11 km-h"1 using A N O V A . However, 

during the course of the study, three female subjects and one male subject could not 

accurately maintain the required speed during the 8 km-h"1 grass, sand barefoot or sand 

in shoes running trials. Furthermore, of all the subjects who participated in the study (n 
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= 13) only one subject (male) was capable of maintaining a speed of 11 km-h"1 (183.3 

m-min") whilst running on the sand barefoot or in shoes and one female subject only 

attempted runs on the grass, sand barefoot and sand in shoes at speeds approximating 7 

- 8 km-h" . Accordingly, data from nine of the 13 subjects (6 males, 3 females) who 

were able to accurately maintain a consistent running speed at 8 km-h"1 (133.3 ± 2.2 

m-min") for the grass, sand in bare feet and sand in shoes running trials were used in an 

A N O V A to determine if significant differences existed between the means for the 

dependent variables; V E ( STPD; l-min"
1), V 0 2 (l-min"

1; ml-kg"1 min"1), H R (bpm), RER, 

ALa, net aerobic E C (ml-02-kg"1-min1; J-kg^-m"1), net anaerobic E C (J-kg'^m"1), net 

total E C (J-kg^-m"1), M E T value and R P E when running at 8 km-h"1 only on the three 

surface conditions (grass, sand barefoot, sand in shoes). If significant differences 

(PO.05) were found, a Scheffe post hoc analysis was performed to determine where the 

differences in the dependent variable measures between the surface conditions existed. 

Next, data from all running speed trials completed (n = 87) during the course of 

the study (i.e. 39 grass, 25 sand in bare feet and 23 sand in shoes trials) were then 

amassed. A N O V A with Scheffe post hoc tests performed on this data determined the 

influence of the surface conditions on E C at various running speeds. Linear regression 

analysis using running speed (m-min"1) as the independent variable was also performed 

on this data to predict the net oxygen cost (ml-02-kg"1-min"1) and E C (net aerobic, net 

anaerobic and net total E C ) of running on grass compared to sand (barefoot and in 

shoes) at various speeds. From this data, sand (bare foot and in shoes) / grass E C 

coefficients of running were calculated. Statistical significance was set at PO.05. 

Results 

Mean ambient air temperature recorded during the running trials (grass and 

sand) was 21.1 ± 4.5°C and relative humidity 57.4 ± 16.6%. Most running trials were 

performed in the early morning and the large majority of trials (n = 64) were conducted 

in little (<3 km-h'1) or no wind. Subjects experienced a slight cross wind in 14 trials, 

and a direct head or following wind in only 9 running trials, but wind velocity never 

exceeded 19 km-h"1. As the running trials were conducted on a 100m straight track 

requiring a 180° turn at each end, the E C of running against a slight headwind was 

immediately offset by then running with a following wind (Davies, 1980). Data 
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presented by Davies, (1980) demonstrates minimal influence of a consistent head wind 

on the oxygen cost of running with head wind velocities less than 24 km-h"1 (6.8 m-s"1). 

O n this basis, the influence of any wind experienced during the running trials in this 

study was regarded as minimal. 

8 km-h'1 running trial surface comparisons 

The results of the A N O V A (n = 9 subjects) used to determine any differences 

between the grass, sand barefoot and sand in shoes running trials at 8 km-h"1 (133.33 

m-min"1) are presented in Table 3. N o significant differences (P>0.89) existed between 

the mean running speeds for the three treatment conditions (grass 134.9 ±1.8 m-min"1; 

sand barefoot 134.5 ± 2.2 m-min"1 and sand in shoes 134.5 + 1.4 m-min"1) used in this 

analysis. For all dependent variables the sand in bare feet running trial measures were 

significantly greater (PO.05) than the grass running trial values. For the sand in shoes 

running trials all dependent variable measures except net lactate (ALa) accumulation 

and net anaerobic E C were significantly greater (PO.05) than the grass running trial 

measures. N o significant differences (P>0.05) existed between the sand in bare feet and 

the sand in shoes running trial measures for all the dependent variables. 
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Table 3. Dependent variable measures for subjects (n = 9) running at 8 km-h"1 

on grass, sand in bare feet and sand in shoes running trials. Values are 

means ± SD. 

Dependent 

Variable 

Running surface condition 

Grass Sand in bare feet Sand in shoes 

V E STPD (l-min"
1) 

V 0 2 (l-min') 

(ml.Orkĝ -min"1) 

HR (bpm) 

RER 

ALa (mmol-L1) 

Net aerobic EC 

(ml-Oz-kg^-min"1) 

(J-kg'-m1) 

Net anaerobic E C 

(J-kgW1) 

Net total E C 

(J-kg-'-m1) 

M E T value 

RPE 

43.6+11.6 

2.30 + 0.61 

32.21 + 3.21 

130 + 23 

0.89 ± 0.08 

0.7 + 0.7 

28.61+3.21 

4.35 ± 0.46 

0.03 ± 0.03 

4.38 ± 0.48 

8.94 + 0.01 

7.5 + 1.2 

74.0 ± 15.7** 

3.36 + 0.63* 

47.61+4.91** 

162+17* 

0.99 ± 0.06* 

2.7 + 2.1* 

44.01+4.91** 

6.86 + 0.73** 

0.12 + 0.09* 

6.98 + 0.75** 

13.20+1.36** 

13.3 + 2.7** 

72.2+18.7** 

3.26 + 0.75* 

45.94 ± 6.43** 

158 + 21* 

1.01+0.08* 

2.0+1.8 

42.34 ± 6.43** 

6.60 ± 0.97** 

0.09 ± 0.08 

6.69+1.0** 

12.70+1.78** 

13.1+3.2** 

EC is energy cost. *P<0.05; **P<0.01 = significantly different from grass running value. Sand 

in bare feet and sand in shoe values for all dependent variables were not significantly different 

(P>0.05) from each other. Sand bare foot / grass EC coefficients are 1.58, 3.67 and 1.59 for net 

aerobic, net anaerobic and net total EC respectively. Sand in shoes / grass EC coefficients are 

1.51, 2.70 and 1.53 for net aerobic, net anaerobic and net total EC respectively. 

Analysis of all running speed trials combined by surface condition. 

Analysis of the 8, 11 and 14 km-h"1 grass running trials revealed no significant 

differences (PO.05) between the 3 running speed measures for net aerobic and net total 

E C (J-kg^-m"1) (mean net aerobic EC: 8 km-h"1 4.49 ± 0.44, 11 km-h"1 4.61 ± 0.38, 14 

km-h"1 4.62 ± 0.30 P>0.05; net total E C 8 km-h"14.53 ± 0.45, 11 km-h"1 4.69 ± 0.46, 14 

km-h"1 4.75 ± 0.33 P>0.05). Subsequently, for the purpose of assessing the effect of the 

surface conditions on the E C of running at various speeds, the mean values for the three 

surface conditions for all running trials completed (n = 87) by the subjects (n = 13), 
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were compared. The mean E C values for net aerobic, net anaerobic and net total E C for 

the three surface conditions are presented in Table 4. The sand bare foot and sand in 

shoes running trial values were all significantly greater (PO.001) than the respective 

grass surface running trial measures. N o significant differences (P>0.05) were found 

between the sand bare foot and sand in shoes running trial measures for net aerobic, net 

anaerobic or net total EC. 

Table 4. Energy cost (J-kg^-m"1) comparisons for subjects (n = 13) running on 

grass, sand bare foot and sand in shoes. Values are means ± S D of 39 

grass (8 -14 km-h"1), 25 sand barefoot (8-11 km-h"1) and 23 sand in 

shoes (8-11 km-h") running trials completed. 

Dependent variable Surface condition 

Grass Sand bare foot Sand in shoes 

Net aerobic E C (J-kg1 m 1 ) 4.56 + 0.38 6.64 + 0.69* 6.57 + 0.74* 

Net anaerobic EC (J-kg^-m"1) 0.08 + 0.07 0.19 + 0.121* 0.18 + 0.13* 

Net total EC (J-kgW1) 4.64 + 0.43 6.83 + 0.73* 6.75 + 0.76* 

Symbol * indicates significantly different (PO.001) from grass running E C values but not 

significantly different (P>0.05) from each other. For all the surface condition running trials the 

sand to grass E C coefficients were: Sand bare foot / grass 1.46, 2.47 and 1.47, and Sand in 

shoes / grass 1.44,2.32 and 1.45, for net aerobic, net anaerobic and net total E C respectively. 

Figure 1 is a scatter plot of the net oxygen cost (ml-02-kg"1-min1) values of all 

grass, sand in bare feet and sand in shoes running trials completed during the study. The 

scatter plot reveals variability in the subjects' responses to running on sand in bare feet 

(R2 = 0.47) and in shoes (R2 = 0.44). For the grass running trials, less variability (R2 = 

0.87) was evidenced for the three running speeds performed (8, 11 and 14 km-h"1). Also 

included are the regression equations calculated for the prediction of net oxygen cost of 

running at various speeds (m-min"1). 
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Figure 1. Scatter plot of net oxygen cost (ml02-kg"1-min"1) values of all (n = 87) 

sand (barefoot n = 25; sand in shoes n = 23) and grass (n = 39) running trials 

from 13 subjects. Regression predictions for the net oxygen cost of running at 

various speeds (m-min"1) are: 

Running on grass = -1.335 + 0.227x, R 2 = 0.87 

Running on sand bare foot = 17.432 + 0.192x, R 2 = 0.47 

Running on sand in shoes = 8.704 + 0.25x, R 2 = 0.44 

Where x = run speed (m-min"1) 
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For predicting net aerobic E C (J-kg^-m"1) of running at various speeds (m-min"1) 

the following regression equations were calculated: 

Running on grass = 4.22 + 0.002x, R 2 = 0.03; Running on sand bare foot = 9.024 -

0.0165x, R 2 = 0.22; Running on sand in shoes = 7.76 - 0.0083x, R 2 = 0.03, where x = 

run speed (m-min"1). 

For all grass running trials the range of net lactate accumulation was 0.0 - 8.3 

mmol-L"1 (0.0 - 0.22 J-kg^-m"1). The corresponding values for all sand bare foot trials 

were 0.1 -11.5 mmol-L"1 (0.005 - 0.46 J-kg^-m"1) and for all sand in shoes running trials 

0.0 - 9.9 mmol-L"1 (0.0 - 0.54 J-kg^-m"1). W h e n expressed as J-kg^-m"1, the net lactate 

accumulation measures did not contribute significantly (P>0.05) to subsequent 

differences between the net aerobic and net total E C measures for the three surface 

conditions. Figure 2 is a scatter plot of all running trial (grass, sand bare foot, sand in 

shoes) net total E C measures (J-kg^-m"1) and includes the regression equations 

calculated for the prediction of these values at various running speeds (m-min"1). 
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Figure 2. Net total energy cost (J-kg^-m"1) scatter plot of all (n =87) sand (barefoot n = 

25; sand in shoes n = 23) and grass (n = 39) running trials from 13 subjects. 

Regression predictions for the net total energy cost of running at various speeds 

(m-min1) are: Running on grass = 4.114 + 0.003x, R 2 = 0.0.06 

Running on sand bare foot = 9.291 - 0.017x, R2 = 0.22 

Running on sand in shoes = 7.968 - 0.0085x, R 2 = 0.04 

Where x = running speed (m-min"). 
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Steady state H R data from all running trials produced the following H R 
• 1 

regression predictions, with the independent variable (x) being running speed (m-min"): 

Heart rate running on grass, y = 93.41 + 0.383x, R 2 = 0.22. 

Heart rate running on sand bare foot, y = 175.08 - 0.01 lx, R 2 = 0.00. 

Heart rate running on sand in shoes, y = 166.60 + 0.039x, R 2 = 0.00. 

Discussion 

Energy cost values for treadmill running at speeds between 3.0 - 6.0 m-s"1 (11-

21.6 km-h") have previously been reported to range between 3.6 - 3.8 J-kg^-m"1 (di 

Prampero et al., 1986; 1993) in endurance athletes, and to have an independent 

relationship with running speed (di Prampero et al., 1993). For running overground, on 

a firm surface at speeds ranging between 2 - 4 m-s"1 (approx. 7 -14 km-h"1), Zamparo et 

al., (1992) and Lejeune et al., (1998) have reported mean E C values of 4.4 and 4.1 J-kg" 

•m"1 respectively. These firm surface running E C values agree closely with the net 

aerobic (4.56 + 0.38 J-kg^-m"1) and net total E C (4.64 ± 0.43 J - k g W 1 ) values found in 

the present study when subjects ran on grass at speeds between 8 - 1 4 km-h"1. W e also 

found that the E C of submaximal intensity running on grass was independent of running 

speed, in agreement with data presented by di Prampero et al., (1993) for treadmill 

running. 

Zamparo et al., (1992) reported that when subjects (n = 6 males) ran on a sandy 

beach at speeds between 7 - 1 4 km-h"1, the mean E C was 5.3 J-kg^-m"1 or 1.2 times the 

firm ground values. However, Lejeune et al., (1998) reported that the net aerobic E C of 

running on an artificial circular sand track (depth 7.5cm) in 4 male subjects was 

approximately 6.7 J-kg^-m"1 or 1.6 times hard surface (concrete) values. The net aerobic 

E C values reported by Lejeune et al., (1998) are in close agreement with the mean net 

aerobic E C measures found by us here when male and female subjects ran on sand bare 

foot (6.86 ± 0.73 J-kg'^m"1) and in shoes (6.60 ± 0.97 J-kg'W1) at 8 km-h"1 and at 

speeds ranging between 8 - 1 1 km-h"1 (sand bare foot, 6.64 ± 0.69 J-kg^-m"1; sand in 

shoes, 6.57 ± 0.74 J-kg^-m"1). In the present study, w e also found no significant 

differences (P>0.05) between the sand bare foot and sand in shoes running trial E C 

measures, which has not previously been investigated. 
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Lejeune et al., (1998) did not measure post exercise lactate accumulation in their 

running trials, however, Zamparo et al., (1992) reported that at speeds between 7-14 

km-h"1 the anaerobic E C of running on sand was between 7-12% of the total net EC. 

This range of values is slightly greater than the accumulated lactate values found in our 

study. W e calculated that the ranges of anaerobic contribution to the total E C for all the 

grass, sand bare foot and sand in shoes running trials were 0 - 5%, 0 - 6.7% and 0 -

8.0% respectively, but there was considerable variance in our subject measures (refer 

Table 4). The small discrepancy between the net anaerobic contribution to net total E C 

between the study of Zamparo et al., (1992) and ours could have been due to differences 

in post exercise lactate sampling procedures. Zamparo et al., (1992) measured lactate 

values 5 - 7 min post exercise, following 4 min of running, whereas w e performed 

those measures immediately on completion of 10 - 12 min of steady state running. W e 

felt this procedure would eliminate any impact of lactate oxidation during 5 - 7 min of 

recovery following low intensity steady state running (8 km-h"1) on grass and maintain 

better experimental consistency. W e therefore do not imply that the net accumulated 

lactate values reported in our study reflect the true anaerobic energy contribution of 

each run, but rather the net effect of steady state lactate kinetics. But, as our subjects 

acted as their own controls, the magnitude of net lactate accumulation recorded here, 

particularly in the sand runs, provides an interesting comparison of the lactate responses 

evoked when running on different surfaces at similar speeds. 

The poor agreement between the net aerobic and net total EC values reported by 

Zamparo et al, (1992) and here in the present study, could possibly be attributed to 

differences in the surface conditions (ie, sand granulation and the depth and consistency 

of the substratum of the beaches used for data collection) and to the techniques used to 

sample expired air. The subjects used by Zamparo et al., (1992) were able to complete 

steady state sand running trials at velocities up to 14 km-h"1. However, despite the 

moderate to well-trained status of the subjects in our study only one, a male triathlete, 

was capable of maintaining a running speed of 11 km-h"1 during the sand running trials. 

In general, the maximal steady state running speed that could be maintained by the 

subjects in this study when running on sand (barefoot or in shoes) ranged between 8 -

10 km-h"1. This observation is supported by Lejeune et al., (1998) who also reported that 

even with well-trained athletes it was not possible to maintain steady state running on 

sand at speeds higher than 2.75m-s"1 (^m-min"1 or 9.9kmh"1). A follow up study of 

the sand running capabilities of highly trained elite Australian surf iron m e n recently 
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conducted by us, has also confirmed the maximal steady state sand running speed 

possible is approximately 11-12 km-h"1, even following rigorous sand running training 

regimes (Pinnington and Dawson, 2000). Unfortunately, the fitness status of the subjects 

in the study by Zamparo et al., (1992) was not reported. It is difficult therefore to 

account for the differences in the physiological responses of sand running between the 

subjects in their study and the male and female subjects in our study. However, our 

subsequent observations of elite iron men running on sand and those made by Lejeune 

et al., (1998) suggest that the sand surface and substratum conditions of the beach in 

Italy where Zamparo et al., (1992) measured the E C of sand running may have been 

relatively firm. Zamparo et al., (1992) also sampled expired air using the Douglas bag 

technique after only 4min of running, thus possibly not accounting for any slow 

component rise in oxygen kinetics (Barstow, 1994; Gaesser, 1994; Gaesser and Poole, 

1996; Green and Dawson, 1996). Subsequently, the true oxygen cost of the activity may 

have been underestimated. 

In the present study, using running speed (m-min") as the independent variable, 

the coefficients of determination (R2 values) for the regression predictions for net 
•y 

oxygen cost when running on grass were R = 0.87 (refer Figure 1). This indicates that 

running speed accounted for more than 8 7 % of the variability in the grass running trial 

measures. However, despite this relatively high predictability of net oxygen cost 

measures when running on grass, when the subjects ran on sand bare foot and sand in 
fy 

shoes the R values for the regression predictions of net oxygen cost were low (0.47). 

At higher exercise intensities, as experienced when running on sand, it is possible that 

the increased variance in net oxygen cost measures could be associated with subject 

differences in aerobic capacity (including muscle fibre type distribution, and oxygen 

deficit) and anaerobic threshold (di Prampero et al., 1986; 1993) and may also suggest 

the individual recruitment of less well adapted physiological and biomechanical 

mechanisms, thereby contributing to the higher variability seen in measures when 

running on sand (Williams, 1985; Williams and Cavanagh, 1987; Morgan and Craib, 

1992; Anderson, 1996). 

The possible mechanisms that may contribute to an increased EC when running 

on sand are still currently unclear. Zamparo et al., (1992) attributed the increased E C of 

running on sand to a reduction in the re-utilisation of elastic energy and to energy lost 

due to the tendency of the foot to slip backwards during the push phase of the stride. 
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The latter assumption made by these authors, is partly supported by the recent findings 

of Chang and Kram (1999), who found that when an impeding force was applied to 

runners that decreased the braking impulse and increased the propulsive impulse of the 

horizontal ground reaction force, the metabolic cost of running increased by 30.2%. 

Lejeune et al., (1998) using sagittal plane kinematics, calculated that muscle-

tendon work increased by approximately 1.15 fold for all speeds on sand compared to 

rurming on a hard surface. They reported a decrease in muscle-tendon efficiency when 

running on sand owing to the increase in energy consumption being disproportionately 

larger than the increase in mechanical work done. They also found a significant amount 

of passive transfer of energy from the centre of mass of the body to the sand when the 

foot sinks into the sand during weight support and moves the substratum. The work 

done by the foot on the substratum was greater at slower speeds and decreased at higher 

speeds but was always greater than for firm ground values. Lejeune et al., (1998) 

concluded that during locomotion on a yielding surface such as sand, significant work is 

done on the environment, which represents energy lost from the body that must be 

replaced by the muscles, at muscle-tendon efficiencies less than the overall efficiency 

obtained on a hard surface. 

We hypothesise that when running on sand, foot contact time is longer than 

when running on a firm surface, due partly to a need to gain stability and to foot 

slippage (Zamparo et al., 1992). M c M a h o n and Greene (1979), demonstrated that 

running on a compliant "pillow track" increased foot contact time and was associated 

with a decrease in running efficiency. M c M a h o n et al., (1987) also demonstrated that 

when vertical stiffness of the body was reduced, as when using a "Groucho" running 

technique accompanied by increased hip flexion during the support phase, that foot 

contact time increased, as did V O 2 (by as much as 50%). W e do not imply a complete 

cause and effect relationship between increased foot contact time and decreased 

efficiency or increased VO2. However, it is plausible that an increase in foot contact 

time, as m a y be expected when running on sand, alters the coupling time between 

eccentric and concentric muscular action during the weight acceptance and support 

phase of the gait cycle. Increases in the pause duration between eccentric and concentric 

contraction (the stretch shorten cycle), have been shown to decrease efficiency, 

performance (Thys et al, 1972; Asmussen and Bonde-Petersen, 1974; Bosco et al., 

1981; Wilson, 1991; Walshe et al., 1998) and also reduce the augmentation of elastic 
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energy potentiation (Wilson, 1991; Wilson et al., 1991; Walshe et al., 1998). Therefore, 

an increase in foot contact time when running on sand m a y result in a degradation of 

elastic energy potentiation and reduce the muscle-tendon complex efficiency (Morgan 

and Proske, 1997), as reported by Lejeune et al., (1998). This would result in an 

increased energy requirement when running on sand in order to maintain speeds 

comparable to firm ground values. 

Another possible mechanism contributing to the increased EC of sand running 

m a y result from the necessity to provide for additional energy expenditure associated 

with muscle contraction to generate forces that control joint excursion or stability 

(Biewener, 1998). Ferris and co-workers (1995; 1997) have demonstrated that humans 

increase leg stiffness to compensate for hopping on a compliant surface. W h e n running 

on sand it is therefore possible that a higher level of co-contraction occurs in order to 

stabilise the joints of the lower limb, resulting in a greater chemical E C and a decrease 

in muscle-tendon efficiency. Muscle activation patterns that occur around the ankle, 

knee and hip whilst running on sand are yet to be quantified but is currently under 

investigation in our laboratory. Although the subjects in our study were relatively well 

trained recreational runners, they had no previous experience of running on sand. The 

significantly greater net lactate accumulation values produced during the sand running 

trials (2-3 times greater than grass running values at comparable speeds) in the present 

study suggests the recruitment of previously less well adapted musculature during the 

gait cycle and m a y also indicate additional activation strategies to assist in stabilising 

the joints during the support phase. 

The mechanisms contributing to the increased EC of running on sand are still 

largely unclear. However, this laboratory is currently investigating the ground reaction 

forces, muscle activation patterns of the lower limb and the kinematics and kinetics of 

running on sand in order to further quantify the mechanisms contributing to a higher E C 

when rurming on sand. 

Conclusions 

For recreational male and female runners, running on sand in bare feet or in 

shoes at running speeds ranging between 8-11 km-h"1 m a y be between 1.5 - 1.6 times 

greater than on a firm surface such as grass, at comparable running speeds. These 

results suggest that running on soft dry beach sand barefoot or in shoes, potentially 
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provides a high-energy cost, low impact, training stimulus compared to running on a 

firm surface at comparable speeds. 
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Abstract 

The primary aim of this study was to measure the energetics of six elite surf iron men 

(who participate in regular sand running training), performing steady state running trials 

on grass in shoes at 8, 11 and 14 km-h"1 and on sand bare foot and in shoes, at both 8 

and 11 km-h"1. The net total energy cost (EC) (J-kg'W1) was determined from the net 

steady-state V O 2 and R E R (net aerobic EC) plus net lactate accumulation (net anaerobic 

EC). For the sand barefoot and sand in shoes running trials at 8 and 11 km-h"1, net 

aerobic E C and total net E C (but not anaerobic E C ) were significantly greater (PO.001) 

than the grass running trial values. N o differences (P>0.05) existed between the sand 

barefoot and sand in shoes trials. These measures were compared with data obtained 

from eight well trained male recreational runners who performed the same protocol in a 

previous study, but who were not accustomed to running on sand. Comparisons of net 

aerobic E C between the two groups for the surface conditions were not significantly 

different (P>0.05). For net anaerobic EC, the iron man values were significantly less 

(P<0.02) than the recreational runner values. For net total EC, the iron man values were 

less than the recreational runner values but the differences were only significant when 

both groups ran on sand barefoot (PO.03) (on grass P = 0.158; on sand in shoes P = 

0.103). The lower lactate accumulation values recorded for the iron men on both grass 

and sand m a y indicate that running on sand potentially reduces metabolic fatigue when 

running on firm or soft surfaces. 

Key words: Lactate accumulation, oxygen consumption, energy cost, respiratory 

exchange ratio. 
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Introduction 

Athletes have for many years used sand running as a successful adjunct to their 

training regimes (Berger, 1980; Oviatt and Hemba, 1991). The great Australian miler 

and Olympic Champion, Herb Elliott, trained regularly on the sand hills of Portsea 

Beach, Victoria, Australia (Wischnia, 1982). In Australia, beach volleyball and surf 

lifesaving competitions enjoy a high level of participation, sponsorship and media 

coverage. Sand running is an integral feature of surf lifesaving events, particularly the 

high-profile surf iron man and iron w o m a n endurance events. 

A few recent studies (Zamparo et al. 1992; Lejeune et al. 1998; Pinnington and 

Dawson 1999) have investigated the energetics of running on sand, providing an insight 

into the training stimulus that may accrue for athletes who incorporate sand running into 

their training regimes. Zamparo et al. (1992) reported that at running speeds ranging 

between 7-14 km-h"1 the energy cost (EC) of sand running was 5.3 J-kg^-m"1 or 

approximately 2 4 % greater than firm ground values. Net total E C (net aerobic plus net 

anaerobic E C ) coefficients (ratio of sand to firm ground E C values) were found to 

increase slightly from 1.15 to 1.40 with increased running velocity. Lejeune et al. 

(1998) reported that the net aerobic E C of running on an artificial circular sand track 

(depth 0.75 cm) was approximately 6.7 J-kg^-m"1 or 1.6 times greater than running on a 

hard (concrete) surface. W e (Pinnington and Dawson 1999), found the net total E C of 

recreational runners (7 males and 6 females) who ran on grass in shoes, at 8, 11 and 14 

km-h"1 to be approximately 4.56 J-kg^-m"1. W h e n these subjects ran on soft dry beach 

sand at speeds approximating 8 and 11 km-h"1 barefoot and in shoes, the net total E C 

values were 6.64 and 6.57 J-kg^-m"1 respectively, and the sand to grass E C coefficients 

ranged between 1.5 - 1.6. This data suggests that running on sand potentially provides a 

low impact, high E C training stimulus (Pinnington and Dawson 1999). However, these 

previous studies (Zamparo et al. 1992; Lejeune et al. 1998; Pinnington and Dawson 

1999), all used subjects that were non-habituated to sand running, although some 

anecdotal evidence (Berger 1980; Wischnia 1982; Oviatt and Hemba 1991) suggests 

that performance benefits may exist for athletes who usually compete on firm surfaces 

but regularly incorporate sand running in their training regimes. The effect of habitual 

sand running training on the energetics (energy cost and running economy) of running 

on soft dry sand or a firm (grass) surface has not previously been investigated. Also, in 

our earlier study w e did not find any differences in the E C of running on sand barefoot 

or in shoes in the recreational runners who were not habituated to sand running, 
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however iron men only train and compete on sand in bare feet. Therefore, the objectives 

of this study were twofold. W e aimed to investigate the E C and running economy (RE) 

of elite surf iron men, who perform regular sand running training, when running on a 

firm grass surface (in shoes) and on a soft, dry beach sand surface bare foot and in 

shoes. W e also sought to compare the iron men E C and R E data with that of well 

trained male recreational runners when running on these surfaces. 

Methods 

Subjects 

Informed consent to participate in the study was obtained from six elite, Western 

Australian surf iron men, who, in conjunction with their other training regimes regularly 

ran 20-25 km-week"1 on soft dry beach sand. The data obtained from seven well trained 

male recreational runners in a previous study conducted in our laboratory (Pinnington 

and Dawson, 1999) in which the E C of running on grass compared to soft, dry beach 

sand was investigated, was used for the comparisons with the data obtained from the 

iron men. Data from one additional male recreational runner was also obtained during 

the course of the study and used in these comparisons. Subject characteristics are 

presented in Table 1. 
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Table 1. Subject Characteristics. Values are presented as the means (SD). Maximal heart 

rate (fc max) and maximal oxygen uptake ( V 0 2 max) are the maximal values attained 

during a treadmill run to exhaustion. The skinfold values are the sum of six 

measures (i.e. Triceps, subscapular, supraspinale, mid-abdominal, front thigh and 

medial calf; Bloomfield et al., 1994, pp 294-295). The equations of Lohman (1981) 

and Siri (1961) were used for the determination of body density and % body fat, 

respectively. 

Age (years) 

Height (cm) 

Mass (kg) 

fc max (beats-min1) 

VOzmax^-kg'-min"1) 

Skinfolds (mm) 

% Body Fat 

Surf iron men 

(n = 6) 

22 (5) 

183.5 (6.7) 

79.3 (8.5) 

186 (9) 

64.12(4.16) 

47.8 (6.7) 

7.9 (1.1) 

Male recreational runners 

(n=8) 

34 (9.2) 

177.8 (5.3) 

77.1 (8.4) 

185 (11) 

56.80 (4.30) 

63.4 (15.0) 

12.4 (3.7) 

P value 

PO.02 

NS 

NS 

NS 

PO.01 

P<0.04 

P< 0.05 

Environmental Conditions 

Ambient wet and dry bulb air temperatures were measured using a whirling 

hygrometer (Cassella, London) prior to conducting each running trial, from which 

relative humidity was determined. Running trials were scheduled in the morning to 

reduce the influence of excessive heat and the effect that the onset of the sea breeze may 

have on E C whilst subjects ran (Pugh 1970, 1971; Davies 1980). A vane anemometer 

(Taylor Instruments, London) was used to monitor and record air velocity during the 

running trials. 

Running surface stiffness 

The surface conditions of the grass and beach sand running tracks were 

determined using a Clegg impact hammer (Clegg 1978, 1980, unpublished 

observations) which measures the stiffness or the peak impact deceleration force (N) 

exerted by the surface. Table 2 is a summary of the peak deceleration force values 

measured by the impact hammer on grass, soft dry sand, wet sand surfaces and a force 

plate (Advanced Mechanical Technology). N o running trials were conducted for several 

days following rain until the surface condition (sand or grass) had returned to a dry 

state. 
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Table 2. Running surface stiffness conditions. Values represent measures (n = 11) taken 

at 10m intervals along the straight 100-m grass and soft dry beach sand running track 

used to conduct these running trials. The coefficient values represent the surface 

stiffness or peak impact deceleration force relative to that measured over an A M T I 

force plate. 

Peak Impact deceleration force (N) 

Grass Soft dry beach sand Wet beach sand Force plate 

2.25 kg hammer 898.7 (139.2) 223.4 (44.1) 850.6 (235.2) 12651.8 

(Drop height 0.457m) 

Coefficient value 0.071 0.018 0.067 1.0 

(Surface/Force plate) 

Experimental Procedure 

O n arrival at the laboratory or beach, a resting capillary (finger tip) blood 

sample was collected from the subject into a 75 pi heparinised capillary tube for the 

determination of resting blood lactate (La) levels, using a hand-held portable Accusport 

analyser (Boehringer Mannheim). A 20 pi sample was immediately pipetted from the 

75 pi heparinised capillary tube and ejected onto an Accusport test strip and analysed 

for La. 

A standardised warm-up, consisting of a 5 min light intensity run on the test 

surface followed by 5 min of stretching and a 200m familiarisation run at the designated 

test velocity, was then undertaken by the subjects prior to performing the running trials. 

During the period of data collection, subjects performed a total of seven, 10-

14min steady state running trials, each on separate days, using a counterbalanced 

experimental design. All subjects refrained from eating and drinking coffee or 

carbonated drinks for at least 2 hours prior to undertaking the running trials. Subsequent 

running trials were scheduled at approximately the same time of day for each subject, to 

account for any diurnal variations in metabolic responses to exercise (Reilly et al. 1984; 

Armstrong and Costill 1985; Garrad and E m m o n s 1986). 
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The running trials were performed on a 100 metre straight track, marked on a 

grass oval and on a flat section of a Perth (Australia) city beach. The grass surface 

running trials were performed at 8, 11 and 14 km-h"1. The soft sand running trials were 

conducted at 8 and 11 km-h"1, both bare foot and in shoes. The total distance run in 

each trial was adjusted so that the duration of the trials was at least 10 min to allow 

sufficient time for a steady state to be achieved (Green and Dawson 1996). This period 

was selected to account for the slow component rise in V O 2 kinetics associated with 

exercise intensities that coincide with increased lactate accumulation (Barstow 1994; 

Gaesser 1994; Gaesser and Poole 1996; Green and Dawson 1996). The distances run 

were: 1.4 k m for the 8 km-h"1 trials, 2.0 k m for the 11 km-h"1 trials, and 2.4 k m for the 

14 km-h" trials. Each subject, monitored their own running velocity using either a hand

held stopwatch or a wrist watch with an alarm timer. Verbal encouragement from the 

experimenter was also used to assist the subjects in maintaining the required velocity. 

Physiological Measurements 

During the running trials, minute ventilation ( V E ) (l-min"1) and the fractional 

concentrations of expired oxygen (FEO2) and carbon dioxide ( F R C 0 2 ) were measured 

breath by breath using a Cosmed K 4 b2 (Rome, Italy) portable gas analyser unit (total 

weight 1.64 kg) that was worn by the subject. Heart rate (fc) was recorded continuously 

using the Cosmed K 4 b2fc monitor. 

"y 

Immediately prior to the commencement of each running trial the Cosmed K 4 b 

analyser was calibrated with a reference gas of known O2 and CO2 concentrations 

(gravimetrically determined). The Cosmed K 4 b2 turbine ventilometer was also 

calibrated prior to the commencement of each testing session using a Gould Model M 2 0 

three litre syringe. 

Steady state values for VE (BTPS), FE02, FEC02 and fc were obtained by 
iy 

averaging the Cosmed K 4 b breath by breath samples recorded during the final two 

minutes of each exercise test. In each instance, the attainment of steady state was 

confirmed by examination of the experimental data, graphically displayed by the 

Cosmed K 4 b2 software and characterised by an invariant V O 2 and fc. Ventilation 

(BTPS) was converted to S T P D values using standard corrections for barometric 

pressure, temperature and relative humidity. 
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Post-test La values were obtained immediately on conclusion of each running 

trial, using procedures previously outlined for resting samples. Ratings of perceived 

exertion (RPE, Borg Scale) were also obtained from each subject at the conclusion of 

each running trial. 

Data treatment 

Prior to commencement of the study, the Cosmed K 4 b2 analyser unit was tested 

for accuracy in measures of VE, F E 0 2 and F E C 0 2 in our laboratory (Pinnington et al. 

2001). From this analysis, it was found that the Cosmed K 4 b2 used in this study slightly 

overestimated VO2. Therefore, the following regression equations were developed and 

applied to the Cosmed K 4 b2 data to improve the accuracy of the Cosmed K 4 b2 

measures of V E , F E 0 2 and F E C 0 2 when compared to a laboratory-accredited metabolic 

cart value: 

1 - V E (STPD) = -2.50 + 0.984 Cosmed measure (R2 = 0.965, PO.001) 

2. F E 0 2 = 0.852 + 0.963 Cosmed measure (R2 - 0.940, P< 0.001) 

3. F E C 0 2 = 0.627 + 0.878 Cosmed measure (R2 = 0.856, PO.001) 

Subsequently, mean steady state VO2, carbon dioxide output and respiratory 

exchange ratio (R) values were calculated from the regression-corrected values for V E 

(STPD), F E 0 2 and FEC02, using the Haldane transformation. 

The net aerobic and anaerobic EC of running were determined using methods 

outlined by di Prampero et al. (1986) and Zamparo et al. (1992), as follows: -

Resting V O 2 was assumed to be 3.6 ml-02kg"1-min"1 (McArdle et al., 1996, 

pi 59). Net aerobic E C (J-kg'^m"1) of running was calculated from steady state V O 2 -

resting VO2, divided by the velocity of the run (m-min"1). Thus, the calculated E C 

emerged as ml-02-kg"1-m"1 and was then converted to Joules (J-kg^-m"1) from the 

metabolic equivalent of the steady state R values of the respective run (di Prampero et 

al. 1986). 

The resting and immediate post exercise La values obtained using the Accusport 

analyser were corrected to a laboratory accredited Analox L M 3 Multi-channel lactate 

analyser value, using regression analysis (Analox = -0.749 + 0.837xAccusport; R 2 = 

0.987) as previously determined in our laboratory (Pinnington and Dawson, 2001). Net 

lactate (ALa) accumulation values were then determined from the difference between 
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the corrected resting and immediate post exercise La measures. The ALa accumulation 

values were converted to an oxygen equivalence of 3ml-02-mmol-L"1-kg"1 (di Prampero 

1981; Zamparo et al. 1992). The resulting values were then converted to Joules, 

assuming an energy yield of 21.12 kJ-L"1 of oxygen consumed (R of 1.0). The overall 

energy derived from ALa accumulation was then determined by dividing the energetic 

value of ALa accumulation by the distance of the respective run to yield J-kg'^m"1 (di 

Prampero et al., 1993; Zamparo et al., 1999). This value was assumed to reflect the 

overall net anaerobic contribution to the total E C of running. The net total E C of 

running was calculated as net aerobic yield (J-kg^-m"1) + net anaerobic yield (J-kg'^m" 

'). 

Running economy (RE) was measured as the oxygen cost (ml-02-kg"1-min"1) of 

running for a given submaximal running velocity (Anderson, 1996; Bernard et al., 

1998). 

Statistical analysis 

One iron man did not undertake the scheduled 14 km-h"1 running trial on grass 

due to injury. For the 8 and 11 km-h"1 running speed trials A N O V A was used to 

determine if significant differences existed between the means for V E (STPD; l-min"1), 

V O 2 (l-min"1; ml-02-kg"1min"1),7c (beatsmin"1), RER, ALa, net aerobic E C (ml-02-kg" 

^min"1; J-kg^-m"1), net anaerobic E C (J-kg^-m"1), net total E C (J-kg^-m"1), M E T value 

(where the M E T is a unit representing multiples of the resting metabolic rate; 1 M E T = 

3.6 ml-02-kg body mass"1-min"1; McArdle et al. 1996, p 159) and R P E for the grass, 

sand in bare feet and sand in shoes running conditions. If significant differences were 

found, a Scheffe post hoc test was performed to determine where the differences 

between the three running conditions existed. 

ANOVA was also used to determine any differences in the net aerobic, net 

anaerobic and net total E C (J-kg^-m"1) of running between the iron men and the male 

recreational runners when running on the different surface conditions. Owing to the 

small number (n = 6) of elite iron men who were available to participate in this study, 

an effect size analysis (Christensen and Christensen 1977; Anderson and Stoove 1998; 

Speed and Anderson 2000) was also performed on the E C data to determine the strength 

of any trends in differences that may have existed between the two subject groups, in 
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the data for the surface conditions. As there was a significant difference (PO.05) in the 

mean V O 2 max values between the two subject groups, A N C O V A using the subject 

characteristics (Table 1) as co-variates, was also performed to determine if V O 2 max 

contributed significantly to any variance in E C values. 

Linear regression analysis using running speed (m-min"1) as the independent 

variable was also used to predict the R E (ml-02-kg"1-min"1) and H R from all running 

trials performed on grass, sand barefoot and sand in shoes by the iron men and the male 

recreational runners. Statistical significance was set at PO.05. 

Results 

The mean ambient conditions experienced during the running trials were: air 

temperature, 23.0 (4.6°)C and relative humidity, 54.5 (14.7)%. Average wind velocity 

did not exceed 5 km-h"1 and at no stage was a direct headwind or tailwind encountered. 

Accordingly, the influence of any wind experienced during the running trials on the 

oxygen cost of running, was disregarded (see Davies, 1980). 

Iron men responses. 

For the iron m a n running trials A N O V A revealed that there were no significant 

differences (P>0.05) between the mean (± SD) running speeds for the three surface 

conditions conducted at either 8 km-h"1 (grass 135.0 (2.5) m-min"1; sand bare foot 134.1 

(0.6) m-min"1 and sand in shoes 133.4 (0.3) m-min"1; P>0.05) or 11 km-h"1 (grass 184.6 

(1.9) m-min"1; sand bare foot 183.3 (0.7) m-min"1 and sand in shoes 182.6 (3.0) m-min"1; 

P>0.05). 

Tables 3 and 4 present the results for the iron men during the grass, sand 

barefoot and sand in shoes running treatments conducted at 8 and 11 km-h"1 

respectively. A N O V A revealed that for the sand in bare feet running trials at both 8 and 

11 km-h"1 all dependent variable measures excepting V E S T P D (l-min"
1), R, ALa, oxygen 

equivalence for accumulated ALa and net anaerobic E C (J-kg^-m"1) were significantly 

greater (PO.05) than the grass running trial values. For the sand in shoes running trials 

at both 8 and 11 km-h"1, all dependent variables except R, accumulated ALa, oxygen 

equivalence for accumulated ALa and net anaerobic E C were significantly greater 
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(PO.05) than the grass running trial values. N o significant differences (P>0.05) existed 

between any of the dependent variable measures for the sand in bare feet and the sand in 

shoes running trial values at either 8 or 11 km-h"1. 

Table 3. Dependent variable measures for the 8 km-h"1 grass, sand in bare feet 

and sand in shoes running trials for elite surf iron men (n = 6). The energy 

cost (EC; net aerobic and net total) of running on sand (barefoot or in shoes) was 

approximately 1.4 times that of running on grass. ( V E (STPD) Minute ventilation at 

STPD, V O 2 oxygen consumption, ALa net lactate accumulation, RPE rating of 

perceived exertion, M E T metabolic equivalent, R respiratory exchange ratio,/c heart 

rate). 

Dependent 

Variable 

V E STPD (l-min") 

V 0 2 (ml-kg
1-min"1) 

fc (beats-min
-1) 

R 

ALa (mmol-L"1) 

M E T value 

RPE 

Net aerobic E C 

(ml-Oa-kg^min"1) 

(J-kg^rn"1) 

Net anaerobic E C 

ALa (ml-Cvkg1) 

(J-kg^m"1) 

Net Total E C 

(J-kg-W1) 

Grass 

49.3 (8.1) 

32.51 (0.87) 

121 (9) 

0.93 (0.03) 

0.3 (0.4) 

9.0 (0.3) 

8.2 (1.9) 

28.91 (0.87) 

4.45 (0.21) 

0.80 (1.16) 

0.01 (0.02) 

4.46 (0.21) 

Running surface condition 

Sand in bare feet 

64.6 (11.5) 

43.28 (2.93)* 

147 (10)* 

0.96 (0.05) 

0.3 (0.4) 

12.0 (0.8)* 

10.6 (1.9)* 

39.68 (2.93)* 

6.18 (0.41)* 

0.75 (1.27) 

0.01 (0.02) 

6.20 (0.41)* 

Sand in shoes 

69.3 (11.9)* 

43.65 (2.36)* 

149 (11)* 

0.97 (0.06) 

0.3 (0.5) 

2.1 (0.7)* 

10.8 (1.2)* 

40.05 (2.36)* 

6.29 (0.35)* 

0.80 (1.4) 

0.01 (0.02) 

6.30 (0.35)* 

P 

P<0.02 

PO.001 

PO.02 

NS 

NS 

P<0.001 

PO.05 

PO.001 

PO.001 

NS 

NS 

PO.001 

* Significantly different from grass running trial values. There were no significant differences 

(P>0.05) between the sand in bare feet and sand in shoes values for all dependent variables. 
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Table 4. Dependent variable measures for the 11 km-h'1 grass, sand in bare feet 

and sand in shoes running trials for elite surf iron men (n = 6). The EC (net 

aerobic and net total) of running on sand (barefoot or in shoes) was approximately 1.4 

times that of running on grass. 

Dependent 

Variable 

V E STPD (l-min") 

V 0 2 (ml-kg
1-min"1) 

fc (beats-min
1) 

R 

ALa (mmol-L*1) 

M E T value 

RPE 

Net aerobic E C 

(ml-02-kg
1-min1) 

(J-kgW1) 

Net anaerobic E C 

ALa (ml-Oj-kg"1) 

(J-kgW1) 

Net Total E C 

(J-kg^m1) 

Grass 

68.8 (11.7) 

42.67 (1.59) 

149 (8) 

0.99 (0.06) 

0.4 (0.5) 

11.9 (0.4) 

10.6 (1.3) 

39.08 (1.58) 

4.44 (0.16) 

1.20 (1.62) 

0.01 (0.02) 

4.45 (0.16) 

Running surface condition 

Sand in bare feet 

98.2 (19.8) 

57.94 (4.41)* 

174 (6)* 

0.96 (0.07) 

2.3 (2.5) 

16.1 (1.2)* 

13.8 (1.6)* 

54.34 (4.41)* 

6.18 (0.51)* 

6.75 (7.52) 

0.07 (0.08) 

6.25 (0.49)* 

Sand in shoes 

111.2 (25.4)* 

58.17 (3.41)* 

176 (6)* 

1.03 (0.09) 

3.0 (2.0) 

16.2 (0.9)* 

15.2 (1.4)* 

54.57 (3.41)* 

6.29 (0.47)* 

9.00 (6.10) 

0.09 (0.06) 

6.39 (0.44)* 

P 

PO.01 

PO.001 

PO.001 

NS 

NS 

PO.001 

PO.01 

PO.001 

PO.001 

NS 

NS 

PO.001 

* Significantly different from grass running trial values. There were no significant differences 

(P>0.05) between the sand in bare feet and sand in shoes values for all dependent variables. 

Comparison of iron men and male recreational runners 

In total, the iron men (n = 6) completed 17 grass running trials at speeds ranging 

between 8-14 km-h"1, 12 sand bare foot and 12 sand in shoes running trials (1 each at 8 

and 11 km-h"1). The male recreational runners in all completed 26 running trials on 

grass (ranging between 8-14 km-h"1), 18 sand bare foot running trials (ranging between 

8 and 11 km-h"1) and 16 sand in shoes running trials (ranging between 8 to 11 km-h"1). 

The results comparing the E C values of the iron men and the male recreational runners 

are presented in Table 5. 
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A N C O V A revealed that the differences in V O 2 max between the subject groups 

was a significant (PO.05) co-factor in explaining the variance in net aerobic E C values 

when both subject groups ran on sand barefoot and in shoes. W h e n the subjects ran on 

grass no significant differences (P = 0.28) in net aerobic E C values were found between 

the iron m e n and male recreational runners, and the effect size difference between the 

groups was small to moderate (0.343). The iron m e n produced significantly lower 

values than the male recreational runners for net anaerobic E C (PO.02) but not for net 

total E C (P=0.158; effect size 0.443) when running on grass. For the sand bare foot 

running trials, the iron m e n produced significantly lower values than the male 

recreational runners for net anaerobic E C (PO.0001; effect size 1.242) and net total E C 

(PO.03; effect size 0.794). However, the differences between the subject groups for net 

aerobic E C were not significant (P = 0.100), although the effect size differences (0.615) 

were moderate. 

When running on the sand in shoes the iron men provided values that were not 

significantly different from the male recreational runners for net aerobic E C (P = 0.26, 

effect size 0.437). For net total E C the iron men were again not significantly lower than 

the recreational runners (P = 0.103), although the effect size between the two groups 

was larger (effect size 0.625). However, for net anaerobic EC, the iron m e n were 

significantly lower than the male recreational runners (PO.001; effect size 1.227). 

For net aerobic EC the sand to grass EC coefficients were 1.36 and 1.39 for the 

iron m e n when running on sand barefoot and in shoes respectively. The corresponding 

values for the recreational runners were 1.41 and 1.41 respectively. For net total E C the 

sand to grass E C coefficients for running on sand barefoot and in shoes were 1.36 and 

1.39 for the iron m e n and 1.43 and 1.42 for the recreational runners respectively. 
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Table 5. Energy cost (J-kg^-m"1) comparisons of Iron men and male recreational 

runners, running on grass, sand bare foot and sand in shoes. Values are 

from all running trials completed for each running surface condition. 

Dependent 

Variable 

Net aerobic 

EC 

Net anaerobic 

EC 

Net total E C 

Surface 

Grass 

Sand bare foot 

Sand in shoes 

Grass 

Sand bare foot 

Sand in shoes 

Grass 

Sand bare foot 

Sand in shoes 

Iron m e n 

(n = 6) 

4.53 (0.24) 

6.18 (0.44) 

6.29 (0.40) 

0.03 (0.05) 

0.04 (0.06) 

0.05 (0.06) 

4.56 (0.26) 

6.22 (0.43) 

6.34 (0.38) 

Male recreational runners 

(n = 8) 

4.64 (0.35) 

6.56 (0.67) 

6.53 (0.64) 

0.08 (0.07) 

0.18 (0.10) 

0.17 (0.08) 

4.72 (0.39) 

6.74 (0.69) 

6.70 (0.65) 

P 

value 

0.277 

0.100 

0.260 

0.020 

0.000 

0.000 

0.158 

0.03 

0.103 

Effect 

size 

0.343 

0.615 

0.437 

0.720 

1.242 

1.227 

0.443 

0.794 

0.625 

Table 6 contains the linear regression predictions for the R E (ml-02-kg"1-min"1) 

andTc values with running speed (m-min"1) as the independent variable, for the iron men 

and male recreational runners calculated from all grass, sand bare foot and sand in shoes 

running trials. 
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Table 6. Linear regression predictions for running economy andfc of Iron men 

(n = 6) and male recreational runners (n = 8), running on grass, sand 

bare foot and sand in shoes (x represents the run speed (m-min"1). 

Iron m e n 

Oxygen cost of running (ml-02-kg"
1-min"1) 

Grass: y = -0.70 + 0.242x, R2 = 0.97 

Sand bare foot: y = 3.21 + 0.299x, R2 = 0.82 

Sand in shoes: y = 5.25 + 0.289x, R2 = 0.85 

Oxygen cost of running (% V O2 max) 

Grass: y = -2.53 + 0.388x, R2 = 0.86 

Sand bare foot: y = 5.17 + 0.465x, R2 = 0.90 

Sand in shoes: y = 6.84 + 0.460x, R2 = 0.95 

fc (beats-min"
1) 

Grass: y = 48.1 + 0.541x, R2 = 0.91 

Sand bare foot: y = 70.7 + 0.564x, R2 = 0.79 

Sand in shoes: y = 78.2 + 0.533x, R2 = 0.71 

Male recreational runners 

Grass: y = 3.76 + 0.223x,* R2 = 0.88 

Sand bare foot: y = 21.1 + 0.192x, R2 = 0.39 

Sand in shoes: y = 7.03 + 0.286x,* R 2 = 0.52 

Grass: y = 9.19 + 0.38x,* R2 = 0.78 

Sand bare foot: y = 49.64 + 0.253x,* R2 = 0.39 

Sand in shoes: y = 26.89 + 0.408x,* R2 = 0.35 

Grass: y = 77.1 + 0.466x,* R2 = 0.52 

Sand bare foot: y = 126.4 + 0.332x,* R2 - 0.21 

Sand in shoes: y = 116.6 + 0.391x,* R2 = 0.18 

* Significantly different (PO.05) compared to the iron men. 

Discussion 

The surf iron m e n who participated in this study ran between 20-25 k m per week 

on soft dry beach sand as part of their regular training regime. The results of this 

investigation revealed that when these subjects ran at steady state on soft dry beach sand 

at 8 and 11 km-h"1 bare foot or in shoes the aerobic E C (J-kg^-m"1) was approximately 

1.4 times greater than when running on grass at comparable speeds. The energy derived 

from net lactate accumulation, calculated from the oxygen equivalence (di Prampero 

1981), did not make a significant contribution to the net total E C of running at either 8 

or 11 km-h"1 when running on grass or soft sand in these subjects. This was due to the 

very low net lactate accumulation (range 0.3-3.0 mmol-L"1) recorded by these subjects 

at the conclusion of each steady state running trial on grass or sand. N o significant 

differences were found when the iron m e n ran on the sand, either barefoot or in shoes, 

for net aerobic, net anaerobic or net total EC. This latter finding is consistent with our 

previous study involving recreational runners (Pinnington and Dawson 1999). 
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Zamparo et al. (1992) reported that net total E C of running on sand was 1.1-1.4 

times greater than running on a firm surface at running speeds ranging between 7 and 

14 km-h"1. These E C coefficients are, in part at least, of a smaller magnitude than those 

found in the present study for the iron men (approximately 1.38) and male recreational 

runners (approximately 1.43) who ran at speeds ranging between 8-11 km-h"1. The 

coefficient values reported by Zamparo et al. (1992) are also smaller than the values 

previously reported by us (Pinnington and Dawson 1999) for male and female 

recreational runners, who also ran on grass and soft dry beach sand bare foot and in 

shoes (sand bare foot /grass 1.5; sand in shoes / grass 1.5 at running speeds 

approximating 8-11 km-h"1). W e attributed these discrepancies to possible differences 

in the surface conditions (i.e. granulation of the sand and the depth and consistency of 

the substratum) of the beaches used (in Italy and Australia) for data collection. Of note 

also is that despite the moderate-to well-trained status of the subjects who participated 

in our earlier study (Pinnington and Dawson 1999) only one, a male triathlete (VO2 max 

59 ml-kg"1-min"1) was capable of maintaining a running speed of 11 km-h"1 for 

approximately 10 min during the sand running trials. In the present study the mean V O 2 

of the iron men in the 11 km-h"1 sand running trials bare foot and in shoes was 

approximately 9 1 % of V O 2 max (approximately 9 4 % of maximum fc). This data 

demonstrates that the iron men were at near-maximal exercise capacity when running at 

speeds of up to 11 km-h"1 on sand bare foot or in shoes despite their high training status. 

The fitness status of the subjects in the study by Zamparo et al. (1992) was not reported, 

however it was stated that they completed steady state sand running trials at speeds of 

14 km-h"1. Using a Douglas bag technique, they sampled expired gases after only 4 min 

of steady state running, thus possibly not accounting for any slow component rise in 

oxygen kinetics (Barstow 1994; Gaesser 1994; Gaesser and Poole 1996; Green and 

Dawson 1996). It is therefore possible that Zamparo et al. (1992), may have 

underestimated the true oxygen cost of the activity. It is difficult to account for the 

differences in physiological responses of sand running reported between the trained 

subjects in our present study and those used in the study by Zamparo et al. (1992), other 

than possibly being due to differences in the sand surface and substratum conditions 

(firmness) and the duration of the running trials used to measure V 0 2 . 

Lejeune et al. (1998) measured the aerobic EC of running on an artificial 

circular sand track (depth 7.5 cm) using the portable Cosmed K 4 b2 metabolic system 
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and reported that the E C of sand running increased 1.6 fold relative to running on a hard 

surface (concrete). This value agrees more closely with the aerobic E C coefficients 

reported by us for male and female recreational runners, who ran on soft dry beach sand 

bare foot and in shoes compared to running on grass (Pinnington and Dawson 1999), 

but is greater than the value (1.38) found for the iron men in the present study. The 

training status or sand running experience of the subjects who participated in the study 

by Lejeune et al. (1998) was not reported by these authors. However, it is possible that 

specific training responses associated with habitual sand running, elicited by the iron 

men when running on sand, may have resulted in a reduced submaximal V O 2 at 

comparable nmning speeds compared to non-habituated sand runners. Lejeune et al. 

(1998), did not measure or compare the net accumulated lactate responses of their 

subjects at the conclusion of the hard surface (concrete) or sand running trials, nor did 

they assess any differences that may have existed between running barefoot or in shoes 

on the sand surface. 

Comparisons between habituated and non habituated sand runners 

A second objective of this study was to compare the energetics of the iron men 

to those of well trained male recreational runners (Pinnington and Dawson 1999) when 

running on soft dry beach sand and a grass surface. Anecdotal evidence (Berger 1980; 

Wischnia 1982; Oviatt and Hemba 1991) has suggested that for firm ground running, 

performance benefits may exist for athletes who incorporate regular sand running in 

their training regimes. The mean V O 2 max values for the iron men and the male 

recreational runners (64.12 + 4.61 ml-kg^-min"1 and 56.80 ± 4.30 ml-kg"1-min"1 

respectively) were significantly different (PO.05) and evidence suggests that V O 2 max is 

an important determinant of the O2 cost of running and R E (Bransford and Howley 

1977; Morgan et al. 1989 1995; Anderson 1996; Bernard et al. 1998). However, wide 

variations in R E have also been observed within groups of trained runners with similar 

V 0 2 max values (Conley and Krahenbuhl 1980; Morgan et al. 1995; Bernard et al. 1998). 

N o differences in R E have also been reported between trained and untrained subjects 

(Dolgener 1982). The lack of agreement in the literature concerning the effects of 

physical training or V 0 2 max on R E suggests that the differences in V 0 2 max between the 

two subject groups used for comparison in the present study may limit the inferences 

that can be made from the data. In the present study, A N C O V A revealed that V 0 2 max 

was a contributing factor in the variance of the O2 cost of running between the two 
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subject groups for the dependent variable, net aerobic EC, when running on sand 

barefoot and in shoes. This, to some extent, is expected, as running on sand (compared 

to grass) required a higher V O 2 for both groups of subjects and a higher percentage of 

V O 2 max for the recreational runners compared to the iron men. But, interestingly, V 0 2 

max was not a significant co-variate when both subject groups ran on grass. This may 

then suggest that the lower aerobic E C values recorded by the iron m e n when running 

on sand compared to the recreational runners was in response to a specific training 

adaptation gained from habitual sand running training. 

The net aerobic EC values reported in this study (refer Table 5) for both subject 

groups when running on grass are similar to those reported previously by others for a 

firm surface (Zamparo et al. 1992) or treadmill running (MacDougall et al. 1983; di 

Prampero et al. 1986). Although no statistical differences between the two subject 

groups were found for net aerobic E C whilst running on grass, sand bare foot, or sand in 

shoes, the effect sizes (Christensen and Christensen 1977; Anderson and Stoove 1998; 

Speed and Anderson 2000), particularly when both groups ran on sand (bare foot effect 

size 0.615; in shoes effect size 0.437), suggested a trend for the two groups to be 

different (Anderson and Stoove 1998). Even a small-to-moderate effect size, as was the 

case with the grass surface E C comparisons (effect size 0.343), may translate into quite 

a significant difference (Speed and Anderson 2000) in athletic performance. 

The comparisons in the net anaerobic EC demonstrated that the iron men were 

significantly (PO.05) more economical than the male recreational runners when 

running on all three surfaces (Table 5). The anaerobic E C values however, contributed 

very little to the net total E C measures so that despite the iron men having more 

economical net total E C values whilst running on all three surface conditions, the 

differences between the groups only reached significance (PO.05) when running on the 

sand bare foot. The effect size analysis did, however, suggest that for net total EC, 

moderate to strong trends also existed for the two groups to be different when running 

on grass (effect size 0.443) and on sand in shoes (effect size 0.625). 

The differences in EC measures between the two groups were magnified when 

running on sand compared to the grass running values (refer Table 5). This m a y suggest 

that the iron m e n evoked specific training adaptations that resulted in improved R E 

compared to the recreational runners, especially when running on sand. It is also likely 
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that the lower ALa accumulations recorded by the iron m e n would reduce metabolic 

fatigue effects when running on firm or soft surfaces. W e assume that the specific 

physiological adaptations responsible for the iron m e n demonstrating lower E C values 

include differences in muscle oxidative capacity, muscle fibre type, anaerobic threshold 

and oxygen deficit (Morgan et al. 1989; Morgan and Craib 1992; Bernard et al. 1998). 

However, reference to the regressions predicting the O2 cost of running as a percentage 

of V O2 max with the independent variable being running speed (m-min1), indicates that 

the recreational runners were running at a significantly higher percentage of their V O 2 

max on all three surfaces (refer Table 6). For the grass running trials the regressions 

predict that at a running speed of 10 km-h"1 (166.66 m-min"1) the iron men and 

recreational runners were at approximately 62.1% and 72.5% of V 0 2 max respectively. 

W h e n running on sand at the same speed (barefoot and in shoes) the regressions 

predicted that the recreational runners were at approximately 9 3 % V O 2 max, whereas, 

the iron m e n were only at approximately 8 3 % of V O 2 max- Thefc regression predictions 

also indicate significantly higher (PO.05) values for the recreational runners than for 

the iron men, when running on all three surface conditions. However, from the data 

collected in this study, w e are unable to state conclusively whether the lower E C values 

of the iron m e n were a result of regular training on sand, their generally higher training 

status (V O2 max) or anthropometric differences. 

*y 

Interestingly, the R values of the oxygen cost and fc regression predictions 

outlined in Table 6 m a y provide some further evidence suggesting that the iron men 

evoked specific training responses, resulting in improved economy when running on all 

three surfaces. W h e n the iron m e n ran on grass, the oxygen cost of running (ml-02-kg" 

'•min"1) regression R 2 value was 0.97, indicating that running speed alone accounted for 

more than 9 7 % of the variance in those measures. The corresponding R 2 value for the 

male recreational runners was 0.88. For the sand barefoot and sand in shoes iron-man 

running trials, the regression R 2 values for the oxygen cost of running were 0.82 and 

0.85. The corresponding R 2 values for the male recreational runners were 0.39 and 0.52. 

The lower R2 regression values produced by the recreational runners, 

particularly on sand, m a y be due in part to diminished physiological entrainment, that 

consequently elicited a higher level of variability in subject responses, as the 

recreational runners were all inexperienced at running on sand. It is likely that they 
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lacked specific biomechanical entrainment in mechanisms that m a y influence the O2 

cost of running (Williams 1985; Williams and Cavanagh 1987; Morgan and Craib 1992; 

Anderson 1996), such as, improved motor unit recruitment, muscle contractile co

ordination and efficiency (Williams and Cavanagh 1987; Anderson 1996; Morgan and 

Craib 1992) and enhanced energy transfer within and between body segments (Williams 

1985). Apart from running speed, it is possible that a lack of entrainment of these 

mechanisms when running on sand contributed to the variance in R E measures for the 

male recreational runners. Of further interest is that the recreational runners always 

trained on a firm surface, yet the variability in their submaximal V 0 2 and/c responses 

was greater than those of the iron m e n when running on grass. This observation raises 

the interesting question of whether training on a shifting surface such as sand, improves 

a runner's gait selection strategies, which may subsequently reduce the E C of the 

activity and assist in optimising gait, even on firmer surfaces. This concept identifies an 

avenue for future research. 

Conclusions 

For iron men, who are habitual barefoot sand runners, no differences were found 

in E C values when these subjects ran on the sand either barefoot or in shoes. The net 

aerobic and net total E C of running on sand (barefoot and in shoes) was approximately 

1.38 times the E C of running on grass at speeds of 8 and 11 km-h"1. These coefficient 

values were slightly lower than those elicited by the male recreational runners, running 

at comparable speeds, due principally to a significantly lower net anaerobic EC. 

The results of this study suggest that habitual sand running evokes a specific 

training adaptation when running on a sandy surface. Evidence also suggests that 

habitual sand running training may positively influence E C and R E when running on a 

firm surface, due possibly to a higher E C training stimulus. The data in the present 

study suggests that the influence of sand running on firm ground running performance 

is a worthy area for further investigation. 
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Kinematic differences when running on a firm surface 

compared with soft dry sand. 
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Abstract 

Eight, well trained, males (mean V O 2 max 64.3 ± 8.6 ml-kg"1 min"1) performed running 

trials on a firm surface (wooden floor) and on a soft, dry sand surface (track dimensions 

8.8m x 60cm; depth 13cm) at 8 and 11 km-h"1, barefoot (BF) and in-shoes, to assess the 

kinematic differences evoked by the two surfaces. Data were collected using a six-

camera 50 H z V I C O N motion analysis system and an A M T I force-plate (2000Hz). 

Stance time (ts) was significantly greater (PO.05) when running on sand (BF and in-

shoes), compared with firm ground values, at 8 km-h"1. In the 11 km-h"1 trials, ts was 

greater (PO.05) when running on sand, in-shoes, compared with the other surface 

conditions. The percentage of stance to stride, was also greater (PO.05) running on 

sand in-shoes, compared with the other surface conditions, at both 8 and 11 km-h"1. 

Stride length measures when running on sand in-shoes at 11 km-h"1, were significantly 

less (PO.05) than other surface condition values. Cadence, when running on sand B F 

and in-shoes, was greater (PO.05) than the firm surface counterpart values, when 

running at 11 km-h"1. Hip flexion angles at initial foot contact (IFC), mid-support (MS) 

and hip flexion maximum were all greater (PO.05) when running on sand (BF and in-

shoes) compared with the firm surface values at both 8 and 11 km-h"1. Knee flexion 

angles at IFC and for peak flexion, were greater (PO.05) when running on sand (BF 

and in-shoes), compared with the firm surface values at both 8 and 11 km-h"1. Knee 

flexion values at M S , for sand running (BF and in-shoes), were greater (PO.05) than 

the firm surface B F and in-shoes measures when running at 8 km-h"1, but were only 

greater (PO.05) than the firm surface BF value, when running at 11 km-h"1. Ankle 

dorsi-flexion at M S was greater (PO.05) running on sand in-shoes at 8 km-h"1, 

compared with the other surface conditions. At M S , in the 11 km-h"1 trials, ankle dorsi

flexion was greater (PO.05) in both the firm surface and sand surface in-shoes 

measures, compared with the B F values. When running at 8 km-h"1, ankle inversion and 

adduction measures at IFC and M S were similar (P>0.05) between surface conditions. 

In the 11 km-h"1 trials, the firm surface in-shoes eversion angle at M S , was significantly 

greater (PO.05) than the other surface conditions, and at IFC, the ankle was 

significantly (PO.05) more abducted when running on sand BF, compared with running 

in shoes on the firm surface. The results indicate the kinematics of running on sand at 8 

and 11 km-h'1, are similar to running techniques used at faster speeds on a firm surface. 

Running on soft sand reduces foot pronation during the stance phase and might 

therefore, reduce the incidence of injury in runners. 
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M a n y athletes and coaches have previously used sand running as a successful 

adjunct to firm surface training regimes (Berger, 1980; Wischnia, 1982; Oviatt and 

Hemba, 1991). Studies by Zamparo et al. (1992), Lejeune et al. (1998) and Pinnington 

and Dawson, (2001a and b), have quantified the energy cost (EC) of running on sand 

and found it to range between 1.2 to 1.6 times firm surface values at comparable 

running speeds. These investigations provide some insight into the physiological 

training stimulus that may accrue by running on sand, compared with a firm surface. 

Despite these potential training benefits, sand running has also been anecdotally 

implicated in the etiology of some common running injuries, such as Achilles tendinitis, 

plantar fasciitis and knee pain (Wischnia, 1982; Wernicki and Glorioso 1991; Pen et al, 

1996). However, the cause of running injuries is multifactoral, with anatomical, 

biomechanical and training factors all thought to contribute to the incidence of running 

injuries (James et al., 1978; Smart et al., 1980; Kaya, 1996). Foot pronation is 

characterised by ankle dorsi-flexion, eversion and abduction during the stance phase of 

gait (De Wit and D e Clercq, 2000). However, excessive foot pronation during the stance 

phase has also been implicated in the incidence of achilles tendinitis, plantar fasciitis 

and other injuries to runners (James et al., 1978; Smart et al., 1980; Kaya, 1996). 

Wernicki and Glorioso (1991), Wischnia (1982) and Pen et al. (1996) have all 

suggested that when running on sand, the foot undergoes excessive pronation during 

stance that m a y predispose the runner to injury. However, no studies have yet been 

published that quantify the kinematic aspects of running on sand when compared with a 

firm surface. Such an examination may provide further quantitative data as to the 

efficacy of sand running as a viable training adjunct. Therefore, the objectives of this 

study were to document the kinematic differences that may exist between running on a 

firm surface and a soft dry sand surface at 8 and 11 km-h"1, both barefoot (BF) and in-

shoes. 

Methods 

Subjects 

Eight, well-trained male runners who had no previous sand running experience 

participated in the study. The subject characteristics were: age 24.5 ± 3.2 y; height 

180.4 ± 5.1 cm; weight 75.6 ± 6.7 kg; V 0 2 max 64.3 ± 8.6 ml-kg"
1-min"1. The University 
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of Western Australia H u m a n Rights Committee approved all test procedures and all 

subjects gave their informed, written consent prior to commencing the experimental 

trials. 

Experimental Procedures 

Each subject performed a series of running trials at 8 (2.22 m-s"1) and 11 km-h'1 

(3.06 m-s"), B F and in-shoes on a firm (carpeted wooden floor) surface and also on an 

artificial sand track within a laboratory setting. These running speeds were selected as 

they correspond to the running speeds used in previous sand running studies conducted 

by this laboratory that investigated the E C of running on soft, dry, beach sand compared 

to a grass surface (Pinnington and Dawson, 2001a and b). Also, a running speed of 

approximately 11 km-h'1 on soft sand is the upper limit that can be maintained at a 

steady state, even for well-trained surf iron man athletes (Pinnington and Dawson, 

2001b). 

The firm surface running trials were performed along an 11m flat surface, in 

which a 120 x 60cm force-plate (AMTI, Watertown, M A ) was situated. The sand 

running trials were conducted along a sectioned trough constructed of composite board 

with a solid base. The dimensions of the sand track were 8.8m x 60cm with a depth of 

13cm. The central segment of the sand track had the same plan dimensions as the force-

plate, and was fitted and secured to it by adjustable metal sleeves, thus isolating it from 

the remainder of the track (Figure 1). 

During the running trials, the subjects were instructed to strike the force-plate 

surface with the right foot only. To achieve this, the subjects were permitted a number 

of practice trials under each experimental condition. A starting marker was used to alter 

the subject's run-up distance to ensure that the right foot landed in the centre of the 

force-plate whilst maintaining a normal running gait without "targeting" the force-plate. 

Infrared timing gates positioned 1.5m either side of the force-plate and Icon 

Technologies Pty Ltd ( W A ) software (Version 1.0.1, 2000) monitored the correct 

running speed of each trial. Feedback was given to the subjects to ensure that the 

designated running speeds were maintained. 
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Figure la. Layout of the experimental set-up for the firm surface trial runs. 

Figure lb. Layout of the experimental set-up for the sand surface trial runs. 
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Sand characteristics. 

Prior to the commencement of testing, the correlation between the surface 

characteristics of a natural beach soft sand surface (refer Pinnington and Dawson, 2001a 

and b) and the artificial sand track were determined using a Clegg impact hammer 

(Clegg, 1978, 1980, Unpublished observations) that measures the peak impact 

deceleration force (N) exerted by the surface. This device was used to test various sand 

depths (7.5 cm, 15 c m and 20 cm) in the trough secured over the force-plate and on the 

natural beach surface (Table 1). N o significant differences (P>0.8) were found between 

the peak impact deceleration forces obtained on the beach and in the sand trough, at any 

depth, over the force-plate. O n this basis, it was determined that a track depth of 13 cm 

would replicate the surface conditions on the beach where previous sand running E C 

studies had been conducted (Pinnington and Dawson, 2001a and b). 

Table 1. Surface peak impact deceleration force (N) values. 

Sand depth 

Force-plate Grass Beach 7.5cm 15cm 20cm 

6654.2 N 840.8 N 157.8 N 130.3 N 96.0 N 96.0 N 

Co-efficient 

1.0 0.126 0.024* 0.02* 0.014* 0.014* 

Coefficient value is calculated as the ratio of the force-plate value to the sand depth 

value. * Not significantly different (P>0.05) to each other but significantly different 

(PO.001) to the grass and force-plate co-efficient values. 

Data Collection 

Kinematics of the lower limb and foot 

Retro-reflective markers (20 m m diameter) were fixed to each of the pelvis, 

thigh, shank and foot that enabled instantaneous, three-dimensional (3D) segmental 

movements during the running trials to be recorded using a six-camera, 50 H z V I C O N 

motion analysis system (Oxford Metrics Inc., Oxford, United Kingdom). Ground 

reaction forces (GRF) were recorded at 2000Hz using the A M T I force-plate and were 

synchronized to the kinematic data. The force-plate was zeroed after the placement of 

the sand track prior to the commencement of the sand running trials. The kinematic 

model of the pelvis and lower limbs were constructed using BodyBuilder software 
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(Oxford Metrics, Oxford, U K ) . Spatio-temporal and kinematic parameters were 

determined using custom software written in Matlab(Release 12, Math Works Inc. Ma.). 

The pelvis was defined by placement of retro-reflective markers on the left and 

right anterior superior iliac spines (ASIS), and the sacrum at the mid-point between the 

posterior superior iliac spines (Figure 2a). The location of the hip joint centre was 

determined for each subject using the functional method described by Leardini et al. 

(1999) and Piazza et al. (2001) from a firm ground running trial, using custom software 

written in Matlab. The co-ordinates of the hip joint centre location were then included 

in the subject data to determine the centre of joint rotation of the thigh with regard to 

the pelvis, in subsequent processing. 

Clusters of retro-reflective marker sets were fixed to the thigh and lower leg 

(shank) segments to define the technical coordinate system for these segments 

(Cappozzo et al., 1995). Retro-reflective markers were placed on the medial and lateral 

malleoli of each shank in a static calibration trial to define the ankle joint centre and the 

flexion/extension axis of the ankle joint. A pointer was also used to identify the medial 

and lateral epicondyles of both knees for the purpose of defining the correct knee joint 

centre and the knee joint axis according to the methods outlined by Cappozzo et al. 

(1995). The knee joint axis also defined the frontal plane of the shank, with the shank 

long axis running from the ankle joint centre to the knee joint centre. This information 

was used to define the anatomical coordinate systems of the thigh and shank 

In the BF condition, retro-reflective markers were placed on the heel, over the 

calcaneal tuberosity and the heads of the 1st metatarsal and the 5th metatarsals of both 

feet that defined the technical coordinate system of the foot. In the shod condition, 

retro-reflective markers were secured over the approximate landmarks for the calcaneal 

tuberosity, and the heads of the 1st and 5th metatarsals on the surface of the shoe. A n 

alignment rig was used to define the anatomical orientation of the B F or shoe segment 

relative to the foot technical coordinate system. A coordinate system was defined for the 

alignment rig using four retro-reflective markers secured to each side of the rig, such 

that any foot measurements were made with respect to the rig coordinate system. With 

the subject standing on the alignment rig, foot abduction/adduction angles were 

measured using an arthrodial protractor (Celco, Taiwan) and rear-foot 

eversion/inversion angles were determined using an inclinometer (Dasco Pro Inc, 
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Rochford IL.). This procedure was performed prior to all B F and in-shoes running trials 

to establish the foot anatomical coordinate system in both these conditions respectively. 

Subject characteristics including height, weight, inter-ASIS distance and foot 

length were also measured and used as input into the kinematic model prior to 

processing. 

Owing to the time required to shift the sand track segments, and to gather static 

calibration trial data during a single testing session, the following sequence of running 

trials was maintained during the experimental process: 8 km-h"1 B F firm ground, 11 

km-h"1 B F firm ground, 8 km-h"1 sand BF, 11 km-h"1 sand BF, 8 km-h"1 sand in-shoes, 11 

km-h"1 sand in-shoes, 8 km-h"1 firm ground in-shoes, 11 km-h"1 firm ground in-shoes. 

Spatio-Temporal Parameters 

For the purpose of this study, the following spatio-temporal parameters were 

determined for all running surface conditions for all subject trials. The running speed 

was calculated by the x and y displacement of the pelvic centre (anterior/posterior and 

medio/lateral displacements, respectively), i.e., 

Speed = ((Xi - x M )
2 + (yi - yi.i)

2) m I ft - tj„i), 

where i = ith time point (i.e., tj). 

Stance time (ts) was determined from right foot contact to right toe-off from 

force-plate time histories. Stance time as a percentage of stride time was calculated 

from stance time/stride time. Stride length (SL) was determined from the distance from 

IFC to the next consecutive foot contact of the same foot, and cadence was calculated 

by 60/stride time x 2. 

Lower limb segment and joint angle conventions 

The pelvis, thigh, shank and foot segments were defined in 3 D (Figure 2a) from 

which the sagittal plane hip and knee joint flexion/extension angles were defined 

(Figure 2b). The joint angle conventions used were in accordance with the standards 

proposed by The International Society of Biomechanics (1995) i.e. hip 

flexion/extension was around the z axis of the pelvis and the knee flexion/extension was 

around the z axis of the thigh (Figure 2a). The foot plantar-dorsi flexion angles (about 

the z axis of the shank), inversion-eversion (rotation of the foot about the x axis of the 
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foot) and ankle abduction/adduction was around the floating y axis of the foot and 

shank coordinate systems. Flexion of the hip and knee joints were defined as positive. 

Ankle dorsi-flexion was defined as positive. 

Pelvis 

Ankle dorsi
flexion 

Ankle 
plantar 
flexion 

Figure 2. a) Joint co-ordinate system for the right hip, lower limb and foot. 2b) 

Conventions used to describe the right hip, knee and ankle angles in the sagittar plane. 

See text for the definition of foot inversion/eversion and abduction/adduction. 
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Data analysis 

Lower limb segment trajectories and G R F data were filtered simultaneously 

using a G C V S P L routine (Wolfring, 1986). These data were determined for one stride 

of the gait cycle, which was defined as the period when the left foot struck the ground 

before the right foot contacted the force-plate, to when the left foot again contacted the 

ground beyond the force-plate. All gait kinematic data were normalised to stride (51 

data points) using a cubic spline routine in Matlab then exported to Microsoft Excel 

(Microsoft Corp) for further analysis. The following kinematic parameters were then 

extracted for further analysis: right hip angle at initial foot contact (IFC) and at mid-

support (MS), right hip flexion angle minimum and maximum values, right knee flexion 

angle at IFC and M S , right knee flexion peak, right ankle dorsi-flexion, inversion and 

abduction angles at IFC and M S . 

Statistical Analysis 

For each subject (n = 8), five running trials from each of the eight different 

surface conditions were processed and used in the statistical analysis. In one instance, 

equipment failure resulted in no trials being processed for one subject for one test 

condition. The mean values for all trials in all conditions over stance and stride for the 

kinematic data were used in the statistical analysis. Statistical comparisons were only 

made between the running surface conditions for similar speed trials (i.e. 8 and 11 

km-h"1). A one-way A N O V A with Scheffe post hoc comparisons (SPSS) determined 

significant differences (PO.05) between the dependent variable means between each 

test condition. 

Results 

The results of the statistical analysis of all data for this study have been grouped 

according to running speed, for clarity. 

Spatio-temporal parameters 

There were no significant differences (P>0.05) between the mean (± S D ) 

running speeds (m-s"1) for each surface condition conducted at either 8 km-h"1 or 11 

km-h'1 (Table 2). In the 8 km-h"1 trials, stance time (ts) when running on the sand B F 

was significantly greater (PO.05) than when running on the firm surface B F only 

(Table 2). W h e n running on the sand in-shoes at 8 km-h"1 ts was significantly greater 
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(PO.05) than the firm surface B F and in-shoes values and also the sand B F value 

(Table 2). In the 11 km-h"1 running trials, the sand in-shoes ts was significantly greater 

PO.05) than the firm surface B F and in-shoes measures and also the sand BF value 

(Table 2). The percentage of stance to stride when running on the sand in-shoes at both 

8 and 11 km-h"1 was significantly greater (PO.05) than the other surface condition 

values for the respective speeds (Table 2). 

Stride length (SL) was similar (P>0.05) between the surface conditions when 

running at 8 km-h"1 (Table 2). However, when running at 11 km-h"1 on the sand in-shoes, 

SL was significantly less (PO.05) then the other surface condition values (Table 2). 

Measures of cadence were similar (P>0.05) for all surface conditions when 

running at 8 km-h"1. W h e n running at 11 km-h'1, the sand B F and sand in-shoes cadence 

values were similar (P>0.05) to each other, but both these measures were significantly 

greater (PO.05) than the firm surface condition values (Table 2). 
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Kinematics of the lower limb and foot 

The hip was generally in a more flexed position and went through a greater 

range of motion when running on the sand compared with the firm surface conditions 

(Figure 3). The right hip flexion angles at IFC, M S and maximum, for the sand BF and 

sand in-shoes trial measures, were all significantly greater (PO.05) than the firm 

surface values at both running speeds (Table 3). The minimum hip flexion angles during 

stance were similar (P>0.05) between the sand and firm ground trials at 8 km-h"1 (Table 

3). However, for the 11 km-h"1 trials, the hip angle minimum for the firm ground BF 

value was significantly less (PO.05) than the sand BF or sand in-shoes values (Table 

3)-

Table 3. Right hip flexion angles (in degrees) at initial foot contact (IFC), mid-

support (MS) and minimum and maximum. Values are means ± SD. 

Surface condition 

8 km-h"1 firm BF 

8 km-h"1 firm in shoes 

8 km-h"1 sand BF 

8 km-h"1 sand in shoes 

11 km-h"1 firm BF 

11 km-h"1 firm in shoes 

11 km-h"1 sand BF 

11 km-h"1 sand in shoes 

Hip angle 

IFC 

32.3 ±3.6 

33.5 ±5.4 

55.0 ±4.81 

57.2 ± 7.01 

37.3 ±3.5 

38.7 ±6.4 

63.7 ±4.6* 

59.8±4.81 

Hip angle 

MS 

27.4 ± 4.2 

30.1 ±4.9 

40.2±3.51 

44.4 ± 4.91 

29.1 ±4.5 

33.2 ±6.5 

40.5 ± 4.71 

42.8 ± 5.41 

Hip angle 

minimum 

1.9 ±3.7 

3.2 ±8.4 

4.6 ±3.3 

4.4 ±4.2 

-1.7±3.42 

0.4 ±5.0 

3.1 ±4.7 

3.1 ±4.0 

Hip angle 

maximum 

37.3 ±3.2 

40.1 ±7.1 

59.5±2.6] 

59.6 ± 6.41 

46.6 ± 5.0 

47.1 ±6.8 

67.3 ±4.81 

66.1 ±6.i* 

1 Significantly different (PO.01) to firm ground values but not different (P>0.05) to 

each other. 2 Significantly different (PO.05) to 11 km-h"1 sand BF and sand in-shoes 

values. 

The knee was more flexed at IFC and remained slightly more flexed throughout 

stance when running on sand (Figure 4). In the swing phase, the knee was more flexed 

and went through a greater range of motion in the sand running conditions (Figure 4). 

The right knee flexion angles (Table 4) at IFC, M S and peak for the sand surface 

conditions (both sand BF and in-shoes) in the 8 km-h'1 running trials were greater than 
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the firm surface values (PO.05). At M S , the sand in-shoes values were also greater 

(PO.05) than the sand B F measures. For the 11 km-h"1 running trials (Table 4), both the 

sand running measures (BF and in-shoes) were greater than the firm ground values at 

IFC and peak (PO.05). However, at M S , the sand running values (BF and in shoes) 

were only greater than the firm ground B F mean value (PO.05). 

Table 4. Right knee flexion angles (in degrees) at initial foot contact (IFC), mid-

support (MS) and knee flexion peak. Values are means ± SD. 

Surface condition 

8 km-h"1 firm BF 

8 km-h"1 firm in shoes 

8 km-h"1 sand BF 

8 km-h"1 sand in shoes 

11 km-h"1 firm BF 

11 km-h"1 firm in shoes 

11 km-h"1 sand BF 

11 km-h"1 sand in shoes 

Knee angle 

IFC 

6.5 ±3.8 

8.8 ±5.7 

33.1 ±9.51 

34.5 ± 11.41 

6.1 ±5.6 

8.5 ±7.5 

41.5 ±5.9* 

33.2±9.81 

Knee angle 

MS 

39.8 ±3.5 

41.8 ±4.1 

46.2 ± 4.42 

50.8 ± 5.92 

41.8 ±3.5 

45.7 ±4.0 

46.2 ± 5.23 

46.0 ± 5.I3 

Knee angle 

Peak 

75.4 ±6.6 

79.1 ±5.8 

101.7 ±4.31 

100.2 ± 6.71 

90.4 ±9.1 

93.1 ±8.1 

112.2±5.51 

109.0 ±9.0* 

1 Significantly different (PO.01) to firm ground values, but not different to each other 

(P>0.05). 2 Significantly different (PO.05) to firm ground values and to each other. 

3 Both significantly different (PO.05) to 11 km-h"1 firm ground barefoot value only. 

Ankle dorsi-plantar flexion was similar between all conditions (Figure 5). 

However, there were some time points where significant differences were found. At 

IFC, ankle dorsi-flexion values were not significantly different (P>0.05) between 

surface conditions and running speed (Table 5). However, at 11 km-h"1, the ankle was in 

a near neutral position at IFC in the firm ground running trials (BF and in-shoes), but 

was in a slightly plantar flexed position for the sand B F and in-shoes surface conditions, 

although these differences were not significant (P>0.05). At M S , the ankle dorsi-flexion 

angle for the 8 km-h"1 sand in-shoes value was greater than the other surface condition 

values at that running speed (PO.05). At M S for the 11 km-h"1 running trials, the ankle 

dorsi-flexion values for the firm ground in-shoes and the sand in-shoes trial values were 
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both greater (PO.05) than the firm ground B F and the sand B F values, but not different 

(P>0.05) to each other. 

Ankle inversion angles at IFC were similar (P>0.05) across all surface 

conditions for both running speeds (Table 5). At M S , the ankle was in an everted 

position for each surface trial condition and running speed, but the magnitude of 

eversion was least in the sand running trials. However, no significant differences 

(P>0.05) in the ankle inversion/eversion angles existed at M S in the 8 km-h"1 surface 

condition trial values. For the 11 km-h"1 running trials, the firm ground in-shoes 

inversion/eversion mean angle value demonstrated significantly more eversion (PO.05) 

compared with the other surface condition values. 

The ankle was always in an abducted position at IFC and MS for each surface 

condition for both running speeds (Table 5). N o differences (P>0.05) existed in ankle 

adduction angle values in the 8 km-h"1 trials, across the surface conditions, at either IFC 

or M S . At IFC in the 11 km-h"1 trials, the firm surface in-shoes mean adduction angle 

was significantly less (PO.05) than the sand B F value. At M S , the degree of foot 

abduction was similar across all trials (P>0.05). 
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Hip flexion angles 

80 -i 8 km-h" firm ground barefoot 

11 km-h" firm ground barefoot 

• 8 km-h"1 sand barefoot 

- X — 11 km-h"1 sand barefoot 

-*— 8 km-h" firm ground in shoes" 

i i i i i i i i i i i i i i i i i i i i i i i i 

100°/ 

Percentage of Stride 

Figure 3. Right hip flexion angles normalised to stride. Positions of initial foot 

contact (IFC), mid-support (MS) and toe-off (TO) are also indicated. 
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Knee flexion angles 

120 

100 

80 

09 

<U 
V 
i. 
Ml 

Q 60 

40 

20 -

0 

-•— 8 km-h"1 firm ground barefoot 

~m~ 11 km-h" firm ground barefoot 

— A — 8 km-h"1 sand barefoot 
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-"•— 11 km-h" firm ground in shoes 

—+"~ 8 km-h" sand in shoes 

11 km-h" sand in shoes 

I I I I I ! I t I I I I I I I I I I I I I I I I I I I I I I I I I / I I I I I I I ! I I I I t I I I I 

IFC 

0 % 

MS TO 
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Figure 4. Right knee flexion angles normalised to stride. The positions of 

initial foot contact (IFC), mid-support (MS) and toe-off (TO) are also 

indicated. 
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Ankle dorsi-flexion 

20 

10 

U 
CJ3 
4> 
ft 

0 

-10 

-20 

-30 
IFC 

0% 

8 km-h" firm ground barefoot 

11 km-h" firm ground barefoot 

8 km-h" sand barefoot 

11 km-h" sand barefoot 

8 km-h" firm ground in shoes^ 

11 km-h" firm ground in shoes 

8 km-h" sand in shoes 

50% 100 % 

Percentage of stride 

Figure 5. Right ankle dorsi-flexion angles normalised to stride. The positions of initial 

foot contact (TFC), mid-support (MS) and toe-off (TO) are also indicated. Negative 

angle values indicate plantar-flexion. 
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Discussion 

Spatio-temporal parameters 

Previous studies have established that ts is negatively related to running speed 

(Munro et al., 1987). Also, as running speed increases, the time for a running cycle 

decreases (Williams, 1985), so that the duration of support, relative to stride time 

decreases (Williams, 1985). W h e n running overground at speeds of 2.0m-s"1, ts 

approximates 0.33s (Grillner et al., 1979; Nilsson et al., 1985) and reduces to about 

0.27s at speeds of 3.0 m-s"1 (Munro et al., 1987). At running speeds between 3 and 4 

m-s"1, ts generally ranges between 0.22 and 0.26s (Elliott and Blanksby, 1976; Mann et 

al., 1986; Munro et al., 1987; Williams and Cavanagh, 1987; W a n k et al., 1998; D e Wit 

et al., 2000) and at speeds of 5.0 m-s"1 approximates 0.19s (Munro et al., 1987). 

M c M a h o n and Greene (1979) have also previously reported that ts increased when 

running on a surface (a soft pillow track) with a stiffness much less than man's leg 

stiffness. 

This study found that when subjects ran at 8 and 11 km-h"1 on the firm surface 

(BF or in-shoes), mean ts was comparable to previously reported measures (Grillner et 

al., 1979; Nilsson et al., 1985; Mann et al., 1986; Munro et al., 1987) at similar speeds. 

However, running on sand B F and in-shoes at 8 km-h"1 increased the ts above the firm 

surface measures (Table 2). This response agrees in part with the observations reported 

by M c M a h o n and Greene (1979) who found that ts increased when running on a sponge 

pillow track, when compared with firm surface measures. It is also possible that the 

dampening characteristics of sand contribute to an increased ts when running at slow 

speeds as Lejeune et al. (1998) have previously reported that more work is done on sand 

to accelerate the runner at slower speeds, compared with faster speeds. 

In the present study, it was also found that the ts was greatest when running on 

the sand, in-shoes, compared to the other surface conditions, at both running speeds 

(Table 2). During data collection, some subjects reported they experienced foot slippage 

when running on the sand in-shoes. These comments agree with those made by subjects 

who participated in our previous studies (Pinnington and Dawson, 2001a and b) that 

investigated the E C of running on grass and soft dry beach sand. The differences 

observed between the sand B F and sand in-shoes ts measures might therefore been due 
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to differences in traction at the foot-sand interface, and the manner in which the foot 

displaced the sand on contact with the surface, during the "push" phase of stance. 

Little data is available to compare SL measures when running on firm surfaces 

at speeds approximating 8 km-h"1. However, Cavanagh and Kram (1990) identified a 

linear relationship between S L and running velocities of between 3 and 6 m-s"1 (r>0.99) 

and their regression analysis, using a running velocity of 2.22 m-s"1 (8 km-h"1), predicted 

that S L would be 1.705 m. This value agrees closely with the measured values reported 

in this study when subjects ran at 8 km-h"1 on the firm surface and soft, dry sand, B F 

and in shoes (Table 2). W h e n running at 11 km- h"1, SL in the firm ground B F (2.24 ± 

0.15 m ) , the firm ground in-shoes (2.23 ± 0.22 m ) and the sand B F (2.13 ± 0.20) 

measures (Table 2), also equated with values reported by Mann and Hagy (1980) and 

Cavanagh and Kram (1990) at similar speeds, but were greater than measures reported 

by others (Dillman, 1975; Elliott and Blanksby, 1976). These disparities could possibly 

be attributed to individual variance between subject groups (Williams and Cavanagh, 

1987; Milliron and Cavanagh, 1990; Kyrolainen et al, 2001). However, in the 11 km-h"1 

trials, the sand in-shoes mean SL value of 2.05 ±0.21 m was significantly lower than 

the other surface values at that speed (Table 2). This result could have been a function 

of some backward movement of the foot during the "push" phase of stance, in 

conjunction with reduced traction at the shoe-sand interface. 

Cadence measures in the 11 km-h"1 trials for both the firm surface BF (162.5 ± 

7.3) and in-shoes (161.6 ± 11.0) conditions (Table 2) agreed closely with the values 

reported by others (Elliott and Blanksby, 1976; W a n k et al., 1998; de Wit et al., 2000) 

at comparable speeds. However, when subjects ran on sand at 11 km-h"1, the cadence 

measures for the sand B F and sand in shoes trials were greater than the firm surface 

values due to the modestly shorter stride lengths evoked at that running speed (Table 2). 

This finding is partly explained by the results reported by Lejeune et al. (1998). They 

found that at running speeds between 2.5 to 4.0 m-s" a lower vertical take off velocity 

occurred when running on sand, so the period and distance traveled during the aerial 

phase was shorter. This resulted in a slight increase in step frequency. 
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Kinematic parameters 

Hip flexion 

W h e n subjects ran on the firm surface B F or in-shoes at 8 km-h"1, hip flexion 

angles at IFC approximated 33 degrees and increased to approximately 38 degrees in 

the 11 km-h'1 trials (Table 3; Figure 3). These measures, and the magnitude of 

increasing hip flexion at IFC with a modest increase in running speed, are in agreement 

with values reported previously (Mann and Hagy, 1980; Milliron and Cavanagh, 1990). 

At running speeds in excess of 3.0 m-s"1 on a firm surface, hip flexion angles at IFC 

may approximate 50 degrees (Mann et al., 1986; Novacheck, 1998). Also, in the firm 

surface trials at both 8 and 11 km-h"1, it can be seen that the hip flexion angle following 

IFC remained invariant in both the B F and shod conditions, until just prior to M S 

(Figure 3). Hip extension then proceeded until just after T O (Figure 3). This also 

suggests that at relatively slow jogging speeds (8 and 11 km-h"1) on a firm surface the 

leg behaves like a stiff strut during the initial support phase, not unlike walking (Nilsson 

etal., 1985). 

However, when the subjects ran on the sand BF or in-shoes, hip flexion angles at 

IFC were approximately 23° to 26° greater than the firm ground values at 8 and 11 

km-h"1 respectively (Table 3). Also, hip extension occurred immediately (Figure 3) and 

was also associated with extension of the knee (Figure 4). This pattern of movement is 

similar to that reported to occur at faster running speeds on a firm surface (Mann and 

Hagy, 1980; Mann et al., 1986; Novacheck, 1998). 

At MS, the firm surface BF or in-shoes, hip flexion angles ranged between 27 

and 30° and 29-33° for the 8 and 11 km-h"1 trials respectively, and were similar between 

the B F and shod conditions (Table 3). These findings agreed closely with values 

reported by others at similar running speeds (Mann and Hagy, 1980; Mann et al, 1986; 

Novacheck, 1998). However, when running on sand B F or in-shoes, the mean hip 

flexion angles at M S in both the 8 and 11 km-h'1 trials were 9-14° greater than the firm 

surface measures. 

The hip flexion minimum values for both the 8 (2.0 - 4.6°) and 11 (-1.7 to 3.1°) 

km-h"1 surface condition trials agreed with those previously reported for running on firm 

surfaces at speeds of 3 - 4 m-s"1 (Mann and Hagy, 1980; Mann et al., 1986; Novacheck, 
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1998). However, both the sand running trial values at 8 and 11 km-h"1 were slightly 

greater than the firm surface values, but a significant difference was only found between 

the sand running values and the firm ground B F measures when running at 11 km-h" . 

The maximal hip flexion angles in the 8 km-h"1 trials, during the swing phase of 

running on the firm surface, B F and in shoes, were 37.3 and 40.1°, respectively and 

increased to 46.6 and 47.1° respectively in the 11 km-h"1 trials (Table 3). These values 

agree closely with measures reported by Mann et al. (1986) for running at speeds of 

approximately 3.3 m-s"1. At running speeds on firm surfaces ranging between 3 and 6 

m-s"1, maximal hip flexion angles during swing phase may increase in excess of 13° 

(Milliron and Cavanagh, 1990). However, when running on sand, the maximum hip 

flexion angles respectively increased to approximately 60° for the sand B F and sand in-

shoes 8 km-h"1 trials, and up to 67 and 66° in the sand B F and sand in-shoes 11 km-h" 

trials. 

The greater hip flexion angles at IFC, MS, hip flexion minimum and for 

maximum values during the swing phase of the running cycle suggests that a greater 

range of hip motion occurs when running on sand. The sand running hip flexion values 

reported here also agree with measures more commonly associated with faster speed 

running or sprinting on firm surfaces (Mann and et al., 1986; Novacheck 1998). The 

increased range of hip motion found when running on sand might possibly be due to the 

adoption of a greater forward trunk lean. This posture would move the centre of gravity 

of the body forward of the support foot earlier in stance. This might permit a greater 

horizontal G R F to be exerted (Novacheck, 1998) against the sand surface to negate 

energy lost due to the possibility of the foot slipping backwards on a shifting surface 

during the "push" phase of stance. This might be the case especially when running on 

the sand in-shoes, as this condition tended to produce slightly higher hip flexion angles 

during the stance phase of sand running (Table 3; Figure 3), particularly in the slower 

speed running trials, when more work is done on the sand by the foot (Lejeune et al., 

1998). A n increased forward trunk lean is also associated with fast speed running on 

firm surfaces (Williams, 1985; Williams and Cavanagh, 1987) coupled with a higher 

propulsive G R F impulse during the stance phase (Munro et al., 1987). 
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Knee Flexion 

At IFC on a firm surface, the knee is shown to be not fully extended, and flexion 

angles of 10 to 20° have been reported at running speeds between 2 and 3 m-s"1 (Mann 

and Hagy, 1980; Williams, 1985; Milliron and Cavanagh, 1990). For both the 8 and 11 

km-h" firm surface trials, knee flexion angles at IFC in the present study ranged 

between 6 and 9° and are in quite close agreement with previous observations (Mann 

and Hagy, 1980; Williams, 1985; Milliron and Cavanagh, 1990). Others (Mann et al., 

1986; Buczek and Cavanagh, 1990; Milliron and Cavanagh, 1990; Novacheck, 1998), 

have reported knee flexion angles at IFC in excess of 20° at running speeds on firm 

surfaces between 3 - 6 m-s"1. 

Of note in the present study, it was found that the BF firm surface knee flexion 

angles at IFC for both the 8 and 11 km-h"1 running speeds, were slightly lower in value 

than for the shod conditions, although the differences were not significant (Table 4; 

Figure 4). These observations agree in principle with the findings of others (Kinoshita et 

al, 1988; McNair and Marshall, 1994; De Wit and D e Clercq, 2000; De Wit et al., 

2000), who have also reported slightly lower knee flexion angles at IFC for B F running, 

that was also associated with a flatter foot position, compared to shod running at speeds 

between 3.5 - 5.5 m-s"1. However, when subjects ran on the sand at 8 km-h"1, mean 

knee flexion angles at IFC for the sand B F and sand in-shoes conditions were 33.1 and 

34.5 degrees respectively, and were both significantly greater than the firm surface 

values. Similar differences were found in the 11 km-h"1 trial conditions (Table 4; Figure 

4). The knee flexion angles at IFC in both the 8 and 11 km-h"1 sand running trials are 

similar to those reported to occur at higher running speeds on firm surfaces (Mann and 

Hagy, 1980; Mann et al., 1986; Williams and Cavanagh, 1987; Buczek and Cavanah, 

1990; Milliron and Cavanagh, 1990; Novacheck, 1998). This strategy, in conjunction 

with greater initial hip flexion observed when running on the sand, may serve to bring 

the centre of gravity of the body over the foot earlier in the stance phase. This would 

presumably increase the propulsive horizontal GRF, to negate foot slippage or the 

yielding nature of the sand surface and sustain running velocity. 

Also, of interest, is that the pattern of knee flexion (Figure 4) following IFC was 

markedly different in all the sand running conditions, when compared with the firm 

surface conditions. In the firm surface trials, knee flexion increased as expected (Mann 
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and Hagy, 1980; M a n n et al., 1986; Novacheck, 1998) to the point of M S and was 

associated initially with invariant hip flexion, followed by hip extension. These 

observations demonstrate that when running on the firm surface at these relatively slow 

running speeds, the knee continually flexes during weight acceptance, whilst the hip 

remains stable. Thereafter, following the weight acceptance phase, the knee continues to 

flex to M S and the hip commences flexion. However, during all sand running trials, the 

knee was observed to extend immediately following IFC from a larger flexion angle 

through the initial weight acceptance period, and was associated with continual hip 

extension. After this, but prior to M S , the knee flexed in a similar fashion to that 

observed in the firm surface run trials. This strategy, in conjunction with hip extension, 

could serve to stabilize the knee until the foot compresses the sand and becomes fixed. 

This appears to be the case, as reference to Figure 5 confirms that during this phase the 

foot continues to plantar flex when running on sand, prior to adopting dorsi-flexion to 

MS. 

At MS, knee flexion angles for all surface conditions (and speed) ranged 

between 40 and 51°. These values agree with those commonly reported in the literature 

for firm surface running, at speeds between 3 - 6 m-s"1 (Mann and Hagy, 1980; M a n n et 

al., 1986; Williams, 1985; Williams and Cavanagh, 1987; Novacheck, 1998). Again, 

lower flexion angles were observed in the B F firm surface trials at both 8 and 11 km-h"1, 

when compared with the firm surface shod values. These observations agree in part with 

previous findings (McNair and Marshall, 1994; D e Wit and D e Clercq, 2000; D e Wit et 

al., 2000), although w e did not find the differences to be significant. However, when 

running on sand B F and in-shoes, the knee flexion angles produced at M S in the 8 

km-h"1 trials were significantly greater (PO.05) than the firm surface values. For the 11 

km-h"1 trials, the sand B F and in shoes values were significantly greater (P<0.05) than 

the firm ground B F value only. 

During the swing phase of the gait cycle, mean knee flexion angle peak values 

in the 8 km-h"1 firm surface B F and in-shoes trials, were 75.4 and 79.1° and increased 

respectively to 90.4 and 93.1°, in the 11 km-h"1 trials. These values also agree closely 

with the maximal knee flexion angles during the swing phase at similar running speeds 

reported elsewhere (Mann et al., 1986; Milliron and Cavanagh, 1990; Novacheck, 

1998). However, when running on sand B F and in-shoes, the mean knee angle peak 
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values in the 8 km-h"1 trials were approximately 20 -25° greater (P<0.05) than the firm 

surface values. Similarly, in the 11 km-h"1 trials, the sand B F and in-shoes mean knee 

flexion angle peak measures were up to 20° greater (P<0.05) than the firm surface 

values. 

The greater knee flexion angles at IFC, MS and during the swing phase, in 

conjunction with increased hip flexion, when subjects ran on the sand, could serve to 

bring the total centre of gravity of the limb closer to its pivot point (the hip) (Grillner et 

al., 1979). This decreases the moment of inertia of the lower extremity about the hip 

joint as it moves forward, requiring less energy expenditure (Grillner et al., 1979; 

Williams, 1985). Increased hip and knee extension velocities would presumably also 

accompany the increased hip and knee flexion observed when running on sand. This 

would increase hip and knee extension moments, similar to that found at fast running 

speeds (Novacheck, 1998). 

Ankle and foot action 

At running speeds of 3 to 4.5 m-s"1, ankle dorsi-flexion angles generally range 

between 0 and 18° at IFC (Mann and Hagy, 1980; M a n n et al., 1986; Buczek and 

Cavanagh, 1990; Novacheck, 1998; Stefanyshyn and Nigg, 1998) and progress to 

plantar-flexion of up to 10° at running speeds in excess of 7.0 m-s"1 (Mann and Hagy, 

1980; M a n n et al., 1986; Stefanyshyn and Nigg, 1998). Differences in ankle angle at 

IFC have also been observed when running at similar speeds B F or shod, with B F 

running resulting in a flatter foot placement (Kinoshita et al., 1988; Edington et al., 

1990; McNair and Marshall, 1994; De Wit and Clercq, 2000; D e Wit et al., 2000). In 

the present study, w e also found the foot to be more plantar flexed when B F compared 

with the shod condition when running on the firm surface at either 8 or 11 km-h"1, 

although, the differences were not significant. W h e n running on the sand, the ankle was 

slightly dorsi-flexed by 2.8 to 5.3° for the sand B F and sand in-shoes conditions 

respectively, in the 8 km-h"1 trials, but the differences were not significant between the 

surface conditions at that speed (Table 5). Running on the sand at 11 km-h"1 (BF and in 

shoes), resulted in the foot being in slight plantar-flexion at IFC, as was the 11 km-h"1 

firm ground B F trial value. However, owing to a large standard deviation in measures of 

ankle angle at IFC, no significant differences were found between conditions. This was 
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not unexpected, as wide variance between subjects and trials for this parameter have 

previously been identified (Williams, 1985). 

In the firm ground running trials, an increase in ankle dorsi-flexion following 

IFC occurs and continues until M S (Figure 5). However, in the sand running trials 

plantar-flexion persists early in the stance phase and is then followed by dorsi-flexion. 

At M S , ankle dorsi-flexion in all conditions ranged between 18.7 and 26.1° (Table 5), 

consistent with measures reported elsewhere for firm surface running (Mann and Hagy, 

1980; M a n n et al., 1986; Buczek and Cavanagh, 1990; Novacheck, 1998; Stefanyshyn 

and Nigg, 1998), but, the shod conditions always produced the greater dorsi-flexion 

values. In the 8 km-h"1 trials, the sand in-shoes mean ankle dorsi-flexion value of 26.1 

(± 7.4) degrees was significantly (PO.05) greater than the other values at M S . In the 11 

km-h"1 trials, both the firm surface and sand in shoes dorsi-flexion values at M S were 

significantly greater (PO.05) than the B F firm surface and on sand measures. 

Ankle eversion (Table 5) tended to be higher on the firm surface (BF and shod) 

during the 8 km-h"1 trials, at both IFC and M S , when compared with the sand running 

trials, but the differences were not significant. In the 11 km-h"1 trials on the firm surface, 

the ankle was slightly inverted at IFC, whereas in the sand running conditions the ankle 

was slightly everted at IFC. However, as the stance phase progressed to M S , the level of 

eversion in the firm surface trials was substantial, where as the level of eversion in the 

sand running trials remained low and relatively unchanged from IFC values. 

During the 8 km-h"1 trial conditions, the foot was always in an abducted position 

at IFC but more so in the sand B F condition. However, no significant differences were 

found between the means, which were also due to a high degree of intra-subject and 

trial variability. Ankle abduction increased to M S , but again the measures were highly 

variable and no significant differences were found between surface conditions. In the 11 

km-h"1 trials ankle abduction at IFC and M S in the surface conditions did not differ 

significantly from the 8 km-h"1 trial values, although a significant difference was found 

between the 11 km-h"1 firm surface in shoes and sand B F values (Table 5). A high 

degree of variability in the foot abduction measures at IFC and M S for each surface 

condition was also observed between subjects and trials at this running speed. 
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Etiology of running injuries: Is sand running implicated? 

Running injuries such as Achilles tendon disorders, plantar fasciitis and knee 

pain have been attributed to excessive foot pronation during the stance phase of running 

(James et al., 1978; Smart et al., 1980; Kaya, 1996). As outlined earlier, running on 

sand has been anecdotally implicated as a possible cause of injury, thought to be 

principally due to excessive foot pronation during the stance phase (Wischnia, 1982; 

Wernicki and Glorioso, 1991; Pen et al., 1996). 

When running on a firm surface a certain amount of pronation is necessary for 

the foot to assume a flat position on the ground. Prior to foot strike, the foot is supinated 

(plantar flexion at the subtalar joint, adduction of the forefoot and inversion of the heel) 

and is thought to act as a rigid support at impact (Pratt, 1989). Immediately after impact 

the whole foot begins to pronate which involves subtalar dorsi-flexion, heel eversion 

and abduction of the fore-foot (James et al., 1978; Pratt, 1989; D e Wit and D e Clercq, 

2000). The foot assumes a flat position by pivoting about its lateral border and the foot 

is lowered to the ground by a combination of heel eversion and pronation and also has 

the effect of lowering the leg towards the ground (Pratt, 1989). The foot must then 

supinate to provide a rigid lever for push off (Kaya, 1996). Pronation, therefore, 

increases the time over which the energy can be absorbed, thus contributes to shock 

attenuation (Pratt, 1989) and reduces the forces applied to the leg (Williams, 1985). It is 

not known exactly what measures of the pronation motion are related to the cause of 

injury, but, maximal pronation, maximal velocity of pronation and duration of pronation 

are still believed to be implicated (Williams, 1985). 

The results of this study show that running on sand, particularly BF, tended to 

reduce the amount of foot pronation that occurs during the stance phase of running. This 

is because when running on sand, the foot sustains plantar-flexion during weight 

acceptance, but when running on a firm surface the foot undergoes dorsi-flexion from 

IFC to M S . Also, the degree of eversion during stance is reduced when running on sand, 

compared to that found when running on a firm surface. A possible mechanism that 

might explain these altered foot dynamics when running on sand could be that after foot 

strike, and during the weight acceptance phase, the foot displaces the sand and energy is 

absorbed by the sand until it is compacted under the foot. This would reduce the need to 

pronate to attenuate the shock of impact, as normally experienced on a firm surface. A 
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detailed analysis of the kinetics of sand running is currently underway in this laboratory 

and will shed further light on this topic. 

It has previously been suggested that running on sand could predispose to 

Achilles tendon injuries. This is due to a perception that the heel sinks into the sand at 

IFC, placing excessive stretch on the posterior compartment of the lower leg during the 

support phase (Wischnia, 1982; Wernicki and Glorioso, 1991; Pen et al, 1996). 

However, our quantitative measures refute this hypothesis, as w e have found that 

plantar-flexion when running on sand continues after IFC and during the weight 

acceptance phase and knee flexion is also increased. These actions would result in a 

lower heel pressure during weight acceptance and also reduce the stretch and tension on 

the posterior compartment of the lower leg. 

Of further interest is that running on sand BF, may have potential for the 

rehabilitation of foot intrinsic musculature and thus reduce the incidence of plantar 

fasciitis in runners. Robbins and Hanna (1987) reported an extremely low running 

related injury frequency in B F populations in contrast to shod populations. They 

describe the foot of the normally shod individual as rigid, with the main bony arches 

unable to yield to normal loading. In habitually shod populations, the intrinsic foot 

musculature, that could give the foot a yielding quality, might be atrophic (Robbins and 

Hanna, 1987). Robbins and Hanna (1987) reported a positive change in shortening of 

the medial longitudinal arch in 17 recreational runners following increased B F weight 

bearing activity. In normally shod volunteers, no tonic activity of the intrinsic muscle of 

the foot occurs during relaxed weight bearing (Robbins and Hanna, 1987). However, 

the experimental changes of shortening of the medial arch and load distribution to the 

digits observed by Robbins and Hanna (1987) was explained by an activation and 

subsequent adaptation over a 2-3 month period of normally inactive intrinsic foot 

musculature. Robbins and Hanna (1987) proposed that the medial arch rising and 

shortening, due to activation of intrinsic musculature, allowed the foot to act as a 

dynamic impact dampening structure, rather than merely as a rigid lever for propulsion. 

They further proposed that the unyielding nature of the shod foot involved the plantar 

fascia acting as the support for the medial longitudinal arch. Consequently, at foot 

impact, tremendous strain could be placed on the fascial attachment, inducing plantar 

fasciitis. Alternatively, B F activity induces an adaptation in intrinsic foot musculature 
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that appears capable of transferring impact forces to the yielding musculature, thus 

sparing the fascia (Robbins and Hanna, 1987). 

The findings of Robbins and Hanna (1987) suggests that running BF on sand, 

which is the most common practice amongst sand runners (Pinnington and Dawson 

2001a and b) may serve to rehabilitate foot musculature and reduce the incidence of 

running related injuries. 

Summary 

The purpose of this study was to compare the kinematics of running at 8 and 11 

km-h" on a firm surface and a soft, dry, sand surface, BF and in-shoes. When running 

on sand BF and shod, the ts was greater than firm ground values at the slower running 

speed (8 km-h"1) but only at the faster running speed (11 km-h"1) when wearing shoes. 

Stride length and cadence were similar when running on the firm surface and on sand 

BF and in shoes at 8 km-h"1. However, at 11 km-h"1 a slightly shorter SL when running 

on the sand resulted in a significantly greater cadence compared to the firm surface 

values. 

At both running speeds, hip and knee flexion angles at IFC, MS and maximum 

flexion values were greater when running on sand, compared with the firm surface. 

Thus, running on sand at these relatively slow speeds resulted in hip and knee flexion 

angles more commonly observed when running on firm surfaces at faster speeds. 

During weight acceptance in the stance phase, the ankle was plantar flexed when 

running on sand, but was dorsi-flexed when running on the firm surface. Ankle eversion 

tended to be less during the stance phase when running on sand, when compared with 

firm surfaces. 

These results suggest that, the kinematics of running on sand at 8 and 11 km-h"1 

are similar to the running techniques used at faster speeds, on a firm surface. 

Furthermore, the data gathered here does not suggest that running on soft sand might be 

more injurious to the runner. To the contrary, running on sand might actually reduce 

excessive foot pronation compared to that produced on firm surfaces, and thus 

contribute to a reduced injury frequency whilst maintaining a high training stimulus. 
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Chapter 8 

Electromyography differences when running on a firm 

surface compared with soft dry sand. 

by Hugh C. Pinnington, David Lloyd, Thor F. Besier, and Brian Dawson 

(This Chapter forms the basis of two papers to be submitted to the European Journal of 

Applied Physiology) 
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Abstract 

This study examined the E M G activation often lower limb muscles, when running on a 

firm surface compared with soft, dry, sand, barefoot (BF) and wearing shoes, at 8 and 

11 km-h"1. E M G data were recorded at 2000Hz from a 10-channel E M G system 

(Motion Labs Systems, Baton Rouge, L A ) interfaced with a V I C O N motion analysis 

system (Oxford Metrics Inc. U K ) . E M G data were collected from subjects during the 

running trials and procedures as outlined in Chapter 7 that reported the kinematic 

differences when running on a firm surface, compared with soft, dry, sand. Over the 

duration of stride, E M G activation for sand running was higher than when running on 

the firm surface, but the differences were only significant (PO.05) for biceps femoris 

(sand BF) and tensor fasciae latae at 8 and 11 km-h"1. During the stance phase of 

running, the activation in the hamstrings muscles (semimembranosus and biceps 

femoris) when running at 8 km-h"1 on sand was up to twice that attained when running 

on the firm surface (PO.05). W h e n running at 11 km-h"1, hamstrings activation was 

greater when running on sand (PO.05, for sand B F condition only), but the magnitude 

of difference between the two surfaces was less. For the quadriceps muscle group 

(rectus femoris, vastus lateralis and medialis) during the stance phase, sand running 

produced activation levels that were up to 6 5 % (PO.05) and 3 0 % (P>0.05) greater than 

the firm surface values when running at 8 and 11 km-h"1, respectively. The E M G 

activation for tensor fasciae latae, during stance, was significantly greater (PO.05) 

when running on sand (BF and in-shoes) compared with the firm surface values at both 

speeds. The differences in the E M G activation of the muscles that control the ankle 

(peroneus longus, medial and lateral gastrocnemius, tibialis anterior) were less clearly 

defined between surface conditions. In the 11 km-h"1 trials, the activation of tibialis 

anterior, when running B F on the firm surface, was greater (PO.05) than the firm 

surface in-shoes value, as was the sand surface in-shoes measure compared with the 

firm surface in-shoes value (PO.05). N o clear differences between B F and shod 

conditions emerged. Muscle co-contraction across the knee joint, at mid-support (MS) 

and for peak values during stance, were significantly greater (PO.05) for sand running 

compared with the firm surface at 8 km-h"1 but at 11 km-h"1, only the sand B F value was 

significantly greater (PO.05) than the other surface condition values. This suggests that 

walking or running on sand could be beneficial in injury prevention and rehabilitation. 

The increased energy cost of running on sand can be attributed in part to the increased 

E M G activation associated with greater hip and knee range of motion compared with 

firm surface running. 
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Introduction 

The previous Chapter investigated the kinematic differences when running at 8 

km-h" (2.22 m-s"1) and 11 (3.06 m-s"1) km-h"1 on a firm surface compared with a soft, 

dry, sand surface, barefoot (BF) and in shoes. It was found that running on sand resulted 

in greater hip and knee flexion angles at initial foot contact (IFC), mid-support (MS) 

and at both the hip and knee for maximum flexion. It was also apparent that the hip and 

knee went through greater range of motion during stride and a greater change in 

extension during stance. Measures of ankle dorsi-flexion, inversion and adduction were 

highly variable, although when running on sand, the foot tended to be more plantar 

flexed and less everted. These data imply that running on sand requires more forceful 

hip extension during stance and greater hip flexion during the swing phase of running 

gait, with a concomitant higher level of muscle activation. During the stance phase 

when running on sand, the knee was also found to extend approximately 10 degrees 

during weight acceptance, then flex to M S followed by extension to toe off (TO). 

Presumably, the transition between extension and flexion would require co-contraction 

of the muscles that cross the knee in order to stabilize the joint (Heise et al., 1996). 

Alternatively, when running on a firm surface, the knee continues to flex from IFC to 

M S , then extends to T O (Mann and Hagy, 1980a and b; M a n n et al., 1986; Novacheck, 

1998). These observations suggest that when running on sand compared with firm 

ground running, co-contraction of the musculature across the knee could be bi-phasic, to 

maintain knee stability during these transitions and contribute to a higher degree of 

muscle activation. This might also contribute to an increased energy cost (EC) when 

running on sand (Biewener, 1998). 

The EC of running on sand has been reported to range between 1.2 - 1.6 times 

firm surface values (Zamparo et al., 1992; Lejeune et al., 1998; Pinnington and Dawson, 

2001a and b) thus providing a novel training mode that may supplement traditional firm 

surface training regimens. Performing running training on sand has also previously been 

attributed to athletic success (Berger, 1980; Wischnia, 1982; Oviatt and Hemba, 1991). 

However, to date no studies have been published that quantify the electromyographic 

( E M G ) aspects of running on sand. Such an examination may provide further 

quantitative data as to the efficacy of sand running as a viable training adjunct and assist 

in explaining the mechanisms for an increased E C when compared with running on a 

firm surface. Therefore, the primary objectives of this study were to document the E M G 
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differences that may exist between running on a firm surface and a soft, dry, sand 

surface at 8 and 11 km-h"1, barefoot and wearing shoes. A further secondary objective 

was to examine the sequence of muscle co-contraction occurring across the knee and 

ankle joints during the stance phase of running, on a firm surface and a soft sand 

surface. This might assess the potential that sand running could have in injury 

prevention or rehabilitation. 

Methods 

Subjects and Experimental conditions. 

All E M G data were collected from the subjects during the running trials and 

experimental procedures conducted as outlined in the previous Chapter reporting the 

kinematic differences when running on a firm surface compared to soft, dry, sand. 

However, the E M G methods will now be described. 

EMG data collection procedures. 

E M G data were recorded at 2000Hz from a 10-channel E M G system (Motion 

Labs Systems, Baton Rouge, L A ) that was connected to a V I C O N motion analysis 

system (Oxford Metrics Inc. U K ) . Bipolar surface electrodes (Ag-AgCl 3 M Red Dot) 

were placed on the following nine muscles of the right leg: semimembranosus 

(Semimem), biceps femoris (Bi Fern), tensor fasciae latae (Tfl), vastus lateralis (Vas 

Lat), vastus medialis (Vas Med), rectus femoris (R Fern), tibialis anterior (Tib Ant), and 

medial (Med Gas) and lateral (Lat Gas) gastocnemius. Three branched surface 

electrodes (14mm gel diameter 3 M paediatric Red Dot) were also placed on peroneus 

longus (Per L) of the right leg just inferior to the fibula head to minimize cross talk 

from neighboring musculature (Koh and Grabiner, 1992, 1993; De Luca, 1997). Surface 

electrode placements and preparation were in accordance with the methods of Delagi 

and Perotto (1980). The skin was shaved and exfoliated using course plastic gauze then 

cleansed with alcohol prior to electrode placement. Hollow surgical gauze was then 

placed around the right leg to secure the electrode leads to reduce signal artifact. 

Prior to the running trials, maximal voluntary isometric contraction (MVIC) data 

were gathered for each muscle over a 4 s epoch using a Biodex dynamometer (Biodex 

Corp. N Y ) , with the subject in a seated position. Amplifier gains for each muscle were 

adjusted during these trials such that the recorded signal was maximised without 

"clipping" of data. During the running trials, a 4 s epoch of E M G data was collected 
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synchronously with the joint kinematic and G R F data as described in the previous 

chapter using the V I C O N motion analysis system. The G R F data, recorded at 2000Hz 

( AMTI force-plate) was used to differentiate the E M G data between the stance and 

swing phases of running. The force-plate was zeroed after the placement of the sand 

track prior to the commencement of the sand running trials. 

Data analysis 

All raw E M G data were processed in a custom program written in Matlab 

(Release 12, MathWorks Inc. Ma. U S A ) . The raw E M G data were high-pass filtered 

using a zero-lag fourth order recursive Butterworth filter (cut off frequency 30Hz) to 

remove movement artifact, then full wave rectified and filtered using a low pass 

Butterworth filter (cut off frequency of 6 Hz). The muscle activation profile was then 

normalised to the M V I C value. The aligned E M G and kinematic data were then 

normalised to stance (30 data points) and stride (51 data points), interpolated using a 

cubic spline and then exported to Microsoft Excel for further analysis. 

The data extracted for analysis were as follows: 

1. The average of each muscle activation profile was calculated for each experimental 

condition over the stride and stance phases. All muscle activation values (s) are 

expressed as a fraction of the M V I C measure for each subject. 

2. The average and the peak knee and ankle extensor and flexor activation during 

stance. The knee and ankle extensor and flexor activation were calculated as 

follows: 

£lt =
 £vasMed + £yasLat + £RFem > where £L = knee extensor activation; 

s^ = £semimem + £mFem + SuedGas + SlatGas , where 8%. = knee flexor activation; 

£a^ _
 £MedGaS—

sutcas ^ where £^ = ankle extensor activation; 

e„ _
 £TibA«t + £PerL ^ ^QXQ £0^ = ^g flexQr actjvation; 

and sxx = activation of each muscle with XX representing the acronyms for the 

different muscles. 

3. The knee and ankle co-contraction indices were also determined. The co-contraction 
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ratio (CCR K ) of the knee flexors and extensors was first calculated as the ratio of 

the knee flexors mean activation (e^x) and the knee extensors mean activation 

(£ext) at eacn ti m e point. The e^ was chosen as the divisor if its' value was 

greater than the s^t, and the s
k
ext activation the divisor if its' value was greater 

than the skflx. Therefore, the C C R
K was always less than or equal to 1. The ankle 

co-contraction ratio (CCR A ) was computed similarly from e^ and s^ . 

The co-contraction index at the knee (CCIK) was then calculated by multiplying 

the co-contraction ratio with the net muscle activation at the joint, i.e. 

CCIK=CCRKX(<4 + 4 J 

and the ankle co-contraction index (CCIA) was similarly estimated. The C C I K and 

CCI at IFC and M S , the peaks and means during stance were calculated for 

further analysis. 

Statistical Analysis 

Generally, for each subject (n = 8), five running trials from each of the eight 

different surface conditions were processed and used in the statistical analysis. In one 

instance, equipment failure resulted in no trials being processed for that subject for 1 

test condition. The mean values for all trials in all conditions over stance and stride for 

the E M G data were used in the statistical analysis. A one-way A N O V A , with Scheffe 

post hoc comparisons, determined where any significant differences (PO.05) lay in the 

dependent variable means between each test condition. 

The results of the statistical analysis of all data for this study have been grouped 

according to running speed (8 or 11 km-h"1), as in the previous chapter, no significant 

differences were found between the running speeds within each of the surface and shod 

conditions. Therefore, the within speed comparisons of the different surfaces and shod 

conditions is valid. 
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Results 

Individual muscle activation during stride. 

Owing to high variability (SD) associated with intra subject and trial variability 

and the differences in E M G activity observed over the full stride in running, only a 

modest number of measures achieved a level of significant difference (PO.05) between 

surface conditions (Table 1). 

i. Running speed comparisons 

N o significant differences (P>0.05) were found when comparing the E M G 

activation averaged over stride in the individual muscles assessed, between the firm 

surface 8 and 11 km-h"1 running trials or between the sand surface 8 and 11 km-h"1 trials 

(Table 1.). These measures were characterised by a high within- and- between subject 

and trial variability. 

ii. Barefoot versus shod comparisons 

N o significant differences (P>0.05) were found when making comparisons over 

a full stride between the B F and the shod running trial measures when subjects ran on 

the firm surface at either 8 or 11 km-h"1. Similarly, no significant differences (P>0.05) 

existed between the B F or shod measures when the subject ran on the sand at either 

speed (Table 1). 

iii. Firm surface versus sand comparisons 

T w o of the hamstrings muscle group (Semimem and Bi Fern) in the 8 km-h"1 

trials demonstrated almost twice the magnitude of activation on sand when compared 

with the firm surface values but the differences were not significant when averaged over 

stride (P>0.05), due to high variability in measures (Table 1; Figures la and lb). At 11 

km-h"1, the hamstrings activation when running on sand was 20-50% greater than in the 

firm ground surface conditions but the differences were also not significant (P>0.05) 

(Table 1; Figures la and lb). The profile of Semimem (Figure la) demonstrated higher 

activation levels at IFC, the weight acceptance phase and prior to IFC during the swing 

phase when running on the sand at 8 and 11 km-h", B F and in shoes, compared with the 

firm surface. The activation of Bi Fern (Figure lb) was also higher at IFC, M S and in 

the late swing phase prior to IFC, when running on the sand compared with the firm 

surface conditions. 
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The activation of R Fern averaged over stride was similar (P>0.05) in all 

surface conditions when running at 8 km-h"1 (Table 1; Figure lc). In the 11 km-h"1 trials, 

the activation of R Fern in the firm ground trials was similar to the 8 km-h"1 trial values 

but increased between 66 and 1 0 0 % (PO.05) when running on sand, at this speed 

(Table 1; Figure lc). W h e n running at 8 km-h"1, the mean activation for the Vas M e d 

(Figure Id) and Vas Lat (Figure le) muscles were 45-50% higher on sand when 

compared with the firm ground trial values, but, these differences were not significant, 

due to the high variability (SD) in measures (Table 1). These differences over stride 

reduced to between 14 and 2 5 % (P>0.05) when running at 11 km-h"1 (Table 1). The 

activation profiles of the quadriceps (R Fern, Vas Med, Vas Lat) muscle group (Figures 

lc, Id and le respectively) were similar between all surface conditions but the sand 

running trials evoked greater peak measures prior to M S . Also, a burst of activity in R 

Fern was apparent at T O which persisted through the early swing phase when running 

on the sand B F and in-shoes at 11 km-h"1. 

In the 8 km-h"1 trials, the EMG of Tfl when running on sand (BF and in-shoes) 

was up to 57-70% greater compared with the firm ground values, but the differences 

were only significant (PO.05) between the sand in-shoes and the firm ground B F and 

in-shoes values (Table 1; Figure If). In the 11 km-h"1 trials, Tfl activation when running 

on sand (BF and in-shoes) was significantly greater (PO.05) than the firm ground in-

shoes value only averaged over stride. For all surface conditions at this running speed 

(11 km-h'1) the activation of Tfl when running on sand, was up to 38-200% greater than 

the firm surface values (Table 1; Figure If). The mean activation for Per L (Table 1; 

Figure lg), Tib Ant (Tablel; Figure lh) and the M e d Gas (Table 1; Figure II) and Lat 

Gas (Table 1; Figure lj) were not significantly different (P>0.05) between surface 

conditions at either running speed, although the measures for Tib Ant tended to be 

consistently lower when running on the sand. The profile of Per L (Figure lg) revealed 

an earlier and higher activation in the stance phase when running on the firm surface. 

W h e n running on the sand, the activation of Tib Ant (Figure lh) was lower during the 

late swing phase prior to IFC and the peak activity of the gastrocnemius muscles 

(Figures li and lj) occurred later, at M S , when compared with the firm surface values. 
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0.35 

Semimembranosus 

8 km-h" firm ground barefoot 

11 km-h" firm ground barefoot-

-*~- 8 km-h"1 sand barefoot 

11 km-h" sand barefoot 

Figure la. Semimembranosus activation during one stride. Positions of IFC, M S 

and T O represent initial foot contact, mid-support and toe-off, respectively. 
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0.25 

Biceps femoris 

8 kmh" firm ground barefoot 

11 km-h" firm ground barefoot 

8 kmh" sand barefoot 

11 kmh" sand barefoot 

*~ 8 kmh" firm ground in shoes 

0 % 50% 

Percentage of stride 

100% 

Figure lb. Biceps femoris activation during one stride. Positions of IFC, M S 

and T O represent initial foot contact, mid-support and toe-off, respectively. 
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Rectus femoris 

barefoot 

barefeet-

T O 

50% 

Percentage of stride 

100 % 

Figure lc. Rectus femoris activation during one stride. Positions of IFC, M S 

and T O represent initial foot contact, mid-support and toe-off, respectively. 
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Vastus medialis 

•"" 8 km-h"1 firm ground barefoot 

11 km-h firm ground barefoot 

8 kmh"1 sand barefoot 

11 kmh"1 sand barefoot 

*~ 8 km-h"1 firm ground in shoes 

11 kmh"1 firm ground in shoes 

8 km-h"1 sand in shoes 

11 km-h"1 sand in shoes 

0 i I I I I I M I I I M I I 1 I I I I I I I I I M I M I I I I I I I I I I I I I I 

IFC MS TO 

0 % 50 % 

Percentage of stride 

100% 

Figure Id. Vastus medialis activation during one stride. Positions of IFC, M S 

and T O represent initial foot contact, mid-support and toe-off, respectively. 
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Vastus lateralis 

8 kmh" firm ground barefoot 

.-i 11 kmh" firm ground barefoot 

8 kmh"1 sand barefoot 

11 kmh"1 sand barefoot 

*- 8 km-h"1 firm ground in shoes 

11 kmh"1 firm ground in shoes 

8 km-h"1 sand in shoes 

11 kmh" sand in shoes 

trrrjrrrf'.h.H-EB 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 / 1 1 1 1 1 1 1 1 1 

TO 

50% 

Percentage of stride 

100%, 

Figure le. Vastus lateralis activation during one stride. Positions of IFC, M S 

and T O represent initial foot contact, mid-support and toe-off, respectively. 
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Figure If. Tensor fasciae latae activation during one stride. Positions of 

IFC, M S and T O represent initial foot contact, mid-support and toe-off, 

respectively. 
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Figure lg. Peroneus longus activation during one stride. Positions of IFC, M S 

and T O represent initial foot contact, mid-support and toe-off, respectively. 
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MS TO 

50% 

Percentage of stride 

Figure lh. Tibialis anterior activation during one stride. Positions of IFC, M S 

and T O represent initial foot contact, mid-support and toe-off, respectively. 
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Medial gastrocnemius 

8 kmh"1 firm ground barefoot-

11 kmh"1 firm ground barefoot 

8 kmh'1 sand barefoot 

11 km-h"1 sand barefoot 

"*~ 8 km-h"1 firm ground in shoes 

11 kmh"1 firm ground in shoes 

8 km-h'1 sand in shoes 

Figure li. Medial gastrocnemius activation during one stride. Positions of 

IFC, M S and T O represent initial foot contact, mid-support and toe-off, 

respectively. 
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Lateral gastrocnemius 

8 kmh"1 firm ground barefoot 

11 km-h"1 firm ground barefoot" 

8 kmh"1 sand barefoot 

11 km-h"1 sand barefoot 

8 kmh"1 firm ground in shoes~ 

11 kmh"1 firm ground in shoes 

8 kmh"1 sand in shoes 

11 km-h"1 sand in shoes 

Figure lj. Lateral gastrocnemius activation during one stride. Positions of 

IFC, M S and T O represent initial foot contact, mid-support and toe-off, 

respectively. 
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Individual muscle activation during stance 

The results of the analysis performed on the E M G activation normalized to the 

stance phase of running, for all surface conditions, are presented in Table 2. A high 

degree of variability in measures was again evident in each surface condition at both 

running speeds, but more significant differences in activation were found when 

analysing data over stance. This suggests there were important differences in the levels 

of E M G activation when running on sand compared with the firm surface. 

i. Running speed comparisons 

Generally, the levels of E M G activation in all muscles during the stance phase 

were of greater magnitude in the 11 km-h"1 trials compared with the 8 kmh"1 trial 

values. However, significant differences (PO.05) between running speeds were 

restricted to Semimem and Tib Ant (Table 2). In the 11 kmh"1 trials, the level of 

activation in Semimem during the firm surface trials (BF and in-shoes) was greater 

(P<0.05) than the 8 km-h"1 firm surface (BF and in-shoes) values. Tib Ant had a greater 

(PO.05) level of activation in the 11 km-h"1 trials, for all surface conditions, when 

compared to the corresponding 8 kmh"1 surface conditions (Table 2). 

ii. Barefoot versus shod comparisons 

When comparing the B F and in-shoes measures for either running speed, the only 

significant difference was found between the firm surface B F (0.18 ± 0.02) and the firm 

surface in-shoes (0.15 ± 0.02) measures in Tib Ant during the 11 kmh"1 trials (PO.05) 

(Table 2). 

iii. Firm surface versus sand comparisons 

W h e n averaged over stance the mean E M G values in the hamstrings muscles 

(Semimem and Bi Fern) for the 8 km-h"1 running trials were approximately twice the 

magnitude when running on sand (PO.01), compared with the firm ground values. In 

the 11 km-h"1 running trials, the activation of these muscles was 10-75% greater on sand 

compared to the firm ground values, but only the sand B F values were significantly 

greater (PO.05) than the firm ground measures (Table 2.). 

In the 8 kmh'1 trials, the magnitude of EMG activation over stance in the 

quadriceps muscle group (R Fern, Vas M e d and Vas Lat) when running on sand, was 
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35-125% greater than the firm surface values. However, these differences were only 

significantly greater (PO.05) in the Vas Lat muscle. For the 11 km-h"1 trials, running on 

sand produced E M G activation levels in the quadriceps muscle group that were between 

14-50% greater than the firm ground measures, but the differences were not significant 

(P>0.05) (Table 2). 

Over stance, the mean EMG activation levels in Tfl for the 8 km-h"1 trials were 

significantly (PO.05) greater (73%) when running on the sand (BF and in-shoes) 

compared with the firm ground values (Table 2). This trend persisted in the 11 km-h"1 

trials, although the sand running values (BF and in-shoes) were only significantly 

greater (PO.05) than the firm ground in-shoes measures (Table 2). 

EMG activation for Per L, Tib Ant and the Med Gas and Lat Gas muscles in the 

8 km-h'1 trials were similar (P>0.05) between surface conditions. In the 11 km-h"1 trials, 

this trend persisted for Per L and the M e d Gas and Lat Gas muscles (Table 2). However, 

at this running speed (11 km-h"1) mean E M G for Tib Ant in the firm ground B F and 

sand in-shoes trials was significantly greater (P>0.01) than the firm ground in- shoes 

value (Table 2). 

In the 8 kmh"1 trials, the sand BF EMG for each muscle excepting R Fern 

recorded the greatest activation levels (Table 2). This trend persisted in the 11 km-h"1 

trials, except the activation for R Fern and Tib Ant was greatest in the sand in-shoes 

trials. 
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Knee extensor and flexor E M G activation 

Knee extensor E M G activation was greater in the sand running trials at both 

speeds (8 and 11 km-h"1), when compared with the firm ground values (Table 3; 

Figure 2a). However, the differences between the surface conditions were not 

significant (P>0.05), due principally to a high standard deviation of measures over 

the entire stance period. Knee extensor peak values, when running at 8 km-h"1, were 

significantly greater (PO.05) on the sand (BF and in-shoes) when compared with 

the corresponding firm ground measures. In the 11 km-h"1 trials, the knee extensor 

peak values on sand were again greater than the firm ground measures, however, a 

significant difference (P<0.05) was only found between the sand and firm ground 

in- shoes measures. The peak knee extensor muscle activity when running on sand 

occurred later in the stance phase and tended to persist for a greater duration, 

particularly at the slower running speed, compared to the firm ground conditions 

(Figure 2a). 

Knee flexor EMG activation was similar (P>0.05) between surface 

conditions at either running speed, although higher values were consistently 

recorded during the 11 kmh"1 trials (Table 3; Figure 2b). For knee flexor peak E M G 

activation at either running speed, the only significant differences (P<0.05) found 

were between the 8 km-h" sand B F measures (0.605 ± 0.15) when compared with 

the 8 km-h"1 firm ground B F (0.454 ±0.11) and in-shoes (0.456 ±0.16) values 

(Table 3). The peak knee flexor activation also occurred later in the stance phase 

during the sand running trials at both speeds, when compared with the firm ground 

trials (Figure 2 b). 
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Table 3. The average and peak activation of the knee extensors and flexors during 

the stance phase of running gait. The values are the means ± SD, 

expressed as a fraction of M V I C . 

Surface 

Condition 

8 km-h"1 firm BF 

8 km-h"1 firm in shoes 

8 km-h"1 sand BF 

8 km-h" sand in shoes 

11 km-h"1 firm BF 

11 km-h"1 firm in shoes 

11 km-h"1 sandBF 

11 km-h"1 sand in shoes 

Mean knee extensor 

activation 

0.103 + 0.08 

0.121+0.09 

0.192 ±0.11 

0.178 + 0.13 

0.138±0.11 

0.144 + 0.16 

0.188 + 0.12 

0.172 ±0.14 

Knee extensor 

Peak 

0.260 ± 0.08 

0.279 ± 0.06 

0.361 ±0.081 

0.400 ± 0.101 

0.326 ± 0.07 

0.315 ±0.09 

0.381 ±0.13 

0.410 + 0.132 

Mean knee flexor Knee flexor 

activation 

0.265 ±0.13 

0.265 ±0.14 

0.366 ±0.14 

0.279 ±1.13 

0.356 ±0.17 

0.320 ±0.16 

0.376 ±0.14 

0.315 ±0.14 

Peak 

0.454 ±0.11 

0.456 ±0.16 

0.605 ±0.15* 

0.534 ±0.12 

0.573 ±0.14 

0.533 ±0.11 

0.591 ±0.15 

0.560 ± 0.13 

M V I C = maximal voluntary isometric contraction. BF = barefoot. Significantly different 

(PO.05) to the 8 km-h" firm surface BF and in-shoes values. Significantly different (PO.05) 

to the 11 km-h" firm ground in shoes value. 
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Knee extensor activation 

0.45 

IFC 

0% 

•— 8 kmh"1 firm ground barefoot 

•— 11 km-h"1 firm ground barefoot 

*— 8 kmh"1 sand barefoot 

*— 11 km-h"1 sand barefoot 

*— 8 kmh"1 firm ground in shoes 

11 kmh"1 firm ground in shoes 

8 kmh"1 sand in shoes 

11 kmh"1 sand in shoes 

Percentage of stance 

T O 

100 % 

Figure 2a. Knee extensor mean activation during running, normalised to the 

stance phase. IFC and T O indicate initial foot contact and toe-off, respectively. 
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Knee flexor activation 

8 kmh"1 firm ground barefoot 

11 km-h"1 firm ground barefoot 

8 km-h"1 sand barefoot 

11 km-h"1 sand barefoot 

*— 8 kmh"1 firm ground in shoes 

11 kmh"1 firm ground in shoes 

8 kmh"1 sand in shoes 

11 kmh"1 sand in shoes 

Percentage of stance 

Figure 2b. Knee flexor mean activation during running, normalised to the 

stance phase. IFC and T O indicate initial foot contact and toe-off, 

respectively. 
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Ankle extensor and flexor E M G activation 

The ankle extensor E M G activation levels between surface conditions, at either 

running speed were similar (P>0.05) (Table 4; Figure 3a). For ankle extensor peak 

activation, the only significant difference (PO.05) between surface conditions or 

running speed was found between the 8 kmh"1 sand B F and the firm ground in-shoes 

values (Table 4). However, reference to Figure 3a demonstrates that when running on 

sand, the ankle extensor activity tends to be lower at IFC and achieves peak values later 

during the stance phase when compared with the firm surface activation profiles. N o 

significant differences (P>0.05) were found between net ankle flexor activation or 

ankle flexor peak values between surface conditions at either running speed (Table 4; 

Figure 3b). 

Table 4. The average and peak activations of the ankle extensors and flexors 

during the stance phase of running gait. The values are the means ± SD, 

expressed as a fraction of M V I C . 

Surface 

Condition 

8 km-h"1 firm BF 

8 kmh"1 firm in shoes 

8 km-h"1 sand BF 

8 km-h"1 sand in shoes 

11 km-h"1 firm BF 

11 km-h"1 firm in shoes 

11 km-h"1 sand BF 

11 km-h"1 sand in shoes 

Mean ankle extensor Ankle extensor 

activation 

0.478 ± 0.24 

0.485 ± 0.26 

0.622 ± 0.27 

0.471 ±0.25 

0.612 ±0.30 

0.551 ±0.28 

0.630 ± 0.25 

0.547 ± 0.27 

Peak 

0.849 ± 0.25 

0.836 ±0.31 

1.081 +0.311 

0.960 ± 0.24 

1.004 ±0.30 

0.925 ± 0.24 

1.044 ±0.26 

0.975 ± 0.26 

Mean ankle flexor Ankle flexor 

activation 

0.134 ±0.03 

0.125 ±0.04 

0.148 ±0.03 

0.123 ± 1.03 

0.177 ±0.05 

0.152 ±0.04 

0.164 ±0.02 

0.161 ±0.03 

Peak 

0.218 ±0.10 

0.201 ± 0.07 

0.218 ±0.08 

0.190 ±0.07 

0.278 ±0.11 

0.240 ± 0.09 

0.225 ± 0.07 

0.228 ± 0.09 

M V I C = maximal voluntary isometric contraction. BF = barefoot. Significantly greater 

(PO.05) than the 8 km-h"1 firm ground BF and in shoes value. 
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Ankle extensor activations 

8 kmh"1 firm ground barefoot 

11 kmh"1 firm ground barefoot 

8 km-h"1 sand barefoot 

11 kmh"1 sand barefoot 

8 kmh"1 firm ground in shoes 

11 km-h"1 firm ground in shoes 

8 kmh"1 sand in shoes 

11 km-h"1 sand in shoes 

Percentage of stance 100 % 

Figure 3 a. Ankle extensor mean activation during running, normalised to 

the stance phase. IFC and T O indicate initial foot contact and toe-off, 

respectively. 
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Ankle flexor activations 

8 km-h"1 firm ground barefoot 

11 kmh"1 firm ground barefoot 

8 kmh"1 sand barefoot 

11 km-h" sand barefoot 

8 kmh"1 firm ground in shoes 

11 km-h"1 firm ground in shoes 

8 kmh"1 sand in shoes 

11 km-h"1 sand in shoes 

Percentage of stance 

TO 

100% 

Figure 3b. Ankle flexor mean activation during running, normalised to the 

stance phase. IFC and T O indicate initial foot contact and toe-off, 

respectively. 

Knee co-contraction index 

W h e n running at the slower speed on sand the time to CCI K peak occurs later 

during the stance phase when compared with the firm ground trials eventually reaching 

peak values nearer M S (Figure 4). However, in the 11 kmh"1 trials, the pattern of co-

contraction across the knee follows a similar pattern to the firm ground trials and 

achieves greater peak values (Figure 4). 

rK At IFC, there were no significant differences (PO.05) in CCI between the 

surface conditions, at either running speed. At M S , in the 8 kmh"1 trials, the CCI K was 

significantly greater PO.05) when running on sand (BF and in-shoes) compared with 

the firm ground values (Table 5). The peak CCI K measures during stance in the sand 
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running trials, were also greater (PO.05) than the firm ground values (Table 5). Over 

the duration of the stance phase, the mean C C I K values for sand running were found to 

be not significantly greater (P>0.05) than the firm ground values. At M S , in the 

11 k m h " trials, the knee C C I K when running on sand B F and in shoes was again 

greater than the firm ground values, but the differences were only significant (PO.05) 

between the sand B F and firm ground B F measures (Table 5). However, the C C I K peak 

measures when running on the sand B F and in-shoes, were greater (PO.05) than the 

firm ground values. Mean CCI measures for the knee over the entire stance phase, were 

higher in sand running, but the differences compared with the firm ground values were 

also not significant (P>0.05). 

Table 5. Knee co-contraction index (CCI ) values during the stance phase of 

running for all test conditions. Values are means ± SD. 

Surface 

Condition 

8 km-h"1 firm BF 

8 km-h"1 firm in shoes 

8 km-h"1 sand BF 

8 km-h"1 sand in shoes 

11 km-h1 firm BF 

11 km-h"1 firm in shoes 

11 km-h"1 sand BF 

11 km-h"1 sand in shoes 

Initial foot contact 

0.139 ±0.05 

0.124 ±0.05 

0.118 ±0.04 

0.112 ±0.05 

0.177 ±0.06 

0.147 ±0.15 

0.178 ±0.06 

0.183 ±0.05 

Knee CCI parameter measures 

Mid-support 

0.054 ± 0.04 

0.078 ± 0.04 

0.204 ±0.08' 

0.163 ±0.08' 

0.077 ± 0.03 

0.094 ± 0.04 

0.145 ± 0.112 

0.114 ±0.08 

Peak 

0.223 ± 0.08 

0.247 ± 0.07 

0.320 ± 0.071 

0.337 ±0.07J 

0.279 ± 0.08 

0.275 ± 0.08 

0.336 ±0.08 

0.347 ± 0.09 

Mean over stance 

0.079 ± 0.07 

0.095 ± 0.08 

0.149 + 0.09 

0.125 + 0.09 

0.106 ±0.09 

0.109 ±0.09 

0.146 ±0.10 

0.131 ±0.11 

MVIC = maximal voluntary isometric contraction. BF = barefoot. Significantly different 

(PO.005) to 8 km-h"1 firm ground BF and in shoes values. 2 Significantly different (PO.05) to 

11 km-h"1 firm ground BF value. 
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Knee co-contraction index 

8 kmh"1 firm ground barefoot 

11 kmh" firm ground barefoot 

8 kmh"1 sand barefoot 

*— 11 kmh'1 sand barefoot 

*~~ 8 km-h"1 firm ground in shoes 

11 kmh'1 firm ground in shoes 

8 kmh" sand in shoes 

11 km-h' sand in shoes 

Percentage of stance 100 % 

Figure 4. Knee co-contraction index (CCIK) during running, normalised to 

the stance phase. IFC and T O indicate initial foot contact and toe-off, 

respectively. 

Ankle co-contraction index 

The CCI A changes throughout the stance phase with the greater values apparent 

during weight acceptance between IFC and M S (Figure 5). The CCI A decreases in the 

push-off phase of stance, from M S to TO. Running at 11 kmh"1, compared to 8 kmh"1, 

appears to require greater CCI A just prior to T O (Figure 5). 

N o significant differences (P>0.05) were found between the mean CCI A values 

for the surface conditions, in either running speeds, at IFC, or M S (Table 6). However, 

mean C C I A peak measures for the 8 kmh"1 sand running trials, BF and in-shoes, were 

greater (PO.05) than the firm ground B F values. Also, the 8 kmh"1 firm ground in 
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shoes mean peak C C 1 A values were significantly less (PO.05) than the 8 kmh"1 sand in-

shoes measures (Table 6). The mean C C I A values over the entire stance phase were 

similar between surface conditions, at either running speed (P>0.05). 

Table 6. Ankle co-contraction index (CCIA) values during the stance phase of 

running for all test conditions. Values are means ± SD. 

Surface 

Condition 

8 km-h"1 firm BF 

8 km-h'1 firm in shoes 

8 km-h'1 sand BF 

8 km-h"1 sand in shoes 

11 km-h"1 firm BF 

11 km-h"1 firm in shoes 

11 km-h"1 sand BF 

11 km-h"1 sand in shoes 

Ankle CCI parameter 

Initial foot contact 

0.076 ± 0.05 

0.071 ± 0.04 

0.076 ± 0.09 

0.085 ± 0.06 

0.080 ± 0.06 

0.081 ±0.04 

0.083 ± 0.05 

0.075 ± 0.04 

Mid-support 

0.089 ± 0.03 

0.089 ± 0.03 

0.111 ±0.05 

0.082 ± 0.03 

0.124 ±0.04 

0.112 ±0.06 

0.111 ±0.05 

0.109 ±0.05 

measures 

Peak 

0.223 ± 0.05 

0.247 ± 0.052 

0.320 ± 0.061 

0.337 ± 0.071 

0.279 ± 0.06 

0.275 ± 0.04 

0.336 ± 0.06 

0.347 ± 0.04 

Mean over stance 

0.082 ± 0.03 

0.079 + 0.03 

0.095 ± 0.03 

0.080 ± 0.02 

0.115 ±0.02 

0.102 ±0.02 

0.105 ±0.01 

0.104 ±0.02 

M V I C = maximal voluntary isometric contraction. BF = barefoot. Significantly different 

(PO.05) to 8 km-h"1 firm ground BF value. 2 Significantly different (PO.05) to 8 km-h"1 sand 

in shoes value. 
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Ankle co-contraction index 
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Figure 5. Ankle co-contraction index (CCIA) during running, normalised 

to the stance phase. IFC and T O indicate initial foot contact and toe-off, 

respectively. 
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Discussion 

The E M G activity of the lower limb during jogging and running has been well 

documented (Elliott and Blanksby, 1979; Mann and Hagy, 1980a and b; Schwab et al, 

1983; Nilsson et al., 1985; Mann et al., 1986; Maclntyre and Robertson, 1987; McClay 

et al., 1990). However, this study is the first to examine the E M G of the lower limb 

musculature whilst running on a surface such as soft, dry, sand, that acts like a 

dampener, and absorbs energy (Lejeune et al., 1998). Accordingly, this discussion will 

address the differences in the E M G activation observed in this study when subjects ran 

on a firm surface and soft dry sand, related to the kinematic data presented earlier. 

In the kinematic study (Chaper 7) it was found that, at relatively slow running 

speeds (8 and 11 km-h"1) on a firm surface, the hip initially acts like a stiff strut, with an 

invariant hip flexion angle from IFC to just prior to M S . However, when running on 

sand, the hip angle at IFC was found to be some 23° greater than the firm surface values 

and continued to extend throughout the stance phase. This action was accompanied by a 

greater level of E M G activity in the hip extensor muscles (Semimem, Bi Fern) during 

the stance phase when running on sand, at both speeds, compared with running on the 

firm surface (Figures la and lb). During the late swing phase of running, the E M G 

activity of these hamstrings muscles was also greater when running on sand and was 

coupled with greater knee flexion peak angle values, compared with firm ground values. 

This muscle activation could then have been associated with a need for greater control 

over the rate of knee extension, so that the knee remains more flexed at IFC, when 

running on sand. 

The results of the kinematic study also found greater knee flexion angles at IFC, 

M S and for knee angle peak when running on sand, compared with the firm surface. 

The mean E M G activation of the quadriceps muscle group (R Fern, Vas Lat and Vas 

Med) over the stride, were similar between surface conditions and speed, but the sand 

trial values tended to be slightly higher. However, during the stance phase, knee 

extensor E M G activation values were greater (P>0.05) when running on sand. In the 

kinematic study, it was found that when running on sand, the knee extends following 

IFC and during weight acceptance, whereas, when running on a firm surface, knee 

flexion increased from IFC to M S . The latter situation entails eccentric loading of the 

quadriceps muscles during weight acceptance (Mann and Hagy, 1980a and b; Nilsson et 

al., 1985; Mann et al., 1986; McClay et al., 1990), prior to concentric work, when the 
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knee extends from M S to T O (Mann and Hagy, 1980a and b; Mann et al., 1986; 

Novacheck, 1998). However, when running on sand, it appears that the knee undergoes 

two phases of extension during stance (refer Figure 4 of Chapter 7 pp 201). The early 

phase could be associated with extension of the lower leg in order to gain stability on 

the yielding surface, and prior to the sand becoming compressed under-foot, when a 

more stable base could be secured. These kinematics were associated with a greater net 

knee extensor E M G activation (Tables 2 and 3; Figure 2a) when running on sand, 

compared with the firm surface. A feature of these differences is that although not 

clearly demonstrating a bi-phasic activation, as the kinematic data might have 

suggested, the peak knee extension E M G activation was of greater magnitude (PO.05) 

when running on sand and persisted for a greater duration, compared to the firm surface 

measures (Figure 2a). Also, when running on sand, the level of E M G activation in the 

muscles that cross the knee were similar in the B F and in-shoes conditions at both 

running speeds. However, during the swing phase, from T O to mid-swing when running 

on the sand (BF and in-shoes) at the faster speed (11 km-h"1), a burst in the activity of 

R Fern occurred, whilst in the other running conditions the quadriceps muscles were 

quiescent (Figure lc). This activity could be associated with R Ferns' function as a hip 

flexor. 

At comparable running speeds, knee flexor EMG activation (hamstrings and 

gastrocnemii) when rurming on sand was lower during the weight acceptance phase and 

tended to achieve peak values later during stance, when compared with the firm surface 

measures, especially in the 8 km-h"1 running trials (Figure 2b). This result was largely 

determined by a decrease in the activation of the gastrocnemii muscles during weight 

acceptance when running on the sand (Figures li and lj). These observations also 

concur with the findings in the kinematic study and were associated with knee extension 

in weight acceptance and then also at push off following M S , when running on sand. 

Over stance, no significant differences were found between surface conditions at either 

running speed for net knee flexor activation (Table 3). However, for knee flexor peak 

activation the 8 kmh"1 sand B F value was significantly greater than the firm surface B F 

and in shoes values. This was associated with greater peak activation of the M e d Gas 

and Lat Gas muscles (Figures li; lj; 2b) and greater plantar flexion (Table 5; Figure 5 

of Chapter 7 [Kinematic study] pp 199 and 202) at M S . But, no differences between 

surface conditions for knee flexor peak activation values were found in the 11 kmh"1 

trials. 
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The function of Tfl during running has been described as phasic (McClay et al., 

1990). The anteromedial fibres are active during T O to mid-swing in both jogging and 

running, an indication of hip flexion functioning (Pare et al, 1981; McClay et al., 1990) 

The posterolateral fibres are active just prior to, and shortly after IFC, and are 

associated with hip internal rotation and abduction (Pare et al., 1981; McClay et al., 

1990). In the present study, the activation of Tfl was greater over stride and stance when 

running on sand, compared with the firm surface (Tables 1 and 2; Figure If). Reference 

to the kinematic study (see Figure 3 pp 200) also confirms a greater degree of hip 

flexion occurring during mid-to-late swing phase when running on sand. Presumably, 

the greater activation of Tfl following TO, when running on sand, is associated with a 

need to accelerate the thigh to achieve greater hip flexion prior to IFC. Also, the greater 

E M G activation of Tfl during stance (refer Figure If) observed in this study, could be a 

consequence of hip internal rotation and abduction when running on sand (Pare et al., 

1981), although these kinematic parameters were not assessed. 

The Tfl can be activated to stabilise the varus thrust on the knee (Lloyd and 

Buchanan, 2001) observed during the stance phase of running (Besier et al., 2001). The 

Tfl has the largest valgus (adduction) moment arm of all muscles at the knee and thus 

can help stabilise the knee during stance (Lloyd and Buchanan, 2001). The increased 

activation of Tfl during the stance phase of running on sand may reflect the increased 

requirement to stabilise the knee (Lloyd and Buchanan, 2001). This premise is also 

supported by the increase in the C C I K (Table 5; Figure 4). This might suggest that the 

varus thrust on the knee may be higher on sand than on firm ground, but this has to be 

confirmed by kinetic analysis. 

Prior to this study, a greater level of EMG activation of muscles that control 

movement of the ankle, when running on sand was anticipated. It was assumed this 

would result from additional needs to stabilise the ankle on a shifting surface. However, 

it was subsequently found that the individual magnitude of muscle activation for Per L, 

Tib Ant, and the M e d Gas and Lat Gas over stride and stance did not differ significantly 

between surface conditions when running at 8 km-h"1 (Table 2). W h e n running at 

11 km-h"1, the insignificant differences in the activation of Per L and the M e d Gas and 

Lat Gas over stance between surface conditions persisted. However, the activation of 

Tib Ant during stance when running B F on the firm surface and on the sand in-shoes 

was greater than the firm ground in-shoes and the sand B F values, respectively. This 
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finding is difficult to explain, as in the kinematic study, generally smaller ankle dorsi

flexion values were observed when running at this speed (11 km-h"1) in BF, compared 

with the shod condition which has also been previously reported by others (McNair and 

Marshall, 1994; D e Wit and D e Clercq, 2000; D e Wit et al., 2000). One possible 

explanation for this unexpected finding is that, in this condition, some subjects may 

have concentrically activated tibialis anterior to a greater degree in order to bring the 

shank forward during stance (McClay et al., 1990). Also, considerable variance in ankle 

dorsi-flexion angles during the stance phase of running have been reported to occur 

within- and between- subject cohorts (Williams, 1985). 

In the kinematic study, ankle dorsi-flexion during stance was found to be less 

when running on the sand at 11 kmh"1, compared with the sand in-shoes, and both firm 

ground conditions. This observation was partially supported by the lower E M G 

activation of Tib Ant during stance, when running on the sand BF. Also, when running 

on sand, at both speeds, the activation of Tib Ant decreased in the late swing phase, 

whereas, the E M G activity for the firm ground trials was seen to increase during this 

phase (Figure lh). These activation patterns suggest preparation for plantar flexion at 

foot contact when running on sand, as opposed to a heel contact and dorsi-flexion when 

running on a firm surface (Mann and Hagy, 1980a and b; M a n n et al., 1986). This is 

also consistent with the kinematic data, where a higher degree of plantar flexion during 

stance was generally observed, when running on sand. 

Also of interest is that the activation of the Med Gas and Lat Gas muscles during 

the stance phase was delayed when running on sand, compared with the firm surface 

(Figures li, j; 3a). In conjunction with the kinematic data, this might suggest that during 

the late swing phase, ankle plantar flexion when running on sand occurs passively, via a 

greater knee flexion angle and a relaxation of Tib Ant. Furthermore, the activity of the 

gastrocnemii is less compared with the firm ground values early in stance (Figure 3 a), 

despite a greater plantar flexion angle, particularly when running on the sand BF. It is 

not until later during stance, at M S , that when running on sand, the gastrocnemii 

activity increases above firm ground values. This could possibly be associated with an 

endeavour to exert a greater propulsive force to counteract the shifting surface and to 

maintain running speed. These findings agree in part with those reported by Lejeune et 

al. (1998). They found that during the first part of the stance phase, work is done as the 

foot sinks into the sand. During this period, the energy of the centre of mass of the body 
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( C O M ) decreases, and therefore, this work (the work done on the sand during the 

deceleration of the C O M ) was considered to be due to passive transfer of energy from 

the C O M to the sand. Nearly all of the muscle-tendon work done on the sand was done 

during the second part of the stance phase, when the C O M is accelerated forwards. 

Lejeune et al. (1998) also reported that during the middle of the stance phase, despite 

the high forces, little work was done on the sand since there was almost no 

displacement of the foot. In the present study, ankle flexor activation (Tib Ant and 

Per L), associated with dorsi-flexion during stance, was generally higher when running 

on the firm surface (Figure 3b), from IFC to approximately M S . This confirms the 

kinematic data, where a tendency for greater plantar flexion during stance when running 

on sand, was observed. 

Another interesting observation was that during early stance phase, the 

activation of Per L, which also controls foot eversion, was higher in the firm ground 

trials when compared with the sand running trials (Figure lg). This suggests a tendency 

for the foot to be less stable when running on a firm surface. This also supports the 

kinematic data, where a greater range of ankle eversion between IFC and M S in the firm 

surface B F and in-shoes conditions, for both running speeds was found. Thus, when 

running on a firm surface these findings suggest a need for greater muscle activation to 

stabilise the ankle during weight acceptance when compared with running on sand. 

These observations provide further evidence that, during the support phase when 

running on sand, the foot initially displaces the sand, absorbing forces, thus attenuating 

the shock of impact so that the need for ankle eversion is diminished. The corollary of 

this is that during running the sand controls the foot movement better than compared to 

the firm ground, thus lessening the requirement for muscles to actively stabilise the 

ankle. Conversely, when running on a firm surface it is apparent from the data in these 

studies, that the shock of impact acts as a perturbation to ankle stability, requiring a 

higher level of activation of the muscles that may control this joint excursion. 

In the earlier studies (Pinnington and Dawson, 2001a and b), that examined the 

E C of running on grass compared with soft, dry, beach sand, it was found that when 

subjects ran at 8 km-h"1, both the oxygen cost (ml-02-kg"1-min"1) and the E C (J-kg^-m"1) 

of running on sand (BF and in shoes) was approximately 1.5 times the firm ground 

values. Also, regression analysis predicted that when running on sand at 11 kmh"1 this 

value reduced to between 1.3 to 1.4 times the firm ground measures. Indeed, in the 
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present study, the differences in the level of E M G activation of the hamstrings and 

quadriceps muscle groups were nearly twice the firm ground values during stance when 

running at 8 km-h"1, on sand. This difference reduced in magnitude when running at 11 

km-h" . The findings reported here could assist in explaining our observations 

(Pinnington and Dawson, 2001a and b) of a convergence in the magnitude of difference 

of the oxygen cost of running on sand compared to grass at faster running speeds. 

The smaller difference between the 11 km-h"1 compared with the 8 kmh"1 

running trial measures in both E C (Pinnington and Dawson, 2001a and b) and E M G 

could also be explained by the reduced ts when running at 11 km-h"
1. M c M a h o n and 

Greene (1979) reported that when subjects ran on a pillow track compared with a firm 

surface, foot contact time increased, and running economy was compromised. 

M c M a h o n et al. (1987) also reported that when subjects adopted a "Groucho" running 

technique, characterised by an exaggerated knee flexion during stance and an increased 

foot contact time, that the oxygen cost of running increased by as much as 5 0 % above 

normal running technique values. Kram and Taylor (1990) documented some further 

evidence that the E C of running is primarily determined by the cost of supporting body 

mass and by the time course of force application. Lejeune et al. (1998) also reported 

that the work done by the foot on the sand to accelerate the centre of mass of the body 

at a running speed of 2.0 m-s"1 was 0.45 J-kg^-m"1 and reduced to approximately 0.3 

J-kg^-m"1 at 4.0 m-s"1. These related observations in part help explain why the 

differences in the E C and E M G activation when running on a firm surface and sand 

tend to converge at higher running speeds, when support time is reduced. 

Other possible explanations for the higher muscle activation and subsequent 

increased oxygen uptake (Jammes et al., 1998) when running on sand might be related 

to the greater hip and knee flexion observed in the kinematic study when subjects ran on 

the sand. During the support phase of running, these actions could have resulted in a 

reduced mechanical advantage of the knee extensors (Lloyd and Buchanan, 2001) 

requiring a subsequent increase in the activation of the muscles needed to support body 

mass (Roberts et al., 1998). A generally greater E M G signal would also indicate a larger 

active muscle volume, as evidenced in this study (Kleissen et al. 1998). The kinematic 

analysis also found that, the time of support when running on the sand at 8 kmh"1 was 

greater (0.02-0.05s) than that for the firm ground. This would also result in a relatively 
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greater active muscle mass during the support phase when running on sand, and 

contribute to an increase in E C (Roberts et al, 1998). 

Zamparo et al. (1992) attributed the increase in the EC of running on sand, 

principally to a reduction in the recovery of elastic energy and to foot slippage. It was 

the original opinion in this thesis that the time of foot contact when running on sand 

would be greater, due to the yielding nature of sand and also to foot slippage. This could 

possibly increase the coupling time between eccentric and concentric movement and 

compromise the potentiation of elastic energy (Bosco et al., 1981; Shorten, 1987). 

Wilson et al. (1991) reported that a pause of 0.85s between eccentric and concentric 

movement represents a half-life decay of stored elastic energy that augments 

performance. However, in the kinematic study a difference of less than 0.05s between 

the total stance time when running on sand or a firm surface at 8 kmh"1, was found. 

These differences were less apparent when running at 11 km-h"1 (refer Table 2. Chapter 

7, [Kinematic study] pp 195). According to data presented by Wilson et al., (1991) the 

differences in support times when running on sand compared to the firm surface seem 

too small to compromise the potentiation of any elastic energy between the eccentric 

and concentric phases of support. Therefore, alteration in the kinematics of running on 

sand, associated with a greater muscle activation, as the data in this study implies, 

seems a more plausible explanation of the increased E C of rumiing on sand. Also, 

during weight acceptance when running on a firm surface, the foot undergoes dorsi

flexion (Mann and Hagy, 1980a and b; M a n n et al., 1986), thus increasing tension in the 

Achilles tendon. This pre-stretch augments subsequent concentric performance that 

occurs during the propulsive phase of stance, via the return of elastic energy stored in 

this large tendon and reduces the metabolic energy requirement of muscle to perform 

work (Shorten, 1987; Kubo et al., 1999). Conversely, when running on sand, a greater 

degree of ankle plantar flexion and knee flexion during the stance phase was found. 

This would diminish the stretch applied to the Achilles tendon and result in less elastic 

energy recovered by recoil of the tendon during push off. Accordingly, in order to 

maintain a comparable running speed, a greater contribution of metabolic energy from 

muscles doing positive work would be required (Shorten, 1987; Fukunaga et al., 2001). 

A kinetic analysis of the data collected during these studies is currently proceeding and 

may further elucidate the mechanisms that contribute to a higher E C when running on 

sand. 
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A further objective of this study was to examine the sequence of muscle co-

contraction that occurred across the knee and ankle joints during the stance phase, when 

running on the firm surface compared with soft sand. Co-contraction of the agonist / 

antagonist musculature crossing a joint is an effective means to lower ligament loads by 

increasing joint stiffness and reducing displacement against perturbing forces (Lloyd 

and Buchanan, 2001; Lloyd, 2001) but occurs at a higher oxygen cost (Biewener, 1998). 

However, with training and familiarity with the task, the level of co-contraction 

decreases and there is a transformation to reciprocal activation (Carolan and Cafarelli, 

1992; Amiridis et al., 1996; Enoka, 1997; Lloyd, 2001) resulting in greater efficiency 

due to less overall level of activation (Enoka, 1997). For persons using one training 

modality (e.g. weight training), the resulting higher level of reciprocal activation may 

inadvertently train mechanisms that promote joint instability in unexpected situations 

(Lloyd, 2001). Conversely, training programs that emphasise stability framing that 

require variable responses (Nielsen et al., 1993), have been shown to result in reduced 

excitability of H-reflexes and suppression of the reciprocal inhibition reflex (Enoka, 

1997; Lloyd, 2001). This helps to maintain co-contraction and enhance joint stiffness 

and stability when standing on an unstable surface, or performing balancing tasks 

(Lloyd, 2001). It was also shown that mechanical stimulation (Buchanan et al., 1996) of 

the ligaments result in activation of the muscles to unload the stimulated ligament, but 

would be too slow to provide effective ligament protection (Buchanan et al., 1996; 

Lloyd, 2001). However, it has been hypothesized that performing training that entails 

stimulation of these ligamento-muscular protective reflexes could enhance 

proprioception and entrain muscle activation patterns conducive to better stabilization 

strategies during sporting maneuvers (Lloyd, 2001). 

The higher levels of muscle co-contraction observed across the knee (at MS and 

for the mean over stance) and for peak values at the ankle joint in this study when 

subjects ran on sand, could be indicative of unfamiliarity in performing the task of sand 

running (Carolan and Cafarelli, 1992; Amiridis et al., 1996; Enoka, 1997; Lloyd, 2001). 

It might also indicate an increased need to stabilize the supporting joints especially the 

knee. The higher levels of muscle activation observed when running on sand reflect 

greater neural drive, possibly also associated with a higher degree of input from the 

muscle spindles and joint kinesthetic receptors that facilitate proprioceptive feedback 

(Lloyd, 2001). This suggests that walking or running on a surface such as sand might 

enhance the development of muscle activation strategies that preserve the integrity of 
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the knee during unexpected perturbations (Lloyd, 2001). Therefore, walking or running 

on sand m a y also be beneficial in re-establishing proprioceptive abilities following 

injury or surgery. 

Future Research Potential 

The results of these studies suggest that running on sand at relatively slow 

speeds assumes a posture more commonly associated with faster running speeds on a 

firm surface, whilst eliciting higher levels of muscle activation. A training study to 

explore the potential benefits of running on sand would prove enlightening. 

The potential benefits of conducting walking or running programs on sand for 

the purposes of injury prevention and rehabilitation, cardiovascular endurance, 

muscular strength development and in reducing the risk factors associated with falling 

in aged populations, are all worthy and novel areas for investigation. 

A kinetic analysis of the differences when running on a firm surface and soft, 

dry, sand is currently in progress in this laboratory and might assist in further explaining 

mechanisms that contribute to an increased E C when running on sand. 

Summary 

The purpose of this study was to quantify the differences in E M G activation of 

the lower limb musculature when running on a firm surface compared with soft, dry, 

sand, both barefoot and wearing shoes. The magnitude of activation in the hamstrings 

muscle group when running at 8 km-h"1 on sand was up to twice that attained when 

running on the firm surface. W h e n running at 11 kmh"1, hamstring activation was again 

greater when running on sand but the magnitude of difference between the two surfaces 

was smaller. For the quadriceps muscle group no significant differences were found in 

the net E M G activation levels over stride between the firm ground or sand surface 

conditions. However, during the stance phase, the sand running conditions produced 

activation levels in the quadriceps muscle group that were up to 6 5 % and 3 0 % greater 

than the firm surface values when running at 8 and 11 km-h"1, respectively. The 

increased activation of the hamstrings and quadriceps in stance that was also associated 

with greater hip and knee range of motion during sand running probably contributes 

significantly to the increased E C when compared with running on a firm surface. The 

E M G activation levels for Tfl were significantly greater when running on sand 
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compared with the firm surface, at both experimental speeds, which may reflect a 

necessity to provide additional stabilisation of the hip and knee in stance during sand 

running. The differences in E M G activation of the muscles that control the ankle were 

less clearly defined between surface conditions. N o clear pattern of differences between 

B F and shod conditions emerged. Co-contraction of musculature crossing the knee joint 

was significantly greater during stance when running on sand compared to the firm 

surface. This finding suggests that walking or running on sand could be beneficial in 

injury prevention and rehabilitation. 
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Chapter 9 

Summary and conclusions 

Summary 

Previously, only two studies have investigated either the physiological or 

biomechanical aspects of running on sand. Zamparo et al. (1992) and Lejeune et al. 

(1998), investigated the energy cost (EC) of running on sand, compared with a firm 

surface. Lejeune et al. (1998) are the only investigators to have examined some 

biomechanical aspects of running on sand. However, these studies were confounded by 

measurement constraints (Zamparo et al., 1992) and limited to males and small subject 

numbers (Zamparo et al., 1992; Lejeune et al., 1998). Therefore, a series of studies were 

undertaken to ascertain the E C of running on sand, barefoot (BF) and in shoes, 

compared with running on grass. Biomechanical studies that investigated the kinematic 

and electromyographic aspects of running on sand, compared with a firm surface were 

also undertaken to assist in explaining the mechanisms that contribute to an increased 

E C when running on sand, and to assess the efficacy of sand running as a viable training 

modality. 

A large portion of data collected for this thesis required the measurement of 

metabolic responses taken in the field. Accordingly, the first two experimental studies 

verified the precision and accuracy of the portable equipment used to collect this data. 

Study 1 (Chapter 3) 

The first study examined the specific validity and reliability of a hand-held, 

portable, Accusport blood lactate analyser (Boehringer Mannheim), for the purpose of 

developing a regression equation to improve the accuracy of Accusport measurements 

taken in the field, when compared with measures obtained from an Analox L M 3 Multi

channel analyser, accredited by the Australian Laboratory Standards Accreditation 

Scheme. 
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Duplicate measurements of lactate concentration were made on both the 

Accusport and Analox L M 3 Multi Channel analyser on 17 blood samples taken from 

two subjects performing a discontinuous incremental exercise protocol. Analysis of 

duplicate measurements revealed good test-retest reliability for Accusport ( T E M 0.35 

m M ; S E M 0.24 m M ; ICC r = 0.995) and Analox ( T E M 0.07 m M ; S E M 0.09 m M ; ICC r 

= 0.999). The mean values for duplicate samples recorded on both the Accusport and 

Analox between the lactate range of 1-13 m M revealed an average difference between 

the two analysers of 1.7 m M (P< 0.01, range 1.0-2.9 m M ) but values demonstrated a 

high level of association (ICC r = 0.853; P< 0.05). The level of agreement indicated that 

in 9 5 % of cases the differences would lie between + 0.5 to + 3.0 m M , with the 

Accusport values always higher than Analox. Linear regression analysis calculated the 

following equation to predict Analox values from Accusport values: Analox = -0.749 + 

0.837Accusport (R2 = 0.990). 

The results showed the portable Accusport analyser to be reliable and it 

demonstrated good association with Analox L M 3 lactate analyser measures. However, a 

need was found to develop specifically generated regressions from Accusport and 

Analox L M 3 analyser measures to provide more accurate results when interpreting 

lactate values from Accusport measures taken in the field. Subsequently, all lactate data 

collected in the field, during the course of this thesis, using this Accusport unit, was 

corrected to Analox L M 3 lactate measures using linear regression procedures, prior to 

further analysis. 

Study 2 (Chapter 4). 

This study assessed the level of accuracy and agreement in measures of F E 0 2 , 

F E C 0 2 and V E STPD between the Cosmed K 4 b2 (Cosmed, Italy) portable metabolic 

system and a laboratory accredited metabolic cart. This analysis was conducted to 
<y 

ascertain whether field measures obtained using the Cosmed K 4 b required correction 

to enable comparison against laboratory acquired measures of metabolic responses to 

exercise. 

For the gas concentration comparisons, expired air from 20 subjects who 

performed treadmill running was collected in a 600 litre chain compensated Collins 

Tissot tank and analysed for F E 0 2 and F E C 0 2 using a laboratory metabolic cart and the 

Cosmed K 4 b2 metabolic system. For ventilation comparisons, serial steady state V E 
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(STPD) values were measured on 10 subjects using the Cosmed K 4 b2 ventilation turbine 

and a Morgan ventilation monitor during a continuous treadmill running protocol at 

ascending speeds of 8, 11 and 14 km-h"1. It was found that the Cosmed K 4 b2 F E 0 2 and 

F E C 0 2 measures were significantly lower (PO.001) than the metabolic cart values. 

Pearson correlation coefficients (r) and the standard error of measurement (SEM) 

demonstrated a high association between the Cosmed and the metabolic cart measures 

(FE02 r = 0.971, S E M 0.071; F E C 0 2 r = 0.925, S E M 0.087). The Cosmed K 4 b
2 V E STPD 

(l-min" ) measures were significantly greater than the Morgan values at running speeds 

of 8 km-h"1 (PO.001) and 11 km-h"1 (PO.001) but not significantly different at 14 

k m h ' (P>0.05). When V E STPD measures at the three running speeds were combined, 

the mean difference between instrument measures ranged between 3.5 and 4.0 l-min"1 

but the values were highly correlated (r = 0.982, PO.01; S E M 3.03). Linear regression 

analysis revealed the following regression equations to predict metabolic cart values 

from Cosmed K 4 b2 measures: F E 0 2 = 0.852 + 0.963Cosmed (R
2 = 0.940, PO.001), 

F E C 0 2 = 0.627 + 0.878Cosmed (R
2 = 0.856, PO.001), V E STPD = -2.50 + 0.984Cosmed 

(R2 = 0.965, PO.001). 

fy 

The results indicated that the Cosmed K 4 b unit assessed here produced 

measures of FE02, F E C 0 2 and V E STPD that had strong correlation to values obtained 

from a metabolic cart. However, linear regression analysis improved the accuracy of the 

Cosmed K 4 b2 measures when compared to metabolic cart values. Consequently, 

metabolic data (FE02, F E C 0 2 and V E STPD) collected in studies 3 and 4 (Chapters 5 and 

6 respectively) were corrected using regression analysis before the subsequent 

calculation of V 0 2 , V C 0 2 and RER. 

Study 3 (Chapter 5) 

This study compared the energy cost (EC) (J-kg'^m"1) of running on grass and 

soft, dry, beach sand in subjects (n = 13) who were previously inexperienced at running 

on sand. Seven male and 5 female recreational runners performed steady state running 

trials on grass in shoes at 8, 11 and 14 kmh'1. Steady state sand runs, both barefoot 

(BF) and in-shoes were also attempted at 8 kmh"1 and approximately 11 kmh"1. One 

additional female attempted the grass and sand runs at 8 km-h"1 only. The net total E C 

was determined from net aerobic E C (steady state V 0 2 , V C 0 2 and R E R ) and net 

anaerobic E C (net lactate accumulation). A n initial analysis revealed no significant 
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differences (P>0.05) in E C measures between male or female subjects when running on 

grass or sand. As a consequence, all data were combined for further analysis. W h e n the 

surface effects (grass, sand bare foot and sand in shoes) of running at 8 km-h"1 (133.33 

m-min") were compared in 9 subjects, who most accurately maintained that speed 

(133.33 ± 2.2 m-min"1), no differences (P>0.05) were found between the net aerobic, 

anaerobic and total E C when running on sand, B F or in-shoes. However, the sand 

running measures (BF and in-shoes) were all significantly greater (PO.05) than the 

corresponding values (net aerobic, anaerobic and total EC) when running on grass. 

Similarly, when all running speed trials (n = 87) performed by all subjects (n = 13), for 

each surface condition were combined for analysis, the sand B F and sand in-shoes 

values for net aerobic EC, net anaerobic E C and net total E C were significantly greater 

(PO.001) than the grass running measures, but not significantly different (P>0.05) from 

each other. W h e n expressed as ratios of sand to grass running E C coefficients, the sand 

running B F and sand in-shoes running trials at 8 km-h"1, revealed values of 1.6 and 1.5 

for net aerobic EC, 3.7 and 2.7 for net anaerobic E C and 1.6 and 1.5 for net total EC, 

respectively. For all running speeds combined, these coefficients were 1.5 and 1.4 for 

net aerobic EC, 2.5 and 2.3 for net anaerobic E C and 1.5 and 1.5 for net total E C for 

sand running B F and in-shoes, respectively. 

It was hypothesised that the increased EC observed when running on sand was 

due in part to a possible increase in foot contact time. This was because previous 

research (McMahon et al., 1987) had demonstrated that when a "Groucho" running 

technique was used, hip and knee flexion increased, as did foot contact time and V 0 2 

(by as much as 50%). It was also hypothesised that a possible increase in foot contact 

time might contribute to a reduced augmentation in the storage and re-utilization of 

elastic energy, via an increase in the pause duration between eccentric and concentric 

muscle contraction, during the stance phase of running (Thys et al., 1972; Asmussen 

and Bonde-Petersen, 1974; Bosco et al., 1981; Wilson, 1991; Wilson et al., 1991; 

Walshe et al., 1998). Another contributing factor to the increased E C of running on sand 

might also be the need to provide for additional energy expenditure associated with 

muscle contraction to generate forces that control joint excursion or stability when 

running on an unstable surface (Biewener, 1998). 

It was subsequently concluded that EC, for recreational male and female 

runners, running on sand, B F or in-shoes, at running speeds ranging between 8 and 11 
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km-h", may be up to 1.5 - 1.6 times greater than on a firm surface such as grass, at 

comparable running speeds. These results suggest that running on soft, dry, beach sand 

B F or in- shoes, potentially provides a high-energy cost, low impact, training stimulus 

compared to running on a firm surface at comparable speeds. 

Study 4 (Chapter 6). 

Surf iron men are habitual sand runners, completing up to 25 kilometres of soft 

sand running weekly, as part of their regular training regime. Surf iron men also only 

train and compete on sand in bare feet. Therefore, the primary objective of this study 

was to measure the energetics of six elite surf iron men performing steady state running 

trials on a grass surface, wearing shoes, at 8, 11 and 14 km-h"1 and on soft, dry, beach 

sand, barefoot (BF) and in-shoes, at both 8 and 11 kmh"1. A second objective of this 

study was to compare the E C and running economy (RE) measures produced by the iron 

men with those of eight well-trained male recreational runners who only trained on firm 

surfaces and were unaccustomed to running on sand. 

Net total energy cost (EC) (J-kg^-m"1) was determined from the net steady-state 

V 0 2 and R E R (net aerobic EC) plus net lactate accumulation (net anaerobic EC). When 

the iron men ran on the sand B F and in-shoes at 8 and 11 km-h"1, the net aerobic E C and 

total net E C (but not anaerobic EC) were significantly greater (PO.001) than the 

corresponding grass ninning trial values. N o significant differences (P>0.05) were 

found between the sand B F and sand in-shoes trial measures. 

When the EC measures produced by the iron men were compared with the data 

obtained from the male recreational runners (who performed the same protocol in the 

previous study), no significant differences (P>0.05) were found between the two groups 

in measures of net aerobic EC, for the surface conditions. For net anaerobic EC, the iron 

man values were significantly less (PO.02) than the recreational runner values. For net 

total EC, the iron man values were less than the recreational runner values but the 

differences were only significant when both groups ran on sand B F (PO.03) (on grass P 

= 0.158; on sand in shoes P = 0.103). 

An effect size analysis (Andersen and Stoove, 1998; Christensen and 

Christensen, 1977; Speed and Andersen, 2000) of the data revealed that, when the 

subject groups ran on grass, the net aerobic E C differences between the groups was 
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small to moderate (effect size 0.343). This suggested that the iron m e n were moderately 

more economical when running on grass, when compared with the recreational runners. 

W h e n the subjects ran on sand, B F and in shoes, the iron men were more economical 

than the recreational runners and the effect size differences were moderate, being 0.615 

and 0.437 for the sand B F and sand in-shoes conditions, respectively. For net total EC, 

the iron m e n again demonstrated the more economical values for the three surface 

conditions, with the effect size differences ranging between moderate to large (Grass 

effect size 0.443; Sand B F effect size 0.794; Sand in-shoes effect size 0.625). 

It was concluded that the iron men, who are habitual BF sand runners, had no 

differences in E C values when these subjects ran on the sand, either B F or in-shoes. The 

net aerobic and net total E C of running on sand (BF and in-shoes) was approximately 

1.38 times the E C of running on grass at speeds of 8 and 11 km-h"1. These coefficient 

values were slightly lower than those elicited by the male recreational runners, running 

at comparable speeds, due principally to a significantly lower net anaerobic EC. 

The results of this study suggest that habitual sand running can evoke a specific 

training adaptation when running on a sandy surface. Evidence also suggests that 

habitual sand running training could positively influence E C and R E when running on a 

firm surface, due possibly to a higher E C training stimulus. The lower lactate 

accumulation values recorded for the iron men, on both grass and sand, may indicate 

that running on sand potentially reduces metabolic fatigue when running on firm or soft 

surfaces. 

Study 5 (Chapter 7) 

The kinematic aspects of running on sand have not previously been reported. 

Therefore, the primary objective of this study was to document the kinematic 

differences that might exist when running on a firm surface compared with a soft dry 

sand surface at 8 and 11 kmh"1, both barefoot (BF) and in-shoes. Such an examination 

could also provide further quantitative data that might explain the increased E C 

observed when running on sand, and also further evaluate the efficacy of sand running 

as a viable training adjunct. 

Eight, well trained, males (mean V02max64.3 ± 8.6 ml-kg"
1-min"1) performed the 

running trials on a firm surface (wooden floor) and on a soft, dry sand surface (track 
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dimensions 8.8m x 60cm; depth 13cm). Data were collected using a six-camera 50 Hz 

V I C O N motion analysis system and an A M T I force-plate (2000Hz). 

Stance time was found to be significantly greater (PO.05) when running on 

sand (BF and in-shoes), compared with firm ground values, at 8 km-h"1. In the 11 kmh"1 

trials, stance time was greater (PO.05) when running on sand, in-shoes, compared with 

the other surface conditions. The percentage of stance to stride, was also greater 

(PO.05) when running on sand in-shoes, compared with the other surface conditions, at 

both 8 and 11 kmh" . Stride length measures when running on sand in-shoes at 11 km-h" 

, were significantly less (PO.05) than other surface condition values. Cadence, when 

running on sand B F and in-shoes, was greater (PO.05) than the firm surface values, 

when rurming at 11 kmh"1. 

Hip flexion angles at initial foot contact (IFC), mid-support (MS) and hip 

flexion maximum were all greater (PO.05) when running on sand (BF and in-shoes) 

compared with the firm surface values at both 8 and 11 kmh"1. Knee flexion angles at 

IFC and for peak flexion, were also greater (PO.05) when running on sand (BF and in-

shoes), compared with the firm surface values at both 8 and 11 kmh"1. 

The knee flexion angles at MS, for sand running (BF and in-shoes), were greater 

(PO.05) than the firm surface B F and in-shoes measures when running at 8 kmh"1, but 

were only greater (PO.05) than the firm surface BF value, when running at 11 km-h"1. 

Ankle dorsi-flexion at MS was greater (PO.05) running on sand in-shoes at 8 

km-h"1, compared with the other surface conditions. At M S , in the 11 km-h"1 trials, ankle 

dorsi-flexion was greater (PO.05) for both the firm surface and sand in-shoes measures, 

compared with the B F values. Ankle inversion and adduction measures at IFC and M S 

were similar (P>0.05) between surface conditions, when running at 8 km-h" . In the 11 

km-h"1 trials, the firm surface in-shoes eversion angle at M S , was significantly greater 

(PO.05) than the other surface conditions, and at IFC, the ankle was significantly 

(PO.05) more abducted when running on sand BF, compared with running in shoes on 

the firm surface. 
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At both running speeds, hip and knee flexion angles were greater when running 

on sand when compared with the firm surface. Thus, running on sand at these relatively 

slow speeds resulted in hip and knee flexion angles more commonly observed in the 

running techniques used at faster speeds on a firm surface. This suggests that the hip 

muscles may have a greater role in producing forward propulsion when running on 

sand. The parameters that contribute to foot pronation (i.e. ankle dorsi-flexion, eversion 

and adduction) during the stance phase when running on soft sand, were lower than the 

firm surface values. This suggests that running on sand might therefore reduce the 

incidence of injuries associated with excessive foot pronation in runners. 

Study 6 (Chapter 8). 

This study examined the E M G activation of the lower limb musculature, when 

running on a firm surface compared with soft, dry, sand, both barefoot (BF) and 

wearing shoes, at 8 and 11 km-h"1 respectively. E M G data were recorded at 2000Hz 

from a 10-channel E M G system (Motion Labs Systems, Baton Rouge, LA) interfaced 

with a V I C O N motion analysis system (Oxford Metrics Inc. U K ) . The E M G data were 

collected from the subjects during the experimental procedures as outlined in Study 5 

(Chapter 7) of this thesis that examined the kinematic aspects of running on a firm 

surface, compared with soft, dry, sand. 

The results of this study found that, over the duration of stride, EMG activation 

for sand running was generally greater than when running on the firm surface, but the 

differences were only significant (PO.05) for biceps femoris (Bi Fern) (sand BF) and 

tensor fasciae latae (Tfl) at 8 and 11 kmh"1. However, when data were analysed over 

the stance phase of running, the activation in the hamstrings muscles 

(semimembranosus and biceps femoris) when running at 8 km-h"1 on sand was up to 

twice that attained when running on the firm surface, both B F and in-shoes (PO.05). 

W h e n running at 11 km-h"1, hamstrings activation during stance was greater when 

running on sand (PO.05, for the sand B F condition only), but the magnitude of 

difference between the two surfaces was less. For the quadriceps muscle group (rectus 

femoris, vastus lateralis and medialis) during the stance phase, sand rurming (both BF 

and in-shoes) produced activation levels that were up to 6 5 % (PO.05) and 3 0 % 

(P>0.05) greater than the firm surface values when running at 8 and 11 kmh"1, 

respectively. The E M G activation for Tfl, during stance, was significantly greater 

(PO.05) when running on sand (BF and in-shoes) compared with the firm surface BF 
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and in-shoes values at 8 km-h"1. In the 11 km-h"1 trials, the E M G activation in Tfl when 

running on the sand B F and in-shoes was significantly greater than the firm ground in-

shoes value only. 

During the stride and the stance phases of the running gait cycle, no clear 

differences in the level of E M G activation of the hamstrings, quadriceps or Tfl muscles 

emerged between the B F or shod conditions whilst running on the firm ground or the 

sand surface at either running speed. 

The differences in the EMG activation of the muscles that control the ankle 

(peroneus longus, medial and lateral gastrocnemius, tibialis anterior) during the stance 

phase were less clearly defined between surface conditions. In the 11 km-h"1 trials, the 

activation of tibialis anterior, when running B F on the firm surface, was greater 

(PO.05) than the firm surface in-shoes value and was also associated with slightly 

higher co-contraction measures in the muscles crossing the ankle. This might indicate a 

greater need to stabilize the ankle in the B F condition. Also, in the 11 km-h"1 trials the 

sand surface in-shoes measure for tibialis anterior was significantly greater (PO.05) 

than the firm surface in-shoes value. This might have also been associated with the 

higher peak ankle co-contraction index values produced when running on sand in-shoes. 

Otherwise, no clear differences between B F and shod conditions emerged. 

Muscle co-contraction across the knee joint, at mid-support (MS) and for peak 

values during stance, were significantly greater (PO.05) for sand running compared 

with the firm surface at 8 km-h"1, but at 11 km-h"1, only the sand B F value was 

significantly greater (PO.05) than the other surface condition values. These results 

suggest that walking or running on sand could be beneficial in injury prevention and 

rehabilitation, as the person would learn to use their muscles to stabilise the joints of the 

lower limb, particularly the knee, which m a y help prevent ligament injuries or in 

recovery of knee injuries. 

The increased EC of running on sand can be attributed in part to the increased 

E M G activation, particularly during stance, that is associated with greater hip and knee 

range of motion compared with firm surface running. Furthermore, as the time of 

support was found to be greater when running on sand at the slower running speed (8 

kmh"1) and was accompanied by a greater E M G activation compared with running on a 
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firm surface also assists in explaining the greater E C of running on sand. At the faster 

running speed (11 km-h"1), an increased cadence associated with a higher level of E M G 

activation when running on sand compared with a firm surface, also further explains the 

increased E C of running on sand. 

Conclusions 

Based on the results of Studies 3 to 6 the following general conclusions are 

made regarding the physiological and biomechanical aspects of running on grass (a firm 

surface) compared with soft, dry, sand: 

(a) The energy cost of running on sand, barefoot and in-shoes, is approximately 1.5 

times greater than the energy cost of running on a firm surface at the same speed 

in non-habituated sand runners. 

(b) The energy cost of running on sand, barefoot and in-shoes, in well-trained 

habituated sand runners (Iron men) is approximately 1.4 times greater than the 

energy cost of running on a firm surface. Performing running training on sand 

might positively influence running economy on a firm surface and also induce 

specific training adaptations that improve running economy on a sand surface. 

(c) N o differences exist in the energy cost and kinematic or electromyographic 

responses between barefoot or shod running on sand, in previously 

inexperienced sand runners. However, effect size comparisons of E C data 

produced by surf Iron men suggests that performing running training on sand 

could induce specific physiological and biomechanical training adaptations 

depending upon whether the training is performed barefoot or in shoes. 

(d) Running on sand produces alterations in running gait that results in an increased 

range of hip and knee motion that is consistent with firm surface running values 

at faster running speeds. Ankle plantar flexion is increased and the parameters of 

foot pronation are reduced during the stance phase of nmning on sand, when 

compared with firm surface values. 

(e) The increased energy cost of running on sand can be attributed in part to the 

increased E M G activation associated with greater hip and knee range of motion, 

an increased support time at slower running speeds and to an increased cadence 

at faster running speeds, compared with firm surface running. 
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Practical application of these findings 

The results of these studies indicate that performing running training on soft, 

dry, sand would provide a low impact but high E C training stimulus. As the E C of 

running on soft, dry, sand is between 1.4 to 1.6 times the E C of running on a firm 

surface, the time spent in performing aerobic running training could be proportionately 

reduced. This could permit athletes and coaches to devote more time to technique and 

skill development, whilst maintaining a high level of aerobic conditioning, if 

incorporating sand running in normal firm surface training regimes. As the E C of 

running on sand is higher at slow running speeds, compared with that when running on 

a firm surface, performing slow speed sand running would provide a high E C training 

stimulus and possibly at the same time, permit recovery from high intensity training 

sessions performed on a firm surface. Therefore, incorporating sand running into firm 

surface training regimes might reduce the frequency of injuries associated with repeated 

high impact training stresses. 

Also, running on soft sand at relatively slow speeds (8-11 km-h'1) appears to 

mimic running technique commonly associated with faster running speeds on firm 

surfaces. Therefore, performing soft sand running training might assist in the 

entrainment of running technique at faster speeds on a firm surface, with reduced 

impact stress. 

As soft sand running produces a higher level of muscle activity, this mode of 

exercise might also be effective in increasing the strength of muscles that cross the 

knee, in particular. The apparent increase in muscle activation whilst running on soft 

sand and the increased levels of muscle co-contraction that occur across the knee and 

ankle joint suggest that running on soft sand might assist in proprioceptive enhancement 

and in the development of effective stabilization strategies. Furthermore, it has been 

shown that running on soft sand reduces the parameters commonly associated with 

excessive foot pronation during the stance phase of running. These implications suggest 

that performing soft sand running might reduce the incidence of injuries in runners and 

enhance rehabilitation from injury. 

Recommendations for further study 

A n analysis of the kinetics of running on soft, dry, sand compared with a firm 

surface is currently underway in this laboratory. 
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The results of Studies 3 - 6 provide evidence that incorporating sand running 

into traditional firm ground training regimes might enhance athletic performance. It is 

therefore recommended that a well-controlled training study be undertaken to assess the 

performance benefits associated with sand running. Evidence from Study 6 

demonstrates that when running on sand, the level of muscle activation is significantly 

elevated above values evoked when running on a firm surface. Also, evidence from 

studies conducted by Zamparo et al. (1992) and Lejeune et al. (1998) demonstrates that 

walking on sand increases E C by between 2.0 to 2.7 times firm surface values. This 

increased E C ratio would be dependent upon a significantly greater level of muscle 

activation that would be associated with higher levels of neural output and control 

mechanisms. This evidence then suggests that conducting walking programmes on sand 

might increase muscular strength and provoke a higher degree of proprioceptive 

training above values expected to be gained from walking on firm surfaces alone. 

Therefore, conducting walking training programmes on sand might prove to be a novel 

intervention in reducing cardiovascular risk factors and in also reducing the risk of falls 

in older populations. The implications that conducting walking exercise programmes on 

sand might have for aspects of health promotion and health risk reduction have not as 

yet been examined. This would also be a worthy area for future investigation. 
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Appendix A 

Appendix A contains the Form of Disclosure and Informed Consent 

forms and the subject Consent forms used in the experimental studies 

in this thesis. 

282 



283 

Form of Disclosure and Informed Consent 

The Physiological and Biomechanical aspects of Grass Running 

compared to Sand Running. 

The purpose of this study is to investigate the physiological and biomechanical differences 
that exist between running and training on grass compared to sand. 

Procedures: 

Study!. The energy cost of running on grass compared to soft dry sand. 

All participants in Study 1 will be measured for height, weight and body composition. 
Participants will undertake eight (8) run trials of approximately ten minutes duration. One trial 
will be conducted in the Exercise Physiology Laboratory (Dept of Human Movement and 
Exercise Science, U W A ) on a motor driven treadmill, performed at maximal intensity. Three 

submaximal running trials (8, 11 and 14 km-h"1) will be performed on the Department of 

Human Movement and Exercise Science Oval. Four running trials (8 and 11 km-h"1) will be 
conducted on soft dry sand at City Beach, Perth W A (in bare feet and in running shoes). All 
running trials will be conducted on separate occasions. 

During these running sessions, measurements of submaximal oxygen uptake and heart rate 
will be recorded using the Cosmed K 4 b2 portable expired gas analyser. Prior to and 
immediately concluding each running trial, a finger-tip micro-sample of blood will be taken for 
the determination of blood lactate levels. 

The risks associated with this study are minimal. Micro-samples of blood are performed 
routinely in this type of research without any history of undesirable incidents. 

Study 2. The kinematic, kinetic and electromyographic differences of running on a firm 
surface compared to soft dry sand. 

Participating subjects (males) in Study 2, will initially be measured for height, weight and 
proportionality. Subjects will also perform a maximal intensity treadmill run for the 
determination of maximal oxygen uptake. For the kinematic and kinetic analysis of the 
differences between running on a firm surface and on sand, subjects will firstly report to the 
biomechanics laboratory for the assessment of maximal isometric force generated by a number 
of muscles that cross the hip, knee and ankle. Following this data collection the subject will 

perform a number of running trials at 8 and 11 km-h"1 conducted on a firm surface and an 
artificial track containing soft dry sand to contact a force plate. Prior to each running session, 

subjects will be landmarked using reflective markers to identify segments and joint centres of 
the lower limb, for digitizing purposes. E M G surface electrodes will also be fixed on the skin 
over specific sites of ten muscles of the lower limb. During the running trials it will be 
necessary that subjects wear swimming briefs so that the reflective markers can be easily 

identified. Subjects will then run across a force platform at two different speeds (8 and 11 

km-h"1) over a firm or sand surface whilst being filmed using high-speed cameras. Running 

trials will be conducted bare foot and in shoes at the two experimental running speeds (8 and 11 

km-h"1). The sand running trials will be conducted over a sand track 7 metres long, 60cm wide 

and 12cm deep. 
There are minimal risks associated with this study. 
The running trials will be conducted in the Department of Human Movement, Biomechanics 

Laboratory. 
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CONSENT FORM 

THE ENERGY COST OF GRASS VERSUS SAND RUNNING 

I, the undersigned (print your name) . do freely and voluntarily give 

consent to be a subject in a study conducted by Hugh Pinnington and Dr Brian Dawson to investigate the 
energy cost of grass versus sand running. 

I declare that the purposes of this study have been fully explained to me and that I understand them. I 
realise that I will be required to attend testing sessions on eight separate occasions. One of these sessions 
will be conducted in the Exercise Physiology Laboratory in the Department of H u m a n Movement and 

Exercise Science at the University of Western Australia and involve a maximal intensity running trial 
conducted on a motor-driven treadmill. Three sessions will be conducted on The Department of H u m a n 

Movement Oval ( U W A ) and involve running trials performed at submaximal intensities (8, 11 and 14 

km/hr). The four other running trials will be conducted on City Beach, Perth and require subjects to run at 
8 and 11 km/hr performed in barefeet and in running shoes. All running trials will be performed on 
separate occasions. I a m also aware that during the testing sessions, oxygen uptake and heart rate will be 

recorded during maximal and submaximal running trials. Prior to and at the conclusion of each 10 minute 
running trial a finger-tip micro-sample of blood will be taken for determination of blood lactate levels. 

I understand the risks associated with this study are minimal but include: 

• those of exercising at submaximal intensities ; 

• those of undergoing micro blood sampling . 

I understand that these tests are routinely performed in this type of research and that I will not be exposed 
to any physical, psychological, or personal risks as a result of participation. 

Whilst I hereby indicate my willingness to act as a subject in this study, I understand that I have the right 
to withdraw m y consent at any time and to discontinue m y participation in this study generally or in any 

specific aspect of it. I have read and understood the Subject Testing Information Sheet and any questions I 
have asked have been answered to m y satisfaction. Should I have any further questions concerning this 
project they can be directed to Hugh Pinnington (Tel: 93821302) or Dr Brian Dawson (Tel: 93802276). 

Finally, I declare that any research data obtained from the results of the tests to be conducted can be 

published in scientific papers, provided that m y name is not used. 

The Committee for Human Rights at the University of Western Australia has given ethics approval for the 

conduct of this project. If you have any concerns you can contact the Secretary of the Committee for 
H u m a n Rights, Registrar's Department, University of Western Australia, Nedlands, W A , 6907 (telephone 

number 93803703). All study participants will be provided with a copy of the Information Sheet and 

Consent Form for their personal records. 

Participants who withdraw from the study and are an employee or student at the University of Western 
Australia ( U W A ) will not prejudice their status and rights as an employee or student of U W A . 

If in the remote chance you become ill or injured as a consequence of participating in this study you will 

be provided with treatment and /or reimbursement for associated medical expenses. This does not 

preclude any rights you might have under West Australian law. 

(Signature of participant) (Date) (Signature of investigator) (Date) 
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CONSENT FORM 

A KINEMATIC. KINETIC AND ELECTROMYOGRAPHIC ANALYSIS OF DIFFERENCES 
BETWEEN RUNNING ON A FIRM SURFACE AND SOFT DRY SAND. 

I, the undersigned (print your name) do freely and voluntarily give 

consent to be a subject in a study conducted by Hugh Pinnington, Dr David Lloyd and Dr Brian Dawson 
to investigate the Kinematic and Kinetic differences between running on a firm surface and soft dry sand. 

I declare that the purposes of this study have been fully explained to me and that I understand them. I 

realise that I will be required to attend two testing sessions on separate occasions. The testing sessions 
will be conducted in The Department of H u m a n Movement and Exercise Science, Physiology and 

Biomechanics Laboratories at the University of Western Australia. I a m aware that during the first testing 
session, I will be measured for anthropometric variables that include skinfolds, height, weight, leg length 

and foot length. I will also be required to run on a motor driven treadmill for the assessment of maximal 
oxygen consumption. I a m also aware that during the second session of testing I will be required to run a 
short distance (15m) a number of times whilst being filmed for data analysis in the biomechanics 
laboratory. These running trials will be conducted in bare feet and in shoes whilst running on a firm 

surface and on an artificial soft sand track whilst contacting a force plate for the measurement of 
kinematic data. I further understand that it will be necessary for m e to wear swimming attire during all 
testing sessions to facilitate imaging of data. 

I understand there are no foreseen risks associated with this study. 

I understand that these tests are routinely performed in this type of research and that I will not be exposed 
to any physical, psychological, or personal risks as a result of participation. 

Whilst I hereby indicate my willingness to act as a subject in this study, I understand that I have the right 
to withdraw m y consent at any time and to discontinue m y participation in this study generally or in any 
specific aspect of it. I have read and understood the Subject Testing Information Sheet and any questions I 
have asked have been answered to m y satisfaction. Should I have any further questions concerning this 
project they can be directed to Hugh Pinnington (Tel: 92733340) or Dr David Lloyd (Tel: 93802360). 

Finally, I declare that any research data obtained from the results of the tests to be conducted can be 

published in scientific papers, provided that m y name is not used. 

The Committee for Human Rights at the University of Western Australia has given ethics approval for the 
conduct of this project. If you have any concerns, you can contact the Secretary of the Committee for 
H u m a n Rights, Registrar's Department, University of Western Australia, Nedlands, W A , 6907 (telephone 
number 9380-3703). All study participants will be provided with a copy of the Information Sheet and 

Consent Form for their personal records. 

Participants who withdraw from the study and are an employee or student at the University of Western 

Australia ( U W A ) will not prejudice their status and rights as an employee or student of U W A . 

If in the remote chance you become ill or injured as a consequence of participating in this study you will 

be provided with treatment and / or reimbursed for associated medical expenses. This does not preclude 

any rights you might have under West Australian law. 

(Signature of participant) (Date) (Signature of investigator) (Date) 
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Appendix B 

Appendix B contains abstracts from conference presentations of data 

presented from this thesis and other studies during the course of this 

Doctoral candidature. 
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Oral presentation 

Fifth IOC World Congress. Sydney, Australia, 31st O C T - 5th Nov 1999. 

Abstract 

T h e energy cost of running on grass compared to soft dry sand 

H. C. Pinnington* and B. Dawson 

Department of Human Movement and Exercise Science. The University of Western Australia, 

Nedlands. Australia. 

Athletes have long used sand running as a training mode, but the energy cost (EC) of soft sand 

running compared to grass running is undocumented. This study compared E C of running on 

grass and soft dry beach sand using a portable gas analysis system. Seven male (mean V 0 2 max 

59.8 ml-02-kg"
1-min"1) and 5 female (mean V 0 2 max 54.4 ml-02-kg"

1-min"1) recreational runners 

performed 3 steady state running trials on grass in shoes at 8, 11 and 14 km-h"1 and 2 steady 

state sand runs at 8 km-h"1, one barefoot and one in shoes. Sand runs approximating 11 km-h"1 

were also attempted barefoot and in shoes. Net E C was determined from steady state V 0 2 , 

V C 0 2 , R E R and net lactate accumulation (Anaerobic EC). Dependent variables were Net 0 2 

E C (ml-02-kg"
1-min"1), Net anaerobic E C (J-kg"1-min"1) and Total net E C (net aerobic + net 

anaerobic EC) (J-kg"1-min"1). A N O V A and Scheffe Post Hoc Tests determined if significant 

differences (P<0.05) existed between treatments (grass running, running on sand barefoot and in 

shoes) at a running speed of 8 km-h"1 (133.33 m-min"1). N o differences (P>0.05) existed 

between the E C of sand running trials (8 km-h"1) barefoot or in shoes for all dependent 

variables. E C of running on sand barefoot and in shoes were significantly greater than running 

on grass for Net 0 2 E C (P<0.0001) net anaerobic E C (PO.05) and Total net E C (P<0.0001). As 

ratios of sand to grass running E C (EC coefficients), these differences revealed values of 1.5 

and 1.5 for Net 0 2 EC, 7.8 and 7.2 for Net anaerobic E C and 1.8 and 1.8 for Total net E C for 

sand running barefoot and in shoes respectively. Linear regression analysis of all running trials 

(grass and sand, n = 79) produced the following E C predictions. Grass: Net 0 2 E C (J-kg"
1-min"1), 

y = -29.1 + 5.16 run speed in m-min"1 (x). Total net EC, y = -382.83 + 8.06x; Sand in barefeet 

Net 0 2 EC, y = 419.1 + 4.36x; Total net EC, y = 193.5 + 8.0x; Sand running in shoes; Net 0 2 

EC. y = 275.5 + 5.36x; Total net EC, y = -321 + 11.6x. Predicted E C coefficients at 12 km-h"1 

were 1.3 and 1.3 for Net 0 2 EC, 2.2 and 2.9 for Net anaerobic E C and 1.5 and 1.6 for Total net 

E C for sand running barefoot and in shoes respectively. Coefficients for sand running in shoes 

were higher (<0.05) than barefoot values at speeds greater than 8 km-h"1 due principally to 

differences in anaerobic EC. The results demonstrate the magnitude of increased E C running on 

sand compared to grass particularly at slower running velocities. Sand running may provide a 

low impact, but high energy cost training stimulus. 
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Oral presentation 

2000 Pre-Olympic Congress: International Congress on Sport Science, 

Sports Medicine and Physical Education. Brisbane, Australia 7th - 12th 

SEPT. 2000. 

Abstract 

Energy cost and running economy of Australian surf iron m e n and trained male 

runners, running on soft dry beach sand and grass. 

H. Pinnington* and B. Dawson 

Department of Human Movement and Exercise Science, The University of Western Australia. 

To compare the energy cost (EC) and running economy of habitual and non-habituated sand 

surface runners, five elite Western Australian iron men (mean V 0 2 max 62.8 ml-kg"
1-min"1) 

performed steady state running trials on grass (in shoes) at 8, 11 and 14 km-h"1 and on sand at 8 

and 11 km-h"1 (barefoot and in shoes) for the measurement of V 0 2 and V C 0 2 using a portable 

gas analysis system (Cosmed K 4 b2). Net aerobic E C (J-kg"1-min"1) was determined from net 

steady state V 0 2 and R E R and net anaerobic E C from lactate accumulation. Data from seven 

trained male "non-sand" runners (mean V 0 2 max 56.9 ml-kg"
1-min"1) who performed similar 

running trials on grass and sand (Pinnington and Dawson, 1999) were used for the running 

economy comparisons. For the 8 and 11 km-h"1 iron man running trials the sand barefoot and 

sand in shoes results for net aerobic E C and total (aerobic and anaerobic) net E C were 

significantly greater (PO.001) than the grass running values. N o differences existed between 

the sand barefoot and sand in shoes trials. Also, there were no differences between the three 

surface condition values for net anaerobic E C for either the 8 or 11 km-h"1 running speeds. 

Running economy (J-kg'^m1) comparisons in net aerobic E C for the iron men and "non-sand" 

runners revealed slightly lower values (NS) in the iron men for all three surface conditions, but 

iron man values for net anaerobic E C running on grass, sand barefoot and sand in shoes were 

significantly less (PO.05) than the "non-sand" runners' values. Respective values for total net 

E C for the iron men and recreational runners were; Grass 4.93 ± 0.6, 5.44 ± 1.0, (NS); Sand 

barefoot 6.61 + 0.8, 8.75 ± 1.4 (PO.001); Sand in shoes 6.82 ± 0.7, 8.62 ± 1.4 (PO.001). These 

results indicate that habitual sand running specifically improves running economy on sand. The 

lower lactate accumulation in the iron men when running on grass and sand suggests sand 

running training may reduce lactate production and/or improve lactate resynthesis, reducing 

fatigue when running on firm or soft surfaces. 

Reference: Pinnington and Dawson (1999) Fifth IOC World Congress of Sports Sciences, Book 

of Abstracts, p. 41 
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Oral presentation 

2001: A Sports Medicine Odyssey- Challenges, Controversies and Change. 

Australian Conference of Science and Medicine in Sport. 23 - 27 OCT. 

2001. Perth, Western Australia. 

Abstract 

M i n i m u m Aerobic Fitness Standards for Western Australian Firefighters 

B. Dawson*, N. Randall, K. Cowper and H. Pinnington 

Department of Human Movement and Exercise Science 

The University of Western Australia. 

The purpose of this study was to determine the oxygen consumption (V02) required to 

complete the most strenuous tasks commonly undertaken by firefighters, and use this 

information to propose a reasonable minimum standard for V 0 2 max for new recruits. After 

observation and video analysis of fire and rescue operations and a survey of 112 active 

firefighters, the most strenuous tasks were determined to be: a) "dragging a charged hose 

through sand" (simulating a bush fire situation) and b) the "initial layout preparation" 

(simulating a property fire situation). These tasks were then simulated at a firefighting training 

ground, and performed twice (a week apart) by 8 firefighters (7 male, 1 female), during which 

direct measures of V 0 2 (Cosmed K 4 b
2), heart rate and blood lactate were made. O n another 

day they also performed a 20 metre multi stage shuttle run test to estimate their V 0 2 max- The 

"sand drag" test required an average V 0 2 of 38 ml-kg"
1-min"1 (81% V 0 2 max) and the "initial 

layout" 34 ml-kg^-min"1 (72% V 0 2 maX). Average heart rates for both simulated tasks 

approximated 9 0 % of maximum and mean blood lactate values were 7-8 mmolT1. Based on 

these results, (+20% to incorporate a reserve capacity), a minimum V 0 2 max value of 45 ml-kg" 

^min"1 was recommended for new recruits. 
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Oral presentation 

2001: A Sports Medicine Odyssey- Challenges, Controversies and Change. 

Australian Conference of Science and Medicine in Sport. 23 - 27 OCT. 

2001. Perth, Western Australia. 

Abstract 

Accuracy and reliability of a Cosmed K 4 b 2 portable gas analysis system. 

R. Duffield*, B. Dawson, H. Pinnington and P. W o n g 

Exercise Physiology Laboratory, Department of Human Movement and Exercise Science. 

University of Western Australia. 

The purpose of this study was to assess the validity and reliability of a Cosmed K4b2 portable 

telemetric gas analysis system. Twelve, physically fit male subjects performed a testing session 

consisting of an easy 10 minute run, a hard 3 min run and a 1 min sprint on a motorised 

treadmill, with rest periods of 10 min separating each run, on four occasions. Sessions were 

identical with the exception of the apparatus used to measure V 0 2 . During two testing (test-

retest) sessions the Cosmed K4b2 portable gas analysis system was used; in another, a 

laboratory Metabolic cart was used and in one session, both systems were used to measure V 0 2 

simultaneously. The results indicated that during the simultaneous measurement, due to 

unknown reasons, Cosmed K4b2 values for V 0 2 and V C 0 2 were excessively increased (13% 

and 12%) in comparison to Cosmed K4b2 measures in isolation. Comparison of Cosmed K4b2 

and Metabolic cart measurements in isolation revealed significantly (PO.05) increased 

measures of V 0 2 , V 0 2 , F E C 0 2 (except F E C 0 2 at 10 min) and lower measurement of F E 0 2 for 

each test duration by the Cosmed system. N o significant differences (P>0.05) were seen 

between Cosmed and metabolic cart measures for V E for any exercise duration. Comparison of 

the test-retest Cosmed measurements revealed that the K4b2 system showed good repeatability 

of measurement for measures of VE, V 0 2 , V C 0 2 , F E 0 2 and F E C 0 2 (ICC = 0.6-0.9). In 

conclusion, a Cosmed K4b2 portable gas analysis system showed a systematic error of inflated 

measurement for both V 0 2 and V C 0 2 , however, satisfactory reliability of the system was 

exhibited. 
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Appendix C 

Appendix C contains data from Chapter 4 
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Limits of agreement data for FEC>2 

Tissot tank 

F E 0 2 

16.86 

17.09 

16.87 

17.03 

16.95 

16.04 

16.62 

16.57 

16.59 

16.80 

15.73 

16.30 

15.79 

16.66 

16.79 

16.48 

16.62 

15.98 

16.65 

16.84 

Cosmed K 4 b 

F E 0 2 

16.64 

16.83 

16.66 

16.74 

16.69 

15.69 

16.32 

16.49 

16.29 

16.57 

15.46 

16.03 

15.44 

16.36 

16.47 

16.28 

16.48 

15.97 

16.23 

16.48 

Mean of the two Difference 

16.75 

16.96 

16.76 

16.88 

16.82 

15.87 

16.47 

16.53 

16.44 

16.68 

15.59 

16.17 

15.46 

16.51 

16.63 

16.38 

16.55 

15.97 

16.44 

16.66 

0.22 

0.26 

0.21 

0.29 

0.26 

0.35 

0.31 

0.09 

0.30 

0.23 

0.27 

0.27 

0.35 

0.30 

0.32 

0.20 

0.14 

0.01 

0.42 

0.36 
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Limits of agreement data for FECC>2 

Tissot tank 

F E C 0 2 

4.14 

3.78 

3.96 

3.83 

3.64 

4.55 

4.02 

4.12 

4.17 

4.00 

4.70 

4.52 

4.77 

3.98 

4.35 

4.47 

4.33 

4.32 

4.04 

4.12 

Cosmed K 4 b 

F E C 0 2 

4.04 

3.69 

3.90 

3.76 

3.50 

4.57 

3.99 

3.99 

3.97 

3.92 

4.73 

4.53 

4.44 

3.84 

4.11 

4.37 

4.09 

3.98 

4.00 

3.72 

Mean of the two Difference 

4.09 

3.74 

3.93 

3.79 

3.57 

4.56 

4.01 

4.06 

4.07 

3.96 

4.72 

4.524 

4.603 

3.908 

4.23 

4.42 

4.21 

4.15 

4.02 

3.92 

0.10 

0.10 

0.06 

0.07 

0.14 

-0.02 

0.03 

0.13 

0.20 

0.08 

-0.03 

-0.01 

0.33 

0.14 

0.24 

0.10 

0.24 

0.34 

0.04 

0.40 
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Limits of agreement V E STPD comparisons between metabolic cart and Cosmed K4 

b measures. 

Subject 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Run speed 

km-h'1 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

Metabolic cart 

V E STPD 

(l-min1) 

43.9 

48.7 

37.9 

49.3 

52.1 

42.3 

46.4 

58.1 

54.1 

45.3 

66.6 

69.3 

58.4 

66.9 

73.7 

65.1 

62.8 

87.6 

86.3 

63.0 

90.9 

104.1 

80.4 

81.1 

107.9 

92.3 

82.2 

116.8 

119.1 

90.0 

Cosmed K 4 b2 

V E STPD 

(l-min1) 

45.0 

53.9 

39.6 

49.5 

60.4 

48.3 

46.4 

61.6 

55.0 

53.5 

68.3 

77.6 

60.8 

71.4 

82.8 

76.9 

63.2 

88.2 

84.0 

66.7 

92.0 

115.0 

82.4 

84.7 

112.4 

107.4 

83.2 

114.7 

118.0 

90.0 

M e a n of the two 

44.45 

51.3 

38.75 

49.40 

56.25 

45.3 

47.35 

59.85 

54.55 

49.4 

67.45 

73.45 

59.6 

69.15 

78.25 

71.0 

63.0 

87.9 

85.15 

64.85 

91.45 

109.55 

81.4 

82.9 

110.15 

99.85 

82.7 

115.75 

118.55 

90.0 

Difference 

-1.1 

-5.2 

-1.7 

-0.2 

-8.3 

-6.0 

-1.9 

-3.5 

-0.9 

-8.2 

-1.7 

-8.3 

-2.4 

-4.5 

-9.1 

-11.8 

-0.4 

-0.6 

2.3 

-3.7 

-1.1 

-10.9 

-2.0 

-3.6 

-4.5 

-15.1 

-1.0 

2.1 

1.1 

0.0 
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Appendix D 

Appendix D contains the physiological, running economy and energy 

cost data presented in the studies contained in Chapters 5 and 6 of this 

thesis. 
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Data sheet: Sand running studies 

Subject Name: C M male 

Subject Weight: 

Variable 

72.7 kg 72.1kg 

8km/h llkm/h 

grass grass 

73.3 kg 73.3 kg 

14km/h 8km/h 

grass sand 

72.1 kg 

llkm/h 

sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 m-s1) (3.89 ms'1) (2.22 m-s1) (3.05 m-s'1) (2.22 m-s"1) (3.05 m-s"1) 

72.5 kg 73.3 kg 

llkm/h 8km/h 

sand sand 

V E (STPD) (l-min
1) 44.1 

F E 0 2 15.30 

F E C 0 2 5.16 

V 0 2 (l-min
1) 2.548 

V 0 2 ml-kg
1-min'1 35.05 

V C 0 2 (l-min
1) 2.262 

HRbpm 141 

V02/HR 18.1 

MET value 9.7 

RER 0.89 

Resting La 1.2 

(mmol-r1) 
(Analox) 

Post exercise La 1.4 
(Analox) 

Net La (mmol-r1) 0.2 

(ml-02-kg"
1-min"1) 0.6 

Run velocity 134.34 

(m-min"1) 
Run time (min) 10.41 

Net aerobic E C 

(ml-kg-1-min"1) 

(J-kgW1) 

Net Anaerobic E C 

1 -K (J-kg'-m1) 

Total net E C 

(J-kg^m1) 

RPE 

31.45 

4.81 

0.009 

4.82 

6 

58.8 

15.51 

5.13 

3.246 

45.02 

2.999 

153 

21.2 

12.5 

0.92 

0.8 

1.3 

0.5 

1.5 

187.99 

10.64 

41.42 

4.56 

89.4 

16.42 

4.60 

4.032 

55.01 

4.086 

175 

23.0 

15.3 

1.01 

1.0 

3.4 

2.4 

7.2 

64.8 

15.40 

5.20 

3.655 

49.86 

3.350 

162 

22.6 

13.9 

0.92 

1.0 

2.0 

1.0 

3.0 

235.17 135.84 

10.21 10.31 

51.41 46.26 

4.62 7.05 

0.016 0.063 0.045 

120.1 

17.28 

4.23 

4.227 

58.30 

5.044 

188 

22.05 

16.2 

1.19 

1.3 

6.5 

5.2 

15.6 

69.1 

15.69 

5.00 

3.681 

50.22 

3.434 

162 

22.7 

13.9 

0.93 

0.8 

1.4 

0.6 

1.8 

189.27 136.24 

10.57 10.28 

54.70 46.62 

6.10 7.11 

131.1 

17.39 

3.90 

4.547 

63.07 

5.074 

186 

24.4 

17.5 

1.12 

0.8 

7.9 

7.1 

21.3 

187.55 

10.66 

59.47 

6.70 

0.164 0.027 0.225 

4.58 4.68 7.10 

12 

6.26 7.14 

14 

6.93 

16-17 
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Data sheet: Sand running studies 

Subject Name N W male 

Subject Weight: 97.5 kg 96.5 kg 95.1kg 97.5 kg 95.0 kg 98.8 kg 95.0 kg 

Variable 8km/h llkm/h 14km/h 8km/h llkm/h 8km/h llkm/h 

grass grass grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s'1) (3.05 m-s'1) (3.89 m-s-1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

V E (STPD) (l-min"
1) 69.9 

F E 0 2 15.81 

F E C 0 2 4.56 

V 0 2 (l-min"
1) 3.703 

V 0 2 ml-kg"
1-min"1 37.98 

V C 0 2 (l-min
1) 3.166 

HRbpm 179 

V0 2/HR 20.7 

M E T value 10.6 

RER 0.86 

Resting La 0.6 

(mmol-11) 
(Analox) 

Post exercise La 2.4 
(Analox) 

Net La (mmol-1"1) 1.8 

(ml-Oz-kg^mm1) 5.4 

Run velocity 137.89 

(m-min1) 
Run time (min) 10.153 

Net aerobic EC 

(ml-kg"1-min"1) 34.38 

(J-kg'-m"1) 5.09 

Net Anaerobic E C 

(J-kg'-m"1) 0.08 

Total net E C 

(J-kg'-m"1) 5.17 

RPE 9 

15.5 

16.53 

4.63 

5.039 

52.22 

5.313 

199 

25.3 

14.5 

1.05 

0.8 

113.5 

16.61 

4.55 

4.861 

51.06 

5.130 

195 

24.9 

14.2 

1.06 

0.4 

92.8 

16.65 

4.12 

4.033 

41.36 

3.796 

195 

20.7 

11.5 

0.94 

0.8 

6.5 7.2 7.5 

5.7 6.8 6.7 

17.1 20.4 20.1 

190.83 194.42 129.61 

10.484 12.34 10.80 

48.62 47.46 37.76 

5.38 5.16 6.07 

0.18 0.18 0.30 

5.56 5.34 6.37 

18 19 18 

17.5 

16.94 

4.23 

4.641 

48.85 

4.935 

193 

24.0 

13.6 

1.06 

1.1 

101.4 

16.50 

4.71 

4.441 

44.95 

4.746 

194 

22.9 

12.5 

1.07 

1.0 

109.1 

16.81 

4.51 

4.408 

46.40 

4.886 

191 

23.1 

12.9 

1.11 

1.1 

7.6 6.2 5.6 

6.5 5.2 4.5 

19.5 15.6 13.5 

147.71 134.31 147.14 

13.54 10.42 13.59 

45.25 41.35 42.8 

6.47 6.50 6.14 

0.206 0.235 0.14 

6.68 6.74 6.28 

17 18 18-19 
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Data sheet: Sand running studies 

Subject Name R G male 

Subject Weight: 

Variable 

V E (STPD) (l-min" ) 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmoM"1) 

(ml-Orkg^-min"1) 

Run velocity 

(m-min1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg-'-m1) 

Net Anaerobic E C 

(J-kg-'-m"1) 

Total net E C 
(jV-rn1) 

RPE 

70.2 kg 

8km/h 

grass 

(2.22 m-s"' 

36.1 

15.36 

5.69 

2.008 

28.60 

2.043 

122 

16.5 

7.9 

1.02 

1.7 

1.3 

0.0 

0.0 

131.80 

10.62 

25.00 

4.01 

1 

0.0 

4.01 

6-7 

70.0 kg 

llkm/h 

grass 

70.0 kg 

14km/h 

grass 

70.2 kg 

8km/h 

sand 

barefeet 

) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s1; 

56.2 

15.66 

5.10 

3.000 

42.86 

2.849 

146 

20.5 

11.9 

0.95 

2.0 

2.7 

0.7 

2.1 

188.89 

10.59 

39.26 

4.34 

0.02 

4.36 

9 

96.2 

16.72 

4.58 

3.978 

56.67 

4.377 

176 

22.6 

15.7 

1.10 

1.7 

8.6 

6.9 

20.7 

229.50 

10.46 

53.07 

4.88 

0.18 

5.06 

14 

76.6 

16.42 

4.57 

3.461 

49.30 

3.478 

167 

20.7 

13.7 

1.00 

1.8 

6.1 

4.3 

12.9 

134.30 

10.42 

45.70 

7.19 

0.19 

7.38 

11 

70.0 kg 

llkm/h 

sand 

barefeet 

70.2 kg 

8km/h 

sand 

in shoes 

70 kg 

llkm/h 

sand 

in shoes 

) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

94.5 

17.15 

4.04 

3.529 

50.41 

3.789 

173 

20.4 

14.0 

1.07 

2.0 

11.0 

9.0 

27.0 

169.76 

11.78 

46.81 

5.82 

0.285 

6.11 

17 

46.9 

15.73 

5.14 

2.457 

35.00 

2.397 

148 

16.6 

9.7 

0.98 

1.3 

2.3 

1.0 

3.0 

134.46 

10.41 

31.40 

4.91 

0.045 

4.96 

9 

91.1 

17.18 

3.94 

3.392 

48.46 

3.562 

171 

19.8 

13.5 

1.05 

2.0 

10.3 

8.3 

24.9 

171.14 

11.69 

44.86 

5.54 

0.26 

5.80 

15 
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Data sheet: Sand running studies 

Subject Name T B male 

Subject Weight: 

Variable 

V E (STPD) (l-min"
1) 

F E0 2 

F E C0 2 

V 0 2 (l-min"
1) 

VOaml-kg^mm1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-1"1) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 

(ml-Qrkg'-min1) 

Run velocity 

(m-min1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg^-m1) 

Net Anaerobic E C 

(J-kg-1-™1) 

Total net E C 

(J-kg^-m"1) 

RPE 

75.6 kg 

8km/h 

grass 

(2.22 m-s"1; 

40.0 

15.47 

4.60 

2.285 

30.22 

1.828 

147 

15.54 

8.4 

0.80 

0.7 

0.8 

0.1 

0.3 

133.22 

10.51 

26.62 

4.02 

0.005 

4.02 

7 

75.2 kg 

llkm/h 

grass 

75.8 kg 

14km/h 

grass 

76.0 kg 

8km/h 

sand 

barefeet 

75.8 kg 

llkm/h 8km/h 

sand sand 

barefeet in shoes 

) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 ms"1) (2.22 m-s" 

79.7 

16.49 

4.64 

3.515 

46.74 

3.674 

169 

20.8 

13.0 

1.04 

0.7 

2.3 

1.6 

4.8 

199.34 

10.03 

43.14 

4.57 

0.05 

4.62 

12-13 

95.1 

16.94 

4.26 

3.749 

49.46 

4.023 

182 

20.6 

13.7 

1.07 

0.9 

5.4 

4.5 

13.5 

225.71 

10.63 

45.86 

4.29 

0.12 

4.41 

16 

78.1 

16.65 

4.51 

3.313 

43.59 

3.499 

167 

19.8 

12.1 

1.06 

0.6 

3.0 

2.4 

7.2 

129.57 

10.80 

39.99 

6.52 

0.11 

6.63 

13 

111.3 

17.62 

3.65 

3.610 

47.62 

4.029 

185 

19.5 

13.2 

1.12 

0.6 

7.4 

6.8 

20.4 

158.03 

12.66 

44.03 

5.88 

0.22 

6.10 

18 

75.8 kg 

llkm/h 

sand 

in shoes 

') (3.05 m-s"1) 

119.3 

17.56 

3.69 

3.947 

52.07 

4.366 

187 

21.1 

14.46 

1.11 

1.4 

8.4 

7.0 

21.0 

158.92 

12.58 

48.47 

6.44 

0.22 

6.66 

18 
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Data sheet: Sand running studies 

Subject Name T B male 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-1"1) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 

(ml-Oz-kg'^min"1) 

Run velocity 

(m-min1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg^-m1) 

Net Anaerobic E C 

(J-kg-'-m1) 

Total net E C 
(J-kg^m"1) 

RPE 

8km/h 

grass 

(2.22 m-s" 

i 

llkm/h 

grass 

') (3.05 m-s" 

14km/h 

grass 

l) (3.89 ms" 

76.0 kg 

8km/h 

sand 

barefeet 

llkm/h 

sand 

barefeet 

') (2.22 m s 1 ) (3.05 m-s" 

70.8 

16.36 

4.74 

3.220 

42.37 

3.335 

165 

19.5 

11.8 

1.03 

1.3 

2.3 

1.0 

3.0 

133.30 

10.50 

38.77 

6.14 

0.045 

6.19 

13 

76.0 kg 

8km/h llkm/h 

sand sand 

in shoes in shoes 

') (2.22 m-s"1) (3.05 m-s"1) 

75.4 

16.35 

4.65 

3.457 

45.49 

3.483 

165 

20.9 

12.6 

1.01 

1.3 

3.8 

2.5 

7.5 

133.17 

10.51 

41.89 

6.64 

0.113 

6.75 

13 
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Data sheet: Sand running studies 

Subject Name D P male 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmoll1) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-11) 

(ml-Oz-kg^-min"1) 

Run velocity 

(m-min1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kgW1) 

Net Anaerobic E C 

(J-kg^-m"1) 

Total net E C 
(J-kĝ -m1) 

RPE 

77.8 kg 

8km/h 

grass 

77.7 kg 

llkm/h 

grass 

77.4 kg 

14km/h 

grass 

78.0 kg 

8km/h 

sand 

barefeet 

78.0 kg 

llkm/h 8km/h 

sand sand 

barefeet in shoes 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 ms" 

54.1 

15.42 

4.74 

3.104 

39.90 

2.548 

141 

22.0 

11.1 

0.82 

0.8 

1.0 

0.2 

0.6 

146.98 

9.525 

36.30 

4.99 

i 

0.009 

5.00 

7 

75.7 

16.27 

4.33 

3.612 

46.49 

3.255 

167 

21.6 

12.9 

0.90 

0.8 

2.5 

1.7 

5.1 

193.80 

10.32 

42.89 

4.56 

0.054 

4.61 

10-11 

119.4 

17.00 

3.69 

4.796 

61.96 

4.370 

185 

25.9 

17.2 

0.91 

0.5 

7.5 

7.0 

21.0 

229.38 

10.46 

58.36 

5.26 

0.18 

5.44 

15 

99.2 

16.67 

4.45 

4.199 

53.83 

4.385 

173 

24.3 

15.0 

1.04 

0.9 

8.0 

7.1 

21.3 

142.42 

9.83 

50.23 

7.45 

0.32 

7.77 

16 

140.8 

17.63 

3.64 

4.553 

58.37 

5.083 

182 

25.0 

16.2 

1.12 

1.3 

12.8 

11.5 

34.5 

161.16 

12.41 

54.77 

7.18 

0.36 

7.54 

18-19 

78.0 kg 

llkm/h 

sand 

in shoes 

') (3.05 m-s"1) 

139.0 

17.59 

3.76 

4.521 

57.96 

5.185 

181 

25.0 

16.1 

1.15 

1.2 

11.1 

9.9 

29.7 

158.99 

12.58 

54.36 

7.22 

0.31 

7.53 

18 
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Data sheet: Sand running studies 

Subject Name D P male 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V O z (l-min'1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-1"1) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 

(ml-Oz-kg^min1) 

Run velocity 

(m-min"1) 
Run time (min) 

Net aerobic E C 

(ml-kg'1-min"1) 

(J-kg'W1) 

Net Anaerobic E C 

(J-kg^-m1) 

Total net E C 
(j-kg'W1) 

RPE 

77.0 kg 

8km/h 

grass 

(2.22 m-s" 

51.4 

16.15 

4.74 

2.474 

32.13 

2.421 

119 

20.8 

8.9 

0.98 

1.0 

2.9 

1.9 

5.7 

134.66 

10.40 

28.53 

4.45 

1 

0.09 

4.54 

7 

llkm/h 

grass 

l) (3.05 m-s" 

14km/h 

grass 

') (3.89 m-s" 

78.0 kg 

8km/h 

sand 

barefeet 

llkm/h 

sand 

barefeet 

') (2.22 m-s"1) (3.05 m-s"1 

102.7 

16.62 

4.25 

4.467 

57.27 

4.334 

169 

26.4 

15.9 

0.97 

1.2 

5.9 

4.7 

14.1 

135.18 

10.36 

53.67 

8.33 

0.21 

8.54 

13-14 

77.0 kg 

8km/h llkm/h 

sand sand 

in shoes in shoes 

l) (2.22 ms"1) (3.05 m-s"1) 

86.1 

16.28 

4.74 

4.003 

51.99 

4.055 

158 

25.3 

14.4 

1.01 

1.0 

3.6 

2.6 

7.8 

133.97 

10.45 

48.39 

7.63 

0.12 

7.75 

12 
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Data sheet: Sand running studies 

Subject Name M A male 

Subject Weight: 76.7 kg 77.4 kg 80.0 kg 79.5 kg 80.0 kg 80.0 kg 79.5 kg 

Variable 8km/h llkm/h 14km/h 8km/h llkm/h 8km/h llkm/h 

grass grass grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s"1) (2.22 ms"1) (3.05 ms"1) (2.22 m-s"1) (3.05 ms"1) 

V E (STPD) (l-min"
1) 59.0 

F E 0 2 16.25 

F E C 0 2 4.04 

V 0 2 (l-min"
1) 2.875 

V 0 2 ml-kg"
1-min"1 37.48 

V C 0 2 (l-min
1) 2.366 

HRbpm 167 

V0 2/HR 17.2 

M E T value 10.4 

RER 0.82 

Resting La 0.5 

(mmol-11) 
(Analox) 

Post exercise La 0.8 
(Analox) 

Net La (mmol-11) 0.3 

(ml-Oz-kg-^min1) 0.9 

Run velocity 157.00 

(m-min1) 
Run time (min) 8.92 

Net aerobic EC 

(ml-kg^-min1) 33.88 

(J-kĝ -m"1) 4.36 

Net Anaerobic E C 

(J-kg'-m1) 0.01 

Total net E C 
(J-kg^m"1) 4.37 

RPE 8 

82.1 

16.71 

3.93 

3.547 

45.83 

3.202 

192 

18.5 

12.7 

0.90 

0.4 

124.2 

17.43 

3.94 

4.231 

52.89 

4.852 

199 

21.3 

14.7 

1.15 

0.9 

72.9 

16.41 

4.59 

3.299 

41.50 

3.324 

180 

18.3 

11.5 

1.01 

1.2 

1.9 5.6 1.3 

1.5 4.7 0.1 

4.5 14.1 0.3 

195.80 222.63 134.12 

10.21 10.78 10.44 

42.23 49.29 37.90 

4.45 4.68 5.97 

0.05 0.12 0.005 

4.50 4.80 5.97 

13 15 13 

125.1 86.7 132.4 

17.42 16.67 17.65 

3.82 4.52 3.65 

4.318 3.654 4.244 

53.98 45.68 53.39 

4.741 3.893 4.793 

201 185 198 

21.5 19.8 21.4 

15.0 12.7 14.8 

1.10 1.07 1.13 

0.6 0.9 1.0 

5.9 3.3 7.2 

5.3 2.4 5.9 

15.9 7.2 17.7 

166.55 139.68 154.01 

12.01 10.02 12.99 

50.38 42.08 49.78 

6.39 6.36 6.83 

0.17 0.11 0.19 

6.56 6.47 7.02 

17 13 17 
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Data sheet: Sand running studies 

Subject Name M G male 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-1"1) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 

(ml-02-kg"
1-min"1) 

Run velocity 

(m-min1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg'-m"1) 

Net Anaerobic E C 

(J-kg^m"1) 

Total net E C 
(J-kg-W1) 

RPE 

72.0 kg 

8km/h 

grass 

72.0 kg 

llkm/h 

grass 

69.0 kg 

14km/h 8km/h llkm/h 8km/h llkm/h 

grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 ms"1) 

46.4 

16.03 

4.18 

2.373 

32.96 

1.926 

122 

19.5 

9.2 

0.81 

0.8 

2.0 

1.2 
3.6 

133.96 

10.45 

29.36 

4.42 

t 

0.05 

4.47 

9 

68.8 

16.28 

4.24 

3.290 

45.69 

2.896 

152 

21.6 

12.7 

0.88 

0.8 

2.1 

1.3 
3.9 

183.4 

10.91 

42.09 

4.71 

0.04 

4.75 

12 

111.7 

17.77 

3.68 

3.402 

49.30 

4.077 

174 

19.6 

13.7 

1.20 

0.6 

8.9 

8.3 
24.9 

223.16 

10.75 

45.70 

4.33 

0.22 

4.55 

16 
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Data sheet: Sand running studies 

Subject Name M G male 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1 -min"1 

V C 0 2 (l-min
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 

(rm-Orkg^-mm"1) 

Run velocity 

(m-min"1) 
Run time (min) 

Net aerobic E C 

(ml-kg1-min"1) 

(J-kg'W1) 

Net Anaerobic EC 

(J-kg'W1) 

Total net EC 
(J-kg-W1) 

RPE 

69.8 kg 

8km/h llkm/h 14km/h 

grass grass grass 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s" 

51.9 

16.175 

4.36 

2.534 

36.30 

2.247 

132 

19.2 

10.1 

0.89 

0.6 

0.6 

0.0 

0.0 

147.65 

9.48 

32.70 

4.55 

i 

0.0 

4.55 

10 

69.8kg 

8km/h 

sand 

barefeet 

69.8 kg 

llkm/h 

sand 

barefeet 

69.8 kg 

8km/h 

sand 

in shoes 

69.8 kg 

llkm/h 

sand 

in shoes 

l) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s'1) 

75.9 

16.67 

4.16 

3.271 

46.86 

3.135 

159 

20.6 

13.0 

0.96 

0.6 

3.3 

2.7 

8.1 

136.33 

10.27 

43.26 

6.64 

0.12 

6.76 

15 

115.9 

17.86 

3.44 

3.472 

49.74 

3.952 

170 

20.4 

13.8 

1.14 

1.2 

9.6 

8.4 

25.2 

160.89 

12.43 

46.14 

6.06 

0.27 

6.33 

19 

90.9 

17.28 

4.00 

3.255 

46.63 

3.609 

171 

19.0 

13.0 

1.11 

1.0 

5.2 

4.2 

12.6 

136.13 

10.28 

43.03 

6.68 

0.19 

6.87 

15 

111.0 

17.85 

3.43 

3.342 

47.88 

3.774 

172 

19.4 

13.3 

1.13 

1.3 

8.7 

7.4 

22.2 

149.25 

13.40 

44.28 

6.27 

0.23 

6.50 

19 
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Data sheet: Sand running studies 

Subject Name M W male 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min'
1) 

V02ml-kg"
1-min"1 

V C 0 2 (l-min
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-1'1) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 

(ml-Oz-kg^-min"1) 

Run velocity 

(m-min"1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg^-m"1) 

Net Anaerobic E C 

(J-kg^-m"1) 

Total net E C 

(J-kgW1) 

RPE 

74.2 kg 

8km/h 

grass 

(2.22 m-s"1 

48.4 

15.728 

4.587 

2.608 

35.15 

2.206 

140 

18.6 

9.8 

0.85 

1.3 

1.0 

0.0 
0.0 

134.55 

10.41 

31.55 

4.77 

i 

0.01 

4.77 

9 

74.2 kg 

llkm/h 

grass 

74.2 kg 

14km/h 

grass 

74.2 kg 

8km/h 

sand 

barefeet 

74.2 kg 

llkm/h 

sand 

barefeet 

74.2 kg 

8km/h 

sand 

in shoes 

74.2 kg 

llkm/h 

sand 

in shoes 

) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

85.8 

16.815 

4.07 

3.562 

48.01 

3.463 

163 

21.9 

13.3 

0.97 

1.0 

3.0 

2.0 
6.0 

187.89 

10.64 

44.41 

4.96 

0.063 

5.02 

12 

114.9 

17.503 

3.66 

3.893 

52.47 

4.173 

166 

23.5 

14.6 

1.07 

0.4 

6.9 

6.5 
19.5 

231.45 

10.37 

48.87 

4.46 

0.17 

4.63 

15-16 

74.1 

16.252 

4.69 

3.481 

46.91 

3.453 

157 

22.2 

13.0 

0.99 

1.1 

2.3 

1.2 
3.6 

134.77 

10.39 

43.31 

6.79 

0.05 

6.82 

12 

114.9 

17.677 

3.75 

3.693 

49.77 

3.976 

175 

21.1 

13.8 

1.08 

1.8 

7.6 

5.8 
17.4 

163.95 

12.20 

46.17 

5.95 

0.184 

6.13 

17 

76.1 

16.395 

4.48 

3.480 

46.90 

3.388 

154 

22.6 

13.0 

0.97 

0.8 

2.1 

1.3 
3.9 

134.56 

10.40 

43.30 

6.75 

0.06 

6.81 

13 

120.3 

17.482 

3.74 

4.084 

55.04 

4.463 

171 

23.9 

15.3 

1.09 

0.8 

8.0 

7.2 
21.6 

160.23 

12.48 

51.44 

6.78 

0.23 

7.01 

19 
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Data sheet: Sand running studies 

Subject Name A C female 

Subject Weight: 

Variable 

V E (STPD) (l-min" ) 

F E 0 2 

F E C 0 2 

V O z (l-min"1) 

V 0 2 ml-kg"
1 -min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-1"1) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 
(ml-02-kg"

1-min"1) 

Run velocity 

(m-min"1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min'1) 

(j-kg-W1) 

Net Anaerobic E C 

(J-kg-'-m'1) 

Total net E C 

(J-kg^m"1) 

RPE 

58.7 kg 

8km/h 

grass 

(2.22 m-s"1 

38.4 

16.46 

4.35 

1.738 

29.61 

1.659 

124 

14.0 

8.2 

0.95 

0.6 

0.8 

0.2 

0.6 

136.69 

10.24 

26.01 

3.97 

1 

0.01 

3.98 

9 

58.6 kg 

llkm/h 

grass 

58.7 kg 

14km/h 

grass 

58.7 kg 

8km/h 

sand 

barefeet 

59.0 kg 

llkm/h 

sand 

barefeet 

58.6 kg 

8km/h 

sand 

in shoes 

60.2 kg 

llkm/h 

sand 

in shoes 

) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

53.8 

16.92 

3.90 

2.186 

37.30 

2.082 

141 

15.5 

10.4 

0.95 

0.5 

0.5 

0.0 

0.0 

180.97 

11.05 

33.70 

3.89 

0.0 

3.89 

12 

72.8 

17.08 

3.80 

2.830 

48.21 

2.745 

169 

16.7 

13.4 

0.97 

0.8 

2.7 

1.9 

5.7 

213.36 

11.25 

44.61 

4.38 

0.05 

4.43 

14 

68.7 

16.61 

4.51 

2.949 

50.24 

3.078 

162 

18.2 

14.0 

1.04 

0.6 

2.2 

1.6 

4.8 

136.26 

10.27 

46.64 

7.23 

0.07 

7.30 

15 

80.0 

16.91 

4.17 

3.203 

54.29 

3.312 

169 

19.0 

15.1 

1.03 

1.5 

4.9 

3.4 

10.2 

142.65 

14.02 

50.69 

7.50 

0.11 

7.61 

18 

73.7 

16.57 

4.00 

3.301 

56.33 

2.926 

169 

19.5 

15.6 

0.89 

0.4 

2.0 

1.6 

4.8 

133.42 

10.49 

52.73 

8.13 

0.07 

8.20 

17 

82.3 

16.85 

4.30 

3.329 

55.30 

3.514 

173 

19.2 

15.4 

1.06 

1.6 

5.9 

4.3 

12.9 

142.21 

14.06 

51.70 

7.68 

0.14 

7.82 

17 
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Data sheet: Sand running studies 

Subject Name JT female 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-11) 
(ml-Orkg^-min"1) 

Run velocity 

(m-min"1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg^m1) 

Net Anaerobic E C 

(J-kg^m1) 

Total net E C 
(J-kgW1) 

RPE 

46.8 kg 

8km/h 

grass 

(2.22 m-s"1 

33.2 

16.23 

4.60 

1.577 

33.70 

1.517 

158 

10.0 

9.4 

0.96 

0.7 

1.3 

0.6 

1.8 

135.01 

10.37 

30.10 

4.66 

1 

0.03 

4.69 

10 

47.0 kg 

llkm/h 

grass 

46.5 kg 

14km/h 

grass 

47.0 kg 

8km/h llkm/h 

sand sand 

barefeet barefeet 

) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s" 

55.1 

17.10 

4.24 

2.063 

43.89 

2.320 

189 

10.9 

12.2 

1.12 

1.1 

7.4 

6.3 

18.9 

183.26 

10.91 

40.29 

4.64 

0.20 

4.84 

13 

55.2 

17.08 

4.09 

2.103 

45.23 

2.241 

187 

11.2 

12.6 

1.07 

0.8 

7.3 

6.5 

19.5 

181.40 

13.23 

41.63 

4.85 

0.17 

5.02 

17 

55.9 

17.39 

3.81 

1.952 

41.53 

2.113 

185 

10.6 

11.5 

1.08 

0.7 

7.5 

6.8 

20.6 

108.13 

12.95 

37.93 

7.41 

0.31 

7.71 

17 

46.8 kg 

8km/h llkm/h 

sand sand 

in shoes in shoes 

l) (2.22 m-s"1) (3.05 m-s"1) 

59.1 

17.45 

3.87 

2.010 

42.95 

2.269 

186 

10.8 

11.9 

1.13 

0.8 

7.5 

6.7 

20.1 

115.53 

12.12 

39.35 

7.19 

0.30 

7.49 

18-19 
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Data sheet: Sand running studies 

Subject Name H G female 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1'1) 
(ml-02-kg"

1-min"1) 

Run velocity 

(m-min" ) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg-W1) 

Net Anaerobic E C 

(j-kgW1) 

Total net E C 
(J-kĝ m"1) 

RPE 

59.8 kg 

8km/h 

grass 

(2.22 m-s"1 

33.4 

16.01 

4.11 

1.723 

28.81 

1.363 

98 

17.6 

8.0 

0.79 

0.3 

0.5 

0.2 

0.6 

135.72 

10.32 

25.21 

3.72 

< 

0.01 

3.73 

7 

59.4 kg 

llkm/h 

grass 

) (3.05 m-s"1; 

46.2 

15.93 

4.15 

2.425 

40.82 

1.903 

121 

20.0 

11.3 

0.78 

0.6 

0.9 

0.3 

0.9 

187.65 

10.66 

37.22 

3.96 

0.01 

3.97 

11 

59.4 kg 

14km/h 

grass 

60.0 kg 

8km/h 

sand 

barefeet 

59.9 kg 

llkm/h 

sand 

barefeet 

60.0 kg 

8km/h 

sand 

in shoes 

60.2 kg 

llkm/h 

sand 

in shoes 

) (3.89 m-s"1) (2.22 ms"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

86.9 

17.36 

3.48 

3.144 

52.93 

2.998 

158 

19.9 

14.7 

0.95 

0.3 

4.9 

4.6 

13.8 

234.58 

10.23 

49.33 

4.39 

0.12 

4.51 

19 

50.9 

15.87 

4.94 

2.604 

43.40 

2.499 

129 

20.2 

12.1 

0.96 

0.8 

1.3 

0.5 

1.5 

136.40 

10.26 

39.8 

6.10 

0.02 

6.12 

14 

89.4 

17.29 

4.11 

3.164 

52.78 

3.648 

155 

20.4 

14.7 

1.15 

2.4 

7.5 

5.1 

15.3 

177.11 

11.29 

49.18 

5.86 

0.16 

6.02 

19 

50.9 

15.91 

4.87 

2.587 

43.12 

2.464 

124 

20.9 

12.0 

0.95 

1.2 

0.9 

0.0 

0.0 

136.44 

10.26 

39.52 

6.05 

0.0 

6.05 

14 

85.7 

17.48 

3.49 

2.968 

49.31 

2.965 

158 

18.8 

13.7 

1.00 

0.4 

5.7 

5.3 

15.9 

162.55 

12.30 

45.71 

5.94 

0.17 

6.11 

19 
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Data sheet: Sand running studies 

Subject Name LS female 

Subject Weight: 

Variable 

V E (STPD) (l-min" ) 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1 -min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 
(ml-Oz-kg^min"1) 

Run velocity 

(m-min1) 
Run time (min) 

Net aerobic E C 

(ml-kg^-min1) 

(J-kg^rn"1) 

Net Anaerobic E C 

(J-kg-W1) 

Total net E C 
(J-kg-'-m1) 

RPE 

60.2 kg 

8km/h 

grass 

(2.22 m-s"1 

50.6 

16.71 

4.44 

2.118 

35.18 

2.231 

198 

10.7 

9.8 

1.05 

1.2 

2.9 

1.7 

5.1 

150.08 

9.33 

31.58 

4.44 

t 

0.08 

4.52 

10 

61.3 kg 

llkm/h 

grass 

) (3.05 m-s"1; 

74.8 

17.30 

3.93 

2.673 

43.61 

2.917 

205 

13.0 

12.1 

1.09 

1.1 

5.0 

3.9 

11.7 

170.70 

11.72 

40.01 

4.95 

0.12 

5.07 

11 

62.0 kg 

14km/h 

grass 

60.2 kg 

8km/h llkm/h 

sand sand 

barefeet barefeet 

) (3.89 m-s'1) (2.22 m-s"1) (3.05 m-s" 

77.9 

17.46 

3.91 

2.631 

42.44 

3.023 

207 

12.7 

11.8 

1.15 

1.0 

5.5 

4.5 

13.5 

175.27 

9.13 

38.84 

4.68 

0.18 

4.86 

15-16 

71.8 

17.18 

4.06 

2.650 

44.02 

2.894 

204 

13.0 

12.2 

1.09 

1.4 

7.2 

5.8 

17.4 

113.41 

7.05 

40.42 

7.53 

0.46 

7.99 

18 

61.3 kg 

8km/h llkm/h 

sand sand 

in shoes in shoes 

l) (2.22 m-s"1) (3.05 m-s"1) 

74.3 

17.37 

3.97 

2.582 

42.12 

2.927 

203 

12.7 

11.7 

1.13 

1.1 

5.7 

4.6 

13.8 

115.92 

6.90 

38.52 

7.02 

0.36 

7.38 

15 
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Data sheet: Sand running studies 

Subject Name B B female 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

VOzml-kg^min"1 

V C 0 2 (l-min
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-11) 

(ml-Oj-kg'^min1) 

Run velocity 

(m-min"1) 
Run time (min) 

Net aerobic EC 

(ml-kg"1-min"1) 

(J-kg^m1) 

Net Anaerobic EC 

(j-kgW1) 

Total net E C 
(J-kg-'-m"1) 

RPE 

60.5 kg 

8km/h 

grass 

(2.22 m-s"1 

56.3 

17.10 

3.90 

2.174 

35.93 

2.179 

196 

11.1 

10.0 

1.00 

1.1 

3.4 

2.3 

6.9 

134.41 

10.42 

32.33 

5.08 

( 

0.10 

5.18 

11 

llkm/h 

grass 

) (3.05 m-s" 

14km/h 

grass 

') (3.89 m-s" 

61.0 kg 

8km/h 

sand 

barefeet 

') (2.22 m-s"1; 

74.8 

17.59 

3.74 

2.437 

39.95 

2.775 

191 

12.8 

11.1 

1.14 

1.1 

5.9 

4.8 

14.4 

129.2 

6.19 

36.35 

5.94 

0.38 

6.32 

13-14 

llkm/h 

sand 

barefeet 

) (3.05 m-s" 

61.0 kg 

8km/h llkm/h 

sand sand 

in shoes in shoes 

') (2.22 m-s"1) (3.05 m-s'1) 

71.9 

17.49 

3.92 

2.399 

39.33 

2.797 

189 

12.7 

10.9 

1.17 

1.1 

7.9 

6.8 

20.4 

125.21 

6.57 

35.73 

6.03 

0.54 

6.57 

15 
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Data sheet: Sand running studies 

Subject N a m e S B female 

Subject Weight: 53.8 kg 53.8kg 53.8 kg 53.8 kg 53.8 kg 53.8 kg 53.8 kg 

Variable 8km/h llkm/h 14km/h 8km/h llkm/h 8km/h llkm/h 

grass grass grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s" 

V E (STPD)(l-min"
1) 33.0 

F E 0 2 15.43 

F E C 0 2 5.10 

V 0 2 (l-min"
1) 1.858 

V 0 2 ml-kg"
1-min"1 34.54 

V C 0 2 (l-min
1) 1.673 

HRbpm 115 

V0 2/HR 16.2 

M E T value 9.6 

RER 0.90 

Resting La 0.8 

(mmol-1"1) 
(Analox) 

Post exercise La 1.6 
(Analox) 

Net La (mmol-1"1) 0.8 

(ml-Oz-kg'̂ min'1) 2.4 

Run velocity 135.70 

(m-min"1) 
Run time (min) 10.32 

Net aerobic EC 

(ml-kg"1-min'1) 30.94 

(J-kgW1) 4.70 

Net Anaerobic EC 

(J-kg-W1) 0.04 

Total net E C 
(J-kg^m"1) 4.74 

RPE 7 

52.4 

16.42 

5.19 

2.281 

42.40 

2.704 

135 

16.9 

11.8 

1.19 

1.3 

79.6 

16.94 

4.70 

3.045 

56.60 

3.717 

165 

18.5 

15.7 

1.22 

1.3 

63.2 

16.77 

4.57 

2.575 

47.86 

2.869 

149 

17.3 

13.3 

1.1 

1.3 

1.3 7.3 3.3 

0.0 6.0 2.0 

0.0 18.0 6.0 

186.20 231.97 133.39 

10.74 10.35 10.50 

38.80 53.00 44.26 

4.40 4.83 7.10 

0.0 0.16 0.09 

4.40 4.99 7.10 

11 14 11 

80.4 

17.24 

4.25 

2.866 

53.27 

3.393 

165 

17.6 

14.8 

1.18 

1.3 

55.0 

16.95 

4.42 

2.138 

39.74 

2.414 

130 

16.4 

11.0 

1.13 

1.4 

78.5 

17.17 

4.32 

2.854 

53.05 

3.368 

159 

17.9 

14.7 

1.18 

1.3 

5.1 1.3 5.3 

3.8 0.0 4.0 

11.4 0.0 12.0 

171.42 132.69 165.47 

11.67 10.55 12.09 

49.67 36.14 49.45 

6.12 5.75 6.31 

0.12 0.0 0.13 

6.24 5.75 6.44 

14 11 15 
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Data sheet: Sand running studies 

Subject Name T C Ironman 

Subject Weight: 

Variable 

84.2 kg 

8km/h 

grass 

84.2 kg 

llkm/h 

grass 

84.2 kg 

14km/h 

grass 

84.2 kg 

8km/h 

sand 

84.2 kg 

llkm/h 

sand 

84.2 kg 

8km/h 

sand 

84.2 kg 

llkm/h 

sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min"
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-1"1) 

(ml-Orkg^-min"1) 

Run velocity 

(m-min"1) 
Run time (min) 

Net aerobic E C 

(ml-kg^-min"1) 

(J-kg'W1) 

Net Anaerobic E C 

(j-kg'W1) 

Total net E C 
(J-kg^-m1) 

RPE 

56.6 

16.03 

4.70 

2.817 

33.46 

2.643 

137 

20.6 

9.3 

0.94 

1.7 

1.8 

0.1 

0.3 

133.53 

10.48 

29.86 

4.66 

0.0045 

4.665 

8 

73.1 

16.05 

5.20 

3.523 

41.84 

3.779 

156 

22.6 

11.6 

1.07 

1.2 

1.3 

0.1 

0.3 

185.77 

10.77 

38.24 

4.35 

0.0032 

4.353 

9 

66.7 

15.24 

5.39 

3.864 

45.89 

3.575 

152 

25.4 

12.7 

0.93 

1.2 

1.4 

0.2 

0.6 

134.12 

10.44 

42.29 

6.55 

0.009 

6.56 

9 

109.7 

15.99 

4.86 

5.468 

64.94 

5.299 

177 

30.9 

18.0 

0.97 

1.4 

2.9 

1.5 

4.5 

183.45 

10.90 

61.34 

7.01 

0.48 

7.06 

13 

76.2 

15.98 

4.99 

3.782 

44.92 

3.780 

161 

23.5 

12.5 

1.00 

1.8 

1.8 

0.0 

0.0 

133.69 

10.47 

41.32 

6.53 

0.0 

6.53 

10 

128.5 

16.83 

4.27 

5.241 

62.24 

5.448 

183 

28.6 

17.29 

1.04 

1.8 

5.2 

3.4 

10.2 

183.89 

10.88 

58.64 

6.73 

0.108 

6.84 

15 
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Data sheet: Sand running studies 

Subject Name M F Ironman _ _ 

Subject Weight: 89.2 kg 89.2 kg 89.2 kg 89.2 kg 89.2 kg 89.2 kg 89.2 kg 

Variable 8km/h llkm/h 14km/h 8km/h llkm/h 8km/h llkm/h 

grass grass grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 ms"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

V E (STPD) (1 •min") 57.6 

F E 0 2 15.95 

F E C 0 2 4.60 

V 0 2 (l-min"
1) 2.940 

V 0 2 ml-kg"
1-min"1 32.96 

V C 0 2 (l-min
1) 2.632 

HRbpm 115 

V0 2/HR 25.6 

M E T value 9.2 

RER 0.90 

Resting La 1.3 

(mmol-1"1) 
(Analox) 

Post exercise La 1.4 
(Analox) 

Net La (mmol-11) 0.1 

(ml-Orkg^-min-1) 0.3 

Run velocity 133.78 

(m-min1) 
Run time (min) 10.465 

Net aerobic E C 

(ml-kg"1-min"1) 29.36 

(J-kg^m"1) 4.52 

Net Anaerobic E C 

(J-kg'-m1) 0.0045 

Total net E C 
(J-kg'-m"1) 4.425 

RPE 12 

83.2 119.7 81.4 

16.32 16.70 16.02 

4.81 4.78 4.90 

3.811 4.917 4.018 

42.72 55.12 45.04 

3.977 5.686 3.964 

145 167 146 

26.3 29.4 27.5 

11.9 15.3 12.5 

1.04 1.16 0.99 

1.8 1.4 1.7 

1.4 2.3 1.8 

0.0 0.9 0.1 

0.0 2.7 0.3 

184.9 235.5 133.95 

10.817 10.19 10.452 

39.12 51.52 41.44 

4.47 4.62 6.52 

0.0 0.024 0.0045 

4.47 4.644 6.525 

11-12 14 13 

104.6 

16.12 

4.54 

5.131 

57.52 

4.717 

163 

31.5 

16.0 

0.92 

1.3 

85.5 

16.37 

4.67 

3.894 

43.65 

3.967 

153 

25.5 

12.1 

1.02 

1.6 

142.8 

17.28 

3.96 

5.129 

57.50 

5.612 

174 

29.5 

16.0 

1.09 

1.8 

1.81 1.8 5.4 

0.5 0.2 3.6 

1.5 0.6 10.8 

182.34 133.59 181.08 

10.97 10.48 11.045 

53.92 40.05 53.90 

6.12 6.33 6.29 

0.016 0.009 0.114 

6.136 6.339 6.404 

14 11-12 15-16 
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Data sheet: Sand running studies 

Subject Name SH Ironman 

Subject Weight: 

Variable 

V E (STPD) (l-min") 

F E 0 2 

F E C 0 2 

V 0 2 (l-min
1) 

V 0 2 ml-kg"
1-min"1 

V C 0 2 (l-min"
1) 

HRbpm 

V02/HR 

MET value 

RER 

Resting La 
(mmol-11) 
(Analox) 

Post exercise La 
(Analox) 

Net La (mmol-11) 

(ml-02-kg"
1-min"1) 

Run velocity 

(m-min1) 
Run time (min) 

Net aerobic E C 

(ml-kg"1-min"1) 

(J-kg^-m"1) 

Net Anaerobic E C 

(J-kg^m"1) 

Total net E C 
(J-kg^-m"1) 

RPE 

85.9 kg 

8km/h 

grass 

(2.22 m-s"1 

52.9 

15.88 

4.94 

2.699 

31.42 

2.597 

120 

22.5 

8.7 

0.96 

0.8 

1.2 

0.4 
1.2 

135.26 

10.35 

27.82 

4.30 

i 

0.018 

4.32 

7 

85.9 kg 

llkm/h 

grass 

85.9 kg 

14km/h 

grass 

85.9 kg 

8km/h 

sand 

barefeet 

85.9 kg 

llkm/h 

sand 

barefeet 

85.9 kg 

8km/h 

sand 

in shoes 

85.9 kg 

llkm/h 

sand 

in shoes 

) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 ms"1) (3.05 m-s"1) 

79.8 

16.28 

4.76 

3.706 

43.14 

3.775 

157 

23.6 

12.0 

1.02 

1.3 

2.7 

1.4 
4.2 

184.56 

10.84 

39.54 

4.52 

0.044 

4.564 

12 

135.3 

17.31 

3.93 

4.819 

56.10 

5.277 

180 

26.8 

15.6 

1.09 

0.9 

8.3 

7.4 
22.8 

233.79 

10.265 

52.50 

4.74 

0.195 

4.935 

16-17 

71.2 

15.98 

5.07 

3.519 

40.97 

3.588 

155 

22.7 

11.4 

1.02 

0.7 

1.8 

1.1 
3.3 

134.61 

10.40 

37.37 

5.86 

0.05 

5.91 

12-13 

127.3 

17.17 

4.07 

4.712 

54.85 

5.143 

176 

26.8 

15.2 

1.09 

0.3 

7.6 

7.3 
21.9 

184.13 

10.86 

51.25 

5.88 

0.231 

6.11 

17 

76.5 

16.07 

4.95 

3.718 

43.28 

3.764 

158 

23.5 

12.0 

1.01 

0.8 

2.0 

1.2 
3.6 

133.07 

10.251 

39.68 

6.30 

0.054 

6.354 

12-13 

127.1 

17.23 

4.19 

4.568 

53.18 

5.287 

178 

25.7 

14.8 

1.16 

0.9 

7.5 

6.6 
19.8 

184.78 

10.824 

49.58 

5.67 

0.21 

5.88 

17-18 
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Data sheet: Sand running studies 

Subject N a m e B M Ironman 

Subject Weight: 69.2 kg 69.2 kg 69.2 kg 69.2 kg 69.2 kg 69.2 kg 69.2 kg 

Variable 8km/h llkm/h 14km/h 8km/h llkm/h 8km/h llkm/h 

grass grass grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 ms"1) (3.05 ms"1) (3.89 ms"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 ms"1) (3.05 m-s"1) 

V E (STPD) (l-min") 38.6 

F E0 2 15.15 

F E C0 2 5.64 

V 0 2 (l-min"
1) 2.254 

V 0 2 ml-kg"
1-min"1 32.57 

V C 0 2 (l-min
1) 2.165 

HRbpm 114 

V0 2/HR 19.8 

M E T value 9.0 

RER 0.96 

Resting La 1.3 

(mmol-1"1) 
(Analox) 

Post exercise La 1.0 
(Analox) 

Net La (mmol-1"1) 0.0 

(ml-Orkg^-min-1) 0.0 

Run velocity 133.83 

(m-min1) 
Run time (min) 10.46 

Net aerobic EC 

(ml-kg"1-min"1) 28.97 

(J-kg-'-m1) 4.53 

Net Anaerobic E C 

(J-kg^-m1) 0.0 

Total net E C 
(J-kg'-m1) 4.53 

RPE 7 

58.5 88.4 47.5 

15.34 16.23 15.28 

5.33 4.84 5.65 

3.051 4.143 2.695 

44.09 59.87 38.95 

2.943 4.252 2.670 

155 176 128 

19.7 23.5 21.05 

12.2 16.6 10.8 

0.96 1.03 0.99 

1.3 1.1 1.1 

1.6 2.9 1.2 

0.3 1.8 0.1 

0.9 5.4 0.3 

186.96 232.28 133.28 

10.70 10.33 10.50 

40.49 56.27 35.35 

4.53 5.12 5.59 

0.009 0.048 0.005 

4.54 5.168 5.595 

11 15 9 

73.3 

15.81 

4.94 

3.805 

54.99 

3.599 

172 

22.1 

15.3 

0.95 

1.2 

54.2 

15.70 

5.26 

2.843 

41.08 

2.835 

133 

21.4 

11.4 

1.00 

0.8 

80.5 

16.07 

4.82 

3.940 

56.94 

3.856 

169 

23.3 

15.8 

0.98 

0.8 

2.9 0.7 2.3 

1.7 0.0 1.5 

5.1 0.0 4.5 

182.60 133.57 182.80 

10.953 10.48 10.94 

51.39 37.48 53.34 

5.87 5.93 6.13 

0.054 0.0 0.048 

5.924 5.93 6.178 

13 10-11 15 
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Data sheet: Sand running studies 

Subject N a m e C N Ironman 

Subject Weight: 77.5 kg 77.5 kg 77.5 kg 77.5 kg 77.5 kg 77.5 kg 77.5 kg 

Variable 8km/h llkm/h 14km/h 8km/h llkm/h 8km/h llkm/h 

grass grass grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s"1) (2.22m-s"1) (3.05 m-s"1) (2.22 ms"1) (3.05 m-s" 

V E (STPD) (l-min"
1) 49.80 

F E 0 2 15.88 

F E C 0 2 4.72 

V 0 2 (l-min
1) 2.570 

V 0 2 ml-kg"
1-min"1 33.16 

V C 0 2 (l-min
1) 2.337 

HRbpm 116 

V02/HR 22.2 

MET value 9.2 

RER 0.91 

Resting La 0.3 
(mmol-11) 
(Analox) 

Post exercise La 1.3 
(Analox) 

Net La (mmol-11) 1.0 

(ml-02-kg-
1-min1) 0.3 

Run velocity 13 3.62 

(m-min1) 
Run time (min) 10.48 

Net aerobic E C 

(ml-kg^-min1) 29.56 

(J-kgW1) 4.57 

Net Anaerobic E C 

(J-kg'W1) 0.045 

Total net E C 
(J-kg-W1) 4.615 

RPE 8 

63.8 

15.64 

5.06 

3.429 

44.25 

3.209 

140 

24.5 

12.3 

0.94 

1.3 

83.7 

15.68 

5.11 

4.445 

57.35 

4.252 

172 

25.8 

15.9 

0.96 

1.1 

62.0 

15.72 

4.87 

3.301 

42.59 

3.001 

147 

22.5 

11.8 

0.91 

1.3 

1.1 3.2 1.3 

0.0 2.1 0.0 

0.0 6.3 0.0 

184.10 233.12 133.67 

10.964 10.295 10.474 

40.65 53.75 38.99 

4.60 4.82 6.03 

0.0 0.055 0.0 

4.60 4.875 6.03 

11 13 11 

81.2 60.0 85.1 

15.90 15.68 15.82 

4.72 4.93 4.81 

4.170 3.215 4.436 

53.81 41.48 57.24 

3.808 2.940 4.068 

176 139 168 

23.7 23.4 26.4 

14.9 11.5 15.9 

0.91 0.91 0.92 

1.1 0.7 0.9 

2.4 0.9 2.1 

1.3 0.2 1.2 

3.9 0.6 3.6 

183.74 133.44 185.53 

10.885 10.49 10.78 

50.21 37.88 53.64 

5.65 5.86 5.99 

0.041 0.009 0.038 

5.69 5.87 6.03 

13 9 13 
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Data sheet: Sand running studies 

Subject Name A M Ironman 

Subject Weight: 70.0 kg 70.0 kg 70.0 kg 70.0 kg 70.0 kg 70.0 kg 70.0 kg 

Variable 8km/h llkm/h 14km/h 8km/h llkm/h 8km/h llkm/h 

grass grass grass sand sand sand sand 

barefeet barefeet in shoes in shoes 

(2.22 m-s"1) (3.05 m-s"1) (3.89 m-s"1) (2.22 m-s"1) (3.05 m-s"1) (2.22 m-s"1) (3.05 m-s"1) 

V E (STPD) (l-min"
1) 40.4 

F E 0 2 15.60 

F E C 0 2 4.95 

V 0 2 (l-min"
1) 2.202 

V 0 2 ml-kg"
1-min"1 31.46 

V C 0 2 (l-min
1) 1.989 

HRbpm 123 

V0 2 /HR 17.9 

M E T value 8.7 

RER 0.90 

Resting La 0.8 

(mmol-1"1) 
(Analox) 

Post exercise La 0.7 
(Analox) 

Net La (mmol-11) 0.0 

(ml-Oz-kĝ -min"1) 0.0 

Run velocity 140.00 

(m-min"1) 
Run time (min) 10.00 

Net aerobic E C 

(ml-kg"1-min"1) 27.86 

(J-kg^m"1) 4.10 

Net Anaerobic E C 

(j-kg-1-™-1) 0.0 

Total net E C 
(J-kg-̂ m"1) 4.41 

RPE 7 

54.3 86.6 58.9 

15.86 16.55 15.54 

4.83 4.56 5.10 

2.799 3.772 3.235 

39.99 53.89 46.21 

2.605 3.920 2.983 

141 178 151 

19.9 21.2 21.4 

11.1 15.0 12.8 

0.93 1.04 0.92 

0.7 1.3 1.8 

1.3 1.5 1.1 

0.6 0.2 0.0 

1.8 0.6 0.0 

181.35 238.36 135.03 

11.03 10.07 10.368 

36.41 50.29 42.61 

4.17 4.46 6.54 

0.019 0.005 0.0 

4.19 4.465 6.54 

9 10 9 

93.1 63.2 103.3 

16.31 15.81 16.75 

3.24 4.69 4.20 

4.306 3.326 4.333 

61.51 47.51 61.90 

3.981 2.944 4.308 

180 150 182 

23.9 22.2 23.8 

17.1 13.2 17.2 

0.92 0.88 0.99 

1.1 1.0 0.8 

2.3 0.8 2.5 

1.2 0.0 1.7 

3.6 0.0 5.1 

183.46 132.85 177.39 

10.90 10.538 11.275 

57.91 43.91 58.30 

6.54 6.78 6.93 

0.038 0.0 0.054 

6.578 6.78 6.98 

13 11 15 
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Appendix E 

Appendix E contains the List of Abbreviations 
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ANOVA 

A-m Tfl 

BF 

BiFem 

bpm 

CCI 

CCIA 

CCIK 

CCRA 

CCRK 

cm 

C02 

COM 

A 

E 

EC 

EE 

EMG 

ET 

F 

fc 

Jcmax 

FEC02 

FE02 

FiC02 

Fi02 

GRF 

HR 

HRmax 

IAT 

ICC 

IFC 

J 

J-kg^-m"1 

J-kg"1 m i n 1 

analysis of variance 

Anteromedial Tensor fasciae latae 

barefoot 

Biceps femoris long head 

beats per minute 

co-contraction index 

ankle co-contraction index 

knee co-contraction index 

ankle co-contraction ratio 

knee co-contraction 

centremetre 

carbon dioxide 

centre of mass of the body 

difference 

muscle activation value 

energy cost 

elastic energy 

electromyograph 

endurance trained 

female 

heart rate 

maximal heart rate 

fractional concentration of expired carbon dioxide 

fractional concentration of expired oxygen 

fractional concentration of inspired carbon dioxide 

fractional concentration of inspired oxygen 

ground reaction force 

heart rate 

maximal heart rate 

individual anaerobic threshold 

Intraclass correlation coefficient 

initial foot contact 

joule 

joules per kilogram per metre 

joules per kilogram per minute 
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kg 

kJ 

km-h'1 

La 

ALa 

l-min"1 

Lat Gas 

M 

Med Gas 

m 

MET 

m 
min 

ml-kg"1-min"1 

mm 

mM 

m-min"1 

MS 

m-s"1 

MVIC 

N 

NS 

o2 

PB 

PCr 

P-l Tfl 

PH20 

PerL 

R 

r 

R2 

RE 

RFem 

RER 

RPE 

kilogram 

kilojoule 

kilometres per hour 

lactate accumulation 

net lactate accumulation 

litres per minute 

Lateral gastrocnemius 

male 

Medial gastrocnemius 

metre 

metabolic equivalent 

microlitre 

minute 

millilitres per kilogram per minute 

millimetre 

mmol 

metres per minute 

mid-support 

metres per second 

maximal voluntary isometric contraction 

Newton 

not significant 

oxygen 

barometric pressure 

phosphocreatine 

Postero-lateral Tensor fasciae latae 

partial pressure of water vapor 

Peroneus longus 

respiratory exchange ratio 

Pearson correlation coefficient 

coefficient of determination 

running economy 

Rectus femoris 

respiratory exchange ratio 

rating of perceived exertion 
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s 

SD 

SEM 

Semimem 

SF 

SL 

SPSS 

ST 

ST 
rpo 

T 

TEM 

Tfl 

3D 

Tib Ant 

TO 

ts 

UT 

v 

Vas Lat 

Vas Med 

VC02 

VE 

»Emax 

V E (STPD) 

V E (BTPS) 

VGRF 

V, 

vo2 

V02max 

w 
WCOM 

WENV 

WEXT 

second 

Standard deviation 

standard error of measurement 

Semimembranosus 

stride frequency 

stride length 

Statistical Package for the Social Sciences 

stride time 

sprint trained 

temperature 

trained 

Technical error of measurement 

Tensor fasciae latae 

three dimensional 

Tibialis anterior 

toe-off 

stance time 

untrained 

velocity 

Vastus lateralis 

Vastus medialis 

volume of carbon dioxide produced per minute 

minute ventilation 

maximal ventilation 

minute ventilation (standard temperature and pressure dry) 

minute ventilation (body temperature and pressure saturated) 

vertical ground reaction force 

inspired minute ventilation 

oxygen consumption 

maximal oxygen consumption 

watt 

work necessary to move the C O M relative to its surroundings 

work done on the environment 

external work 
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WI N T internal work 

W T O T total work 

y year 

yr year 
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