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Abstract Recent attention given to the mechanical work

of the lower extremity joints, the emerging importance of

the stance phase of running, and the lack of consensus

regarding the biomechanical correlates to economical

running were primary justifications for this study. The

purpose of this experiment was to identify the correlations

between metabolic power and the positive and negative

mechanical work at lower extremity joints during stance.

Recreational runners (n = 16) ran on a treadmill at

3.35 m s-1 for physiological measures and overground for

biomechanical measures. Inverse dynamics were used to

calculate net joint moments and powers at the ankle, knee,

and hip. Joint powers were then integrated over the stance

phase so that positive and negative joint mechanical work

were correlated with metabolic power (r = 0.60–0.69).

Positive work at the hip and ankle during stance was

positively correlated to metabolic power. In addition to

these results, more economical runners (lower metabolic

power) exhibited greater negative work at the hip, greater

positive work at the knee, and less negative work at the

ankle. Between the most and least economical runners,

different mechanical strategies were present at the hip and

knee, whereas the kinetics of the ankle joint differed only

in magnitude.

Keywords Biomechanics � Energetics � Mechanical

power

Introduction

The metabolic power for a given submaximal speed of

running (i.e., running economy) varies substantially

between individuals. Researchers have reported a 20–30%

range in metabolic power among age-, gender-, and per-

formance-matched groups of trained distance runners (e.g.,

Heise et al. 2008; Morgan and Craib 1992; Williams and

Cavanagh 1987). Biomechanists have identified several

variables describing structural characteristics and running

mechanics that are related to metabolic power. However,

many of the relationships are weak and inconsistent

between one study and the next regardless of the level of

complexity used in biomechanical models (see Saunders

et al. 2004 for a review). For example, the comprehensive

work of Williams and Cavanagh (1987) identified kine-

matic and kinetic variables that characterized runners with

low, medium, and high aerobic demand, but a study by

Kyrolainen et al. (2001) showed that similar measures were

not good predictors of metabolic power.

The mechanics during the stance phase of running,

which is the time a runner is in contact with the ground, are

considered important with respect to metabolic power. A

classic study by McMahon et al. (1987) showed that when

runners exaggerated their knee flexion during ground

contact, so-called Groucho running, effective vertical

stiffness decreased while metabolic power increased sub-

stantially. This inverse relation between metabolic power

and effective vertical stiffness was statistically shown in a

homogenous group of trained distance runners (Heise and

Martin 1998). A broader statement was made by Kram and

Communicated by Jean-René Lacour.
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Taylor (1990), who formulated a hypothesis stating that the

metabolic cost of running was proportional to the cost of

supporting one’s mass and the time course of generating

force during stance. Data from various animal species and

speeds of locomotion supported their claim (see Kram

2000 for a review).

Early attempts at identifying the energetic costs of the

stance and swing phases during running suggested that the

cost of swing was negligible (e.g., Taylor et al. 1980).

More recently, Modica and Kram (2005) concluded that

‘‘leg swing requires *20% of the net energy consumed in

running’’ (p. 2131). Modestly higher estimates were

reported by Marsh et al. (2004) when examining leg muscle

blood flow in guinea fowl (*26%). Even if researchers do

not agree on the exact value of the partitioned cost between

stance and swing during running, their findings underscore

the large proportion of metabolic power devoted to the

stance phase of running. In addition, Kram and Taylor’s

broad hypothesis concerning the importance of stance

phase during running has not been tested in a more narrow

sample (e.g., homogeneous group of trained distance run-

ners). To investigate how muscle groups of the lower

extremity produce the energy required for stance, recent

work has focused on the joint mechanical work and power

associated with the lower extremity (DeVita et al. 2007a, b;

DeVita et al. 2008; Umberger and Martin 2007).

DeVita et al. (2007b) reported that the total joint

mechanical work for walking and running (i.e., sum of

positive and negative joint work at the hip, knee, and ankle

joints) was positive over the gait cycle. The muscles

crossing the hip and ankle generated more energy (positive

joint work) over the gait cycle, while the muscles across

the knee showed greater energy dissipation (negative joint

work). Furthermore, a greater increase in positive work

across the lower extremity joints was found during incline

running when compared to the increase in negative work

during decline running (DeVita et al. 2008). Umberger and

Martin (2007) used a similar joint mechanical work anal-

ysis of the lower extremity when investigating deviations

from the preferred stride rate of walking. They suggested

that changes in the mechanical work demands of the lower

extremity or changes in mechanical efficiency were

responsible for increases in metabolic power that accom-

panied deviations from a preferred stride rate.

Taken collectively, the aforementioned research points

to the importance of the stance phase of locomotion and the

mechanical energy generated and dissipated in the lower

extremity as potential determinants of metabolic power.

The aim of the present study was to examine the rela-

tionships between metabolic power and the positive and

negative mechanical work at lower extremity joints during

stance. Based on the predominance of positive joint

mechanical work during running reported by DeVita et al.

(2007b) and the fact that increased positive joint mechan-

ical work results in an increased metabolic power, it was

hypothesized that positive joint work during stance, espe-

cially at the hip and ankle, would be positively correlated

to metabolic power. In addition, it was thought that the

joint mechanical work summed across all lower extremity

joints would be positively correlated with metabolic power.

Methods

Sixteen well-trained men (mean ± SD: age = 27.3 ±

4.8 years; body mass = 75.0 ± 8.3 kg; body height =

178.7 ± 7.4 cm) with recent 10-km run times between 38

and 45 min volunteered to be participants and attended two

test sessions. In the first, procedures were explained and

written informed consent was obtained from each partici-

pant. Running shoes were provided for each participant to

control for possible confounds related to footwear design.

After a series of treadmill accommodation trials totalling

30 min (at least 20 min at 3.35 m s-1 for all participants)

and a brief rest (minimum of 10 min), _VO2peak was deter-

mined using the open circuit method and a continuous

running protocol. Treadmill speed initially was set at

2.69 m s-1 for 3 min of warm-up at level grade. Speed was

then increased to 3.14 m s-1 and kept constant for all

remaining stages. Every 2 min thereafter, treadmill grade

was increased 2.5% until the runner signaled that he had

reached exhaustion. The highest value attained for the final

workload was considered as _VO2peak. This measure was

used for sample description purposes only.

Oxygen consumption data were measured with a VISTA

online data acquisition system (Vacumed, Ventura, CA,

USA). Inspired ventilation was measured using a Ventila-

tion Measurement Module (VMM; Alpha Technologies,

Laguna Hills, CA, USA) and converted to a rate function

with units of l min-1. The VMM was calibrated before

each test using a 3-l calibration syringe (Vacumed, Ven-

tura, CA, USA). Expired gas was sampled continuously

from a mixing chamber, passed through a drying tube, and

analyzed for carbon dioxide and oxygen concentration

using an Applied Electrochemistry analyzer (model CD-

3A, Sunnyvale, CA, USA) and a Beckman analyzer (model

OM-11, Fullerton, CA, USA) respectively. The gas ana-

lyzers were calibrated before and rechecked after each test

using certified commercial gas preparations.

During the second session, participants completed a

5-min warm-up run followed by a 5-min rest period and

a 6-min run at 3.35 m s-1 on the treadmill at level grade.

Of the 16 participants, 14 completed this second session

within 2–3 weeks of the first session; the remaining 2

subjects completed their second session within 4 weeks of
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the initial session. Submaximal oxygen consumption data

were measured continuously during the 6-min run using the

VISTA system described previously. Mean rates of oxygen

consumption ( _VO2) and carbon dioxide production ( _VCO2)

over the last 2 min of running were used to estimate each

participant’s average rate of metabolic energy expenditure

(Weir 1949):

_E ¼ ð3:9Þ _VO2 þ ð1:1Þ _VCO2

where _E is the rate of energy expenditure (i.e., rate of heat

output) in kcal min-1, and _VO2 and _VCO2 in l min-1. _E

was converted to units of watts (W) and then normalized to

body mass (i.e., final units were W kg-1). For the

remainder of this paper, this measure will be referred to as

metabolic power.

Each participant then completed overground running

trials across an AMTI force platform (Watertown, MA,

USA) positioned in the middle of a 15-m runway. Speed

was monitored using two photocells spaced approximately

3 m apart, the first of which triggered a timer and force

platform data collection immediately before the runner

contacted the force platform and the second of which

stopped the timer. Force platform sampling was performed

at 480 Hz for 0.65 s, ensuring that the entire contact phase

was recorded. Acceptable trials were those in which

average velocity was within ±3% of the criterion speed

(3.35 m s-1), and there was no visible indication of stride

modification within the measurement zone. A single video

camcorder, with a sampling rate of 60 Hz was used to

record a sagittal plane record of five acceptable trials in

which each participant contacted the force platform with

his right foot. A scaling factor was imaged in the recording

plane for the conversion of video position data into object

space data.

Two trials for which average speed most closely mat-

ched the criterion speed (3.35 m s-1) were selected for

analysis from the five acceptable trials. For each trial,

coordinate data for six anatomical landmarks (approximate

shoulder joint center, greater trochanter, approximate knee

joint center, lateral malleolus, heel, head of the fifth

metatarsal) were obtained from the sagittal plane video

records for the stance phase of running. A four-segment

model that consisted of head–arms–trunk (HAT), thigh,

shank, and foot was used to calculate net joint moments

and joint powers at the ankle, knee, and hip of the stance

leg. The inclusion of the HAT segment was necessary for

the definition of the hip joint angular velocity. Coordinate

data from ten images before and ten images after ground

contact were included to avoid endpoint problems com-

monly associated with data smoothing procedures and

finite difference calculations. The coordinate data were

filtered using a fourth order, zero-lag, recursive Butter-

worth digital filter. Cutoff frequencies ranged from 5 Hz

(x-coordinate of greater trochanter) to 7 Hz (y-coordinate

of the fifth metatarsal head) and were identified using a

procedure described by Jackson (1979).

Standard link segment mechanics using an inverse

dynamics approach were used to generate net joint

moments for the duration of stance (Winter 1983). Segment

masses and center of mass locations were estimated using

the procedures of Clauser et al. (1969) and Hinrichs (1990).

Moments of inertia about transverse axes were calculated

using the approach of Whitsett (1963) as adjusted by

Dapena (1978). Linear and angular velocities and accel-

erations were calculated from the filtered coordinate data

using finite difference equations. Ground reaction force and

center of pressure data needed during the stance phase were

quantified from the force platform recordings. Center of

pressure and body coordinate data were translated to a

common reference frame based at the origin of the force

platform.

Instantaneous mechanical power was calculated for each

joint as the product of the net joint moment and the joint

angular velocity. Then, for the duration of stance, positive

and negative mechanical work values at each joint were

determined by numerically integrating positive and nega-

tive mechanical power, respectively. Results from the two

analyzed trials for each participant were averaged to yield a

single expression of each joint mechanical work variable

for each participant (normalized to body mass). Positive

and negative joint work values at the ankle, knee, and hip,

as well as the total joint work across the lower extremity,

were correlated with metabolic power. Pearson-product

moment correlations were used to test for linear relation-

ships and the probability associated with a Type I error was

set at 0.05.

Results

The magnitude and range of physiological measures for the

sample (Table 1) were typical of those reported previously

(Heise et al. 1996, 2008; Williams and Cavanagh 1987).

The difference between the least and most economical

runners expressed as a percentage of the mean metabolic

power, 28%, also agrees with results of previous studies

(Heise et al. 1996; Heise et al. 2008; Williams and Cava-

nagh 1987). There existed no distinct pattern between
_VO2peak and _VO2submax as was verified by an insignificant

relationship between these two variables (r = -0.08,

p = 0.77). The runner with the lowest _VO2submax used only

59% of _VO2peak, whereas the participant with the highest
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_VO2submax used 83%. These relative intensity values, the

absence of change in those values over the final 2 min, and

the fact that the respiratory quotients of all participants

were less than 1.0 suggests that runners were in an aerobic,

steady-state condition for the 3.35 m s-1 runs.

As hypothesized, higher metabolic power was related to

greater positive joint work at the hip and ankle (Fig. 1). In

addition to these expected results, more economical run-

ners (i.e., those with lower metabolic power) exhibited

greater negative joint work at the hip, greater positive joint

work at the knee, and lower negative joint work at the

ankle. It should be noted that most runners exhibited low

negative joint mechanical work at the hip (i.e., less than

0.5 J kg-1) and, therefore, this significant correlation

should be interpreted with caution. The statistically sig-

nificant relationships explain between 36 and 48% of the

variability in metabolic power.

Metabolic power also displayed a significant, positive

relationship with total joint mechanical work of the lower

extremity during stance (Fig. 2), and from that the sample

can be considered as two groups of runners based on

metabolic power and total joint work. Specifically, all six

runners who exhibited a total joint mechanical work less

than 0.6 J kg-1 displayed a metabolic power below the

mean, whereas eight of the remaining ten runners who

produced a total joint work higher than 0.7 J kg-1 dis-

played a metabolic power above the mean (Fig. 2).

Discussion

During the stance phase of running, the mechanical work of

the lower extremity joints, reported in the present study,

leads us to suggest that a more economical running profile

Table 1 Individual and mean oxygen consumption measures

_VO2peak
_VO2submax Metabolic power

Subject 1 59.9 43.6 14.77

Subject 2 61.2 41.3 13.96

Subject 3 60.9 39.9 13.71

Subject 4 60.3 43.8 14.93

Subject 5 64.9 38.2 12.96

Subject 6 69.1 48.1 16.21

Subject 7 59.6 49.8 17.23

Subject 8 60.0 47.4 16.13

Subject 9 60.8 45.0 15.65

Subject 10 62.8 43.4 14.51

Subject 11 58.6 46.0 15.39

Subject 12 63.5 46.0 15.18

Subject 13 62.0 50.0 17.03

Subject 14 64.9 42.2 14.29

Subject 15 59.9 44.5 15.04

Subject 16 67.2 44.4 15.14

Means 62.2 44.6 15.10

SD 3.0 3.3 1.10

COV 4.8% 7.4% 7.3%

_VO2 units: ml kg-1 min-1, metabolic power units: W kg-1

Fig. 1 Scatter plots of metabolic power (W kg-1) and positive/

negative joint mechanical work during stance at the hip (top), knee

(middle), and ankle (bottom). Each runner is represented by a unique
symbol. *p \ 0.05
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involves: a greater reliance on the hip for energy dissipa-

tion and less reliance for energy generation; greater reli-

ance on the knee for energy generation; and less reliance on

the ankle for generation and dissipation (see Fig. 1). It

follows from these results that the interindividual vari-

ability in lower extremity kinetics during stance is great

enough to help explain the variability in metabolic power.

When considering total joint mechanical work, positive

work was 65% greater than negative work (Fig. 3). This

difference was due to the predominance of positive work

done at the hip and ankle, whereas the knee showed similar

values of negative work and positive work. This bias

toward positive work was much larger than that reported by

DeVita et al. (2008), but they calculated lower extremity

joint mechanical work of runners over the entire gait cycle,

whereas the values in the present study were for stance

only. In a similar study that examined the stance phase of

walking, DeVita et al. (2007a) showed greater positive

work at the hip and ankle and greater negative work at the

knee. They also reported 47% more positive total joint

mechanical work across the stance phase of walking.

DeVita et al. (2007a) hypothesized ‘‘that some of the

positive work produced by muscle is not used to maintain

gait velocity (i.e., kinetic energy) and upright posture (i.e.,

potential energy) but is wasted through various energy

sinks’’ (p. 3367). They further suggested that compressions

and vibrations of various tissue (e.g., adipose tissue, joint

cartilage, menisci, bony structures) are possible examples

of energy sinks during locomotion. Modestly higher posi-

tive work during stance may also be needed during running

because of higher air resistance effects experienced during

running compared to walking. In the present study, the

ratios of positive to negative mechanical work at the hip

and ankle were 2.2 and 1.8, respectively, whereas DeVita

et al. (2008) reported 3.3 and 0.2 for running. In addition,

DeVita et al. (2008) showed negative work to be 2.5 times

that of positive work at the knee, whereas we observed

nearly identical values (see Fig. 3). When mechanical work

was summed across all joints of the lower extremity, it was

shown that the total joint mechanical work during stance

was positively correlated to metabolic power, which was

consistent with our secondary hypothesis and explained

38% of the interindividual variability (see Fig. 2).

Although previous researchers have described mean

joint moment and power patterns for running (Novacheck

1998; Winter 1983), it is clear from our data that differ-

ences between individuals exist. The lower extremity

positive and negative joint mechanical work values pre-

sented in Fig. 1 provide summative values for the stance

phase of running, but to see where and when the energy is

generated or dissipated, it is necessary to examine instan-

taneous mechanical power.

To help interpret the correlations between metabolic

power and joint mechanical work during stance, the joint

mechanical power, net joint moment, and angular velocity

curves were examined for runners with low and high

metabolic power. This approach is similar to that of Wil-

liams and Cavanagh (1987). They focused on three groups

of runners (low, medium, and high metabolic power) to

biomechanically explain the interindividual variability in

economy. With regard to mechanical power, they identified

a trend that runners with low metabolic power produced

lower whole-body net positive power and lower total

mechanical power for the entire running cycle. The present

study focused on the lower extremity during stance and

used a kinetic-based computational model for mechanical

work and power, whereas Williams and Cavanagh (1987)

Fig. 2 Scatter plot of metabolic power (W kg-1) and total joint

mechanical work during stance. The dashed line represents the mean

metabolic power of the sample, 15.1 W kg-1. *p \ 0.05

Fig. 3 Mean positive and negative joint mechanical work at the hip,

knee, and ankle joints, and total work during stance. Error bars are

standard deviations
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reported work and power from a kinematic-based model

(Williams and Cavanagh 1983; Winter 1979).

In the present investigation, runners with the lowest and

highest metabolic power exhibited a biphasic pattern of

mechanical power at the ankle, indicating energy dissipa-

tion during the first half of stance followed by energy

generation during the second half of stance (see Fig. 4).

Data for the two subsets of runners shown in Fig. 4 rep-

resent runners at the low and high ends of the metabolic

power range. The net joint moment for both subsets was

plantar flexor throughout stance, which is consistent with

previous reports (e.g., Novacheck 1998; Winter 1983). The

magnitudes of the net joint ankle moments throughout

stance differ greatly between runners with low and high

metabolic power and, given the similar ankle angular

velocities, explain the significant correlations between

metabolic power and positive and negative joint mechan-

ical work at the ankle joint (see Fig. 1).

The differences in knee and hip mechanical power

between runners with low and high metabolic power is

more complex and differs from previously reported, ste-

reotypical joint power patterns (Novacheck 1998; Winter

1983). At the knee, runners with low metabolic power

exhibit a biphasic pattern similar to ankle joint power; a

period of energy dissipation is followed by a period of

energy generation (upper left panel of Fig. 4). This

biphasic pattern is also consistent with patterns reported by

Novacheck (1998) and Winter (1983) and is the result of an

extensor moment throughout stance combined with knee

flexion during early stance followed by knee extension (see

net joint moment and angular velocity profiles of Fig. 4).

On the other hand, runners exhibiting high metabolic

power showed very low values of joint mechanical power

at the knee. In the example presented in the upper right

panel of Fig. 4, a short period of energy generation pre-

cedes a longer duration of dissipation, contrary to what is

displayed by the low metabolic power runners. Unlike the

ankle joint where magnitude differences in the joint

moment explained joint power differences, the joint

moment profiles at the knee show magnitude and pattern

differences. In runners with high metabolic power, the knee

joint moments are low and become flexor during the sec-

ond half of stance, which is quite different from the con-

sistent, relatively high extensor moment displayed by

runners with low metabolic power. Knee joint angular

velocity profiles are similar between the two subsets. The

greater energy generation produced by more economical

runners explains the significant negative correlation

between metabolic power and positive joint work at the

knee (see Fig. 1), whereas no relation was found between

metabolic power and negative joint work.

Energy generation at the hip is virtually nonexistent in

runners with low metabolic power, whereas a period of

moderate-level positive joint mechanical power spans the

middle of the stance phase in runners with high metabolic

power (upper panels of Fig. 4). This difference is explained

by the greater magnitude and longer duration of the hip

extensor moment and the larger magnitude of hip extensor

angular velocity (see right panel of Fig. 4), which helps

explain the significant, positive relation between metabolic

power and positive joint mechanical work at the hip

(Fig. 1). Most researchers have reported energy dissipation

at the hip during stance, but in one of the first kinetic

analyses of running, Winter (1983) stated that ‘‘the hip had

relatively low power levels, and when different trials are

compared no consistent patterns are seen’’ (p. 96). It is

clear that more economical runners rely on lower energy

generation and dissipation at the ankle, higher energy

generation at the knee, lower energy generation at the hip,

and higher energy dissipation at the hip. With regard to net

joint moments, runners with low metabolic power exhibit a

lower plantar flexor moment throughout stance when

compared to runners with high metabolic power, but the

differences at the knee and hip are more complex and

suggest different muscle activation strategies.

One such strategy focuses on the duration of rectus

femoris–gastrocnemius coactivation during the stance

phase of running (Heise et al. 1996, 2008). In these two

studies, participants who displayed greater muscle coacti-

vation exhibited lower metabolic power. Consistent with

the suggestions of others (Bourdin et al. 1995; Kyrolainen

et al. 2001), muscle coactivation increases joint stiffness,

and greater joint stiffness allows for efficient use of stored

elastic energy (Latash 1993) and the possible redistribution

of mechanical power between adjacent joints (Bobbert and

van Ingen Schenau 1988). In the present study, all runners

generated energy at the ankle during stance, but low energy

generation at the ankle and high energy generation at the

knee were characteristics of runners exhibiting low meta-

bolic power (see Fig. 1 and upper left panel of Fig. 4). This

may represent an energy transfer associated with the action

of biarticular muscles gastrocnemius, an ankle plantar

flexor, and rectus femoris, a knee extensor. In other words,

more coactivation between these muscles during stance

may be connected to less positive joint work done at the

ankle and more positive joint work done at the knee.

Runners exhibiting high metabolic power showed no such

connection between the ankle and the knee (see upper right

panel of Fig. 4).

The lack of a significant correlation between metabolic

power and negative joint work at the knee is inconsistent

with the findings of researchers who suggest that eccentric

activity in knee extensors during stance explains interin-

dividual variability in metabolic power (Abe et al. 2007;

Bourdin et al. 1995). Bourdin et al. tested a group of ten

trained distance runners and found that the ratio of
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eccentric-to-concentric vastus lateralis EMG activity dur-

ing stance was inversely related to metabolic power; a

higher EMG ratio was related to lower metabolic power.

They suggested that greater eccentric muscle activity in the

knee extensors resulted in a relatively lower cost concentric

action or, in the context of the present study, more eco-

nomical energy generation across the knee joint. The

results of the present investigation support the notion that

Fig. 4 Hip (H), knee (K), and ankle (A) instantaneous joint mechan-

ical power curves (top), net joint moments (middle), and joint angular

velocities (bottom) during stance for runners with low metabolic

power (left panels) and with high metabolic power (right panels).

Each curve represents the mean of three trials from three different

runners. Percent of stance time is expressed on the horizontal axis and

error bars are ±1 SD
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greater energy generation at the knee is associated with

lower metabolic power, but no relation was found between

energy dissipation at the knee, the mechanical indicator of

eccentric muscle action, and metabolic power.

Conjectures about muscle activity and proposed, low-

cost strategies for joint power production must be balanced

with the limitations inherent in the inverse dynamics

analysis used in the present study. Although this analysis is

well accepted among biomechanists, net joint moments

provide no information about contributions from individual

muscles and coactivation of antagonistic muscles. Another

limitation is the inability of an inverse dynamics model and

subsequent joint mechanical work analysis to account for

isometric muscle actions, especially those of biarticular

muscles, which may play a prominent role in the stance

phase of running (Roberts et al. 1997). Mechanical energy

transfers are not accounted for in the traditional joint power

analysis used in the present study, and the independence of

mechanical power values at the lower extremity joints was

also not examined.

The variability in metabolic power, which was not

explained in the present investigation, may be due to fac-

tors not considered in our research design. One source

would be mechanical contributions from outside the sag-

ittal plane. Novacheck (1998), however, pointed out that

although joint moments are high in the frontal plane,

contributions to joint power are low because of minimal

motion. The joint mechanical power that was not consid-

ered in the present investigation, namely that produced

during swing, may also help explain additional variability

in metabolic power. As stated in the introduction, the swing

phase of running has a metabolical cost, although the

magnitude of that contribution is not well established.

Because the stance phase of running includes the metabolic

cost of support, we used a gross measure of metabolic

power rather than a net measure. This fact may have

impacted the relationships. Another methodological limi-

tation was the low number of trials analyzed per subject.

Although Bates et al. (1992) concluded that fewer trials can

be adequate when using larger subject sample sizes, they

suggested a minimum of three trials per subject for studies

such as the present one. On the other hand, our use of two

trials that most closely matched the criterion speed may

have helped control variation in metabolic power associ-

ated with variation in running speed. Finally, the data

presented and interpreted here are limited to those runners

that fit our definition of a well-trained runner.

Conclusion

In the present study, correlations between metabolic power

and the positive and negative mechanical work at lower

extremity joints during stance were examined. As

hypothesized, positive joint work at the hip and ankle

during stance was positively correlated to metabolic power.

In addition to these results, more economical runners

(lower metabolic power) exhibited greater negative work at

the hip, greater positive work at the knee, and less negative

work at the ankle. Runners with low metabolic power

exhibited a lower plantar flexor joint moment throughout

stance when compared with runners with high metabolic

power, but the differences at the knee and hip were more

complex. At the knee, more economical runners relied on

greater extensor moments during stance, and less eco-

nomical runners relied on greater hip flexor moments.

These differences suggest altered muscle activation

strategies.
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