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Muscular Force in Running Turkeys: 
The Economy of Minimizing Work 

Thomas J. Roberts,* Richard L. Marsh, Peter G. Weyand, 
C. Richard Taylor? 

During running, muscles and tendons must absorb and release mechanical work to 
maintain the cyclic movements of the body and limbs, while also providing enough force 
to support the weight of the body. Direct measurements of force and fiber length in the 
lateral gastrocnemius muscle of running turkeys revealed that the stretch and recoil of 
tendon and muscle springs supply mechanical work while active muscle fibers produce 
high forces. During level running, the active muscle shortens little and performs little work 
but provides the force necessary to support body weight economically. Running econ- 
omy is improved by muscles that act as active struts rather than working machines. 

R u n n i n g  is a bouncing gait in which me- 
chanical energy is absorbed to slow and lower 
the body in the first half of a step and released 
to lift and accelerate the body in the second 
half of a step. Although some of this work can 
be provided passively by elastic energy storage 
in tendons (1 ,  2),  active muscles must provide 
the force necessary to support the body and 
maintain tension o n  tendon springs. Differ- 
ences in the energy cost of running across 
animal size and speed are nrouortional to the 

T. J. Roberts, P. G. Weyand, C. R. Taylor. Haward Unl- 
vers~ty, Museum of Comparat~ve Zoology, Concord Fled 
Stat~on. Old Causeway Road, Bedford, MA 01 730, USA. 
R. L. Marsh, Northeastern Unvers~ty, Department of B -  
ooqy, 360 Hunt~nqton Avenue, Boston, MA021 15, USA. 

cost of producing this force (3) but not to the 
rate at which mechanical work is performed 
(2).  In vitro, muscles that contract isometri- 
cally (\vithout shortening) perform no  work 
but use metabolic energy and produce high 
forces. In contrast, a shortening contraction 
that maximizes mechanical work rate (power) 
produces only one-third the force of an  iso- 
metric contraction, due to the characteristic 
force-velocity relation of skeletal muscle (4). 
This trade-off between work rate and force 
output suggests that animals could minimize 
the cost of producing force during running by 
operating active muscle fibers isometrically 
while the stretch and recoil of tendon springs 
nrovide the work of the bouncing body. - ,  

Moi. Biol. Evoi. 12, 928 (1 995) *To whom correspondence should be addressed at the 
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20. M. J. Benton, Ed., The Fossii Record 2 (Chapman Department of B~ology, Northeastern Un~vers~ty, 360 

and Hall. London. 1993): J. D. Arch~bald. Dinosaur Hunt~nc~ton Avenue. Boston. MA 021 15. USA. crorneter crystals to measure fiber length and 
Extinction and the ~ n d ' o f  an Era (Columb~a Un~v. -1~eceased. strain gauges to measure muscle force in the 

http://w.~vw.science~nag.org SCIENCE VOL. 275 21 FEBRUARY 1997 1113 



lateral gastrocnemius muscle of r u n n i ~ ~ g  tur- 
keys (Fig. 1) (5). These methods avoid the 
uncertainties associated with the determina- 
tion of muscle length from film measurements 
(6) and can discriminate between length 
changes in muscle fibers as opposed to those 
of passive tendons. Sonomicrometry has been 
used successf~~llv to measure skeletal muscle 
length changes 'in situ and during walking in 
cats (7, 8), and force buckles have provided 
measurements of forces in individual muscles 
(9).  Direct measurements of muscle work re- 
auire simultaneous determinations of both 
muscle force and fiber length. 

During level running, large changes in 
muscle length occurred only during the swing 
phase when the foot was off the ground (Fig. 
2). The  force produced during the swing phase 

acts to decelerate the foot itarsometatarsus 
and phalanges) during ankle flexion and then 
accelerate the foot toward the ground as the 
ankle extends. Surprisingly, much of this force 
was produced passively by the springlike be- 
havior of the muscle as it is was stretched 
beyond its resting length. W e  confirmed that 
much of this force was produced passively by 
observing that stretching the ~nuscle to the 
same lengths in an  anesthetized bird (with no 
muscle activity) produced forces similar to 
those observed during the s~ving phase of run- 
ning. Some active muscle force production 
also occurred during the swing phase. Ho~vev- 
er, the amount of muscle activity during the 
swing phase was small; much of the force 
during each stride was developed before any 
electromyogram (EMG) activity (Fig. 2), and 

Fig. 1. Location of force 
and length transducers 
implanted in the lateral 
gastrocnemius muscle 
of wild turkeys. The later- 
al gastrocnemius is an 
extensor of the intertar- 
sa  (ankle) joint with a 
small flexor moment at 
the knee. A region of this 
tendon is calclfled In 
adult turkeys, allowing 
the placement of small 
strain gauges. (lower in- 
set) that can be calibrat- 
ed to measure the force produced by the attached muscle. Muscle fiber length was measured with 
sonomicrometer crystals (black hemispheres, upper inset; wires are omitted for clarity) attached to 
stainless-steel holders and sutured with fine silk along muscle fibers. Bipolar EMG electrodes (not 
shown) were implanted near the sonomicrometer crystals. 

Fig. 2. Flber length, mus- A Level B Incline 
cle force, and activity for / I 

the lateral 
of a turkey running at 3 m 
s-' on level ground (A) 
and up a 12" incllne (B). 
The vertical dashed line in- 
dicates when the foot 
makes contact with the 
ground. One stride IS 

shown for each n c n e .  
Durng level runnng, most 
of the force and activity oc- 
cur during stance when 
the muscle shows little 
length change. Some 
force is produced passve- 
ly during the swng phase. 
Durng incne running, the 
muscle shortens more 
during stance while pro- 
duclng similar force. 

c Swing -+ I+ Stance c Swing + I + Stance + u! 
Time (s) Time (s) 
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the total integrated EMG activity was less 
than 5% of activity during stance for all 
speeds of level running. The springlike behav- 
ior of the elements that hold sarcomeres and 
muscle fibers together has been described in 
vitro ( l o ) ,  but a functional role for passive 
muscle elasticity in locomotion has not been 
demonstrated. 

Most of the  muscle activity and force 
production occurred during stance, when 
force must be produced to  support the  ani- 
mal's weight and work must be done to lift 
and reaccelerate the  hod\;. During level run- 
ning, the rnuscle provided high f&es (up to  
35% of peak isometric force a t  the  fastest 
speed) with small length changes during the 
stance phase (Fig. 2A).  A t  the fastest run- 
ning speed, the  rnuscle shortened by 6.6 ? 
1.9% of its resting length. Much of this 
shortening occurred earl\; or late in the  
force-pro&cing period, a& the  work out- 
put of the  muscle during shortening was less 
than 3 J kg-' a t  t he  fastest running speed 
(1 1 ) .  Tendon energy storage and recovery 
provided more than 60% of the  work of the  
muscle-tendon unit (Fig. 3 ) .  Most of this 
energy storage must have occurred in  ten- 
don aooneurosis, as the  rnaioritv of the  free 

d ,  

tendo;, is calcified and too stiff t o  store 
significant energy (1 2 ) .  

Passive elastic mechanisms can only return 
energy stored previously in a step, therefore 
the incremental increase in the ootential en- 
ergy of the body that occurs with each step of 
incline running must be done by active mus- 
cle work. When turkeys ran on inclined tread- 
mills, the work performed by active muscle 
increased in proportion to the incline (Fig. 4). 
T h e  force required to support body weight is 
independent of incline. A t  a given speed, 
peak muscle forces were the same for all in- 

Shortening work 

O 0 1 2 3 4  

Tendon 
energy 
recovered 

, shortening Muscle 

work 

Speed (m s-I) 

Fig. 3. The work periormed durlng shortening of 
the lateral gastrocnemius muscle-tendon unlt (tri- 
angles) and actlve muscle fibers alone (crcles) 
during stance as a function of speed. Eastc en- 
ergy recovery from the tendon, the dfference be- 
tween the two nes ,  accounted for more than 
60% of the work during shortening. Work was 
calculated as the sum of all work performed when 
the muscle shortened (lengthen~ng work was ~ g -  
nored). Tendon energy recovery was calculated 
from muscle force and tendon stiffness. Ten 
strides were analyzed for each anmal. Values are 
the mean and SE for five animals. 
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clines, and impulse (the area under the force-
time relation) increased by less than 30% 
from 0° to 12° (Figs. 2 and 4). Thus, almost all 
of the increase in muscle work occurred as a 
result of increased muscle shortening. The 
large increase in muscle shortening and work 
output occurred without a significant change 
in stance time, indicating that the average 
rate of shortening increased with incline (13). 

What is the energetic benefit of oper­
ating muscles to produce force while min­
imizing work during level running? The 
increase in muscular work with incline 
running was paralleled by an increase in 
the electrical activity in the muscle (Fig. 
4) (14). If it is assumed that the integrated 
EMG is proportional to the number of 
active muscle fibers, running on a 12° 
incline required three times the volume of 

10 

o 3 
5 

0 6 12 
Incline (degrees) 

Fig. 4. Net muscle work (A), shortening distance 
(B), force (C), and activity (D) during stance phase 
of running at three inclines. Significantly more 
muscle had to be activated, as indicated by the 
integrated EMG signal, to provide the same level 
of force as the muscle shortened more during 
incline running. The running speed was 2.5 m s~1 

for all inclines. Fractional shortening (L/L0) was 
determined as the initial length minus the final 
length during stance force production L, divided 
by the length at initial foot contact (separate ex­
periments indicate that the length at foot contact 
is a close approximation of the length at which 
isometric force reaches a maximum, LQ). All pa­
rameters changed significantly with incline (two-
factor analysis of variance with factors of individual 
and slope, P < 0.03) except muscle force. Values 
shown are the mean ± SE for the number of 
animals indicated beside each point or for five 
animals if no number is indicated. 

muscle to produce the same force as that 
produced during level running (15). These 
results are consistent with the hypothesis 
that near-isometric force production dur­
ing level running increases the force out­
put of active muscle fibers because the 
muscle contracts over a high force region 
of its force-velocity curve. Thus, operating 
muscles at low work outputs during level 
running increases the force per cross-sec­
tional area of active muscle and allows the 
runner to support body weight with a 
smaller active muscle volume. 

These results suggest that the skeletal 
muscle may provide a fundamentally differ­
ent mechanical function during running 
than during activities such as swimming, 
flying, or jumping. These activities require 
muscle contractions that produce mechan­
ical work at high rates to overcome drag, 
produce lift, or accelerate the body (16). 
Because running requires negligible work 
against drag (17), and the average mechan­
ical energy of the body is constant over time 
(at a steady speed on level ground), the 
demands of support may be met most eco­
nomically by muscles that produce force 
while minimizing mechanical work. 

REFERENCES AND NOTES 

G. A. Cavagna, F. P. Saibene, R. Margaria, J. Appl. 
Phys. 19, 249 (1964); R. F. Ker, M. B. Bennett, S. R. 
Bibby, R. C. Kester, R. McN. Alexander, Nature 325, 
147(1987). 
N. C. Heglund, M. A. Fedak, C. R. Taylor, G. A. 
Cavagna, J. Exp. Biol. 97, 57 (1982). 
C. R. Taylor, N. C. Heglund, T. A. McMahon, T. R. 
Looney, ibid. 86, 9 (1980); C. R. Taylor, ibid. 115, 
253 (1985); R. Kram and C. R. Taylor, Nature 346, 
265(1990). 
A. V. Hill, Proc. R. Soc. London Ser. B 126, 136 
(1938); Sci. Progr. 38, 209 (1950). 
All animal care and procedures were approved and 
were in accordance with the animal welfare guide­
lines of Harvard University. Transducers were surgi­
cally implanted in adult wild turkeys (average body 
mass 3.6 kg). Strain gauges (Tokyo Sokki Kenkyujo 
Ltd.) were glued to the internal and external aspects 
of the free calcified tendon with the use of methods 
developed for bone [A. A. Biewener, Biomechanics: 
Structures and Systems (Oxford Univ. Press, Oxford, 
1992)]. Running measurements were made 2 days 
after surgery. Tendon strain signals were amplified 
(with a Micromeasurements model 2120 amplifier) 
and the outputs of the internal and external gauges 
summed to provide a measure of strain due to mus­
cle tension independent of tendon bending. After the 
running measurements, animals were anesthetized 
and strain was calibrated to force in situ with a force 
transducer (Kistler model 9203). Force was a linear 
function of strain (correlation coefficient r2 = 0.99; 
95% confidence intervals were less than 1 % of the 
slope). The length signal recorded from the sonomi-
crometer (Triton model 120) was shifted 5 ms to 
correct for a phase delay. EMG signals were pream-
plified with DAM50 (World Precision Instruments) dif­
ferential preamplifiers. All signals were collected at 
4000 Hz with a MacAdios IIA/D converter. Force and 
length signals were filtered by software (Superscope 
II, GW Instruments) with a box-smoothing filter with a 
cut-off frequency of 150 Hz, and EMG signals were 
filtered with a high-pass finite impulse response filter 
with a cut-off frequency of 200 Hz. 
W. C. Whiting, R. J. Gregor, R. R. Roy, V. R. Edger-
ton, J. Biomech. 17, 685 (1984). 

10, 

11 

12, 

13, 

15, 

16, 

R. I. Griffiths, J. Physiol. London 436, 219 (1991). 
, J. Neurosci. Methods 21, 159 (1987).; J. A. 

Hotter, A. A. Caputi, I. E. Pose, R. I. Griffiths, Prog. 
Brain Res. 80, 75(1989). 
B. Walmsley, J. A. Hodgson, R. E. Burke, J. Neuro-
physiol. 41, 1203 (1978); M. H. Sherif, R. J. Gregor, 
L. M. Liu, R. R. Roy, C. L Hager, J. Biomech. 16, 691 
(1983); B. I. Prilutsky, W. Herzog, T. L. Allinger, J. 
Exp. Biol. 199, 801 (1996); R. J. Gregor and T. A. 
Abelew, Med. Sci. Sports Exercise 26, 1359 (1994). 
K. Wang, R. McCarter, J. Wright, J. Beverly, R. 
Ramirez-Mitchell, Biophys. J. 64, 1161 (1993). 
Data for the work during shortening are presented 
because this work is relevant to the energy cost of 
contraction. The net work done by muscle fibers is 
equal to the work done by the muscle (during short­
ening) minus the work done on the muscle (during 
lengthening). During level running, the muscle also 
underwent a small amount of active lengthening so 
that the net work performed by the muscle was not 
significantly different from zero at all running speeds. 
Although this result is consistent with the fact that 
steady-speed running on level ground requires little 
net work, it is not inevitable; some muscles could 
perform net positive work while other muscles act as 
net work absorbers. 
Although the calcified region of the tendon increases the 
overall tendon stiffness, considerable soft tendon is 
available to act as an energy-storing spring. In all, the 
soft region of the tendon was about 70 mm (including 
aponeurosis), or about three times the muscle fiber 
length. Tendon stiffness was determined in anesthe­
tized birds with a method similar to that of Griffiths (7). 
The leg was immobilized, the muscle was stimulated to 
contract, and muscle force and length were measured 
with the implanted transducers. Because the leg was 
immobilized, the length of the muscle-tendon unit was 
constant during a contraction, and the measured mus­
cle fiber shortening required an equivalent tendon 
lengthening (after correction for fiber pinnation angle). 
This technique had the advantage that the tendon re­
mained intact during the measurements, and the force-
length curve produced by this method provides a mea­
sure of tendon stiffness that includes the elastic proper­
ties of the aponeurosis as well as those of the free 
tendon. 
A comparison of the work done at different inclines is 
a good indicator of the increase in shortening velocity, 
because at the same speed the stance period oc­
curred over approximately the same amount of time, 
and the force produced was similar. Direct calcula­
tions of the stance shortening velocity would be more 
difficult to interpret because the velocity is variable 
during stance of level running, and most of the short­
ening occurs early or late in stance, when force is low. 

14. EMG signals were rectified and integrated over the 
stance period. EMG values for individual animals 
were normalized to the value obtained for that animal 
during level running at the same speed (2.5 m s_1). 
This normalization accounts for differences in ampli­
tude that occur with variable electrode quality and 
orientation. 
An increase in integrated EMG activity could also indi­
cate an increase in repetitive rate of activation of individ­
ual motor units [J. V. Basmajian and C. J. DeLuca, 
Muscles Alive: Their Functions Revealed by Electromyo­
graphy (Williams & Wilkins, Baltimore, MD, 1985)]. This 
would be an alternative mechanism for increasing the 
force output of individual fibers, and it would also require 
a higher rate of energy consumption. 
R. L Marsh, J. M. Olson, S. K. Guzik, Nature 357, 
411 (1992); R. L Marsh and H. B. John-Alder, J. 
Exp. Biol. 188, 131 (1994); G. J. Lutz and L C. 
Rome, Science 263, 370 (1994); A. A. Biewener, K. 
P. Dial, G. E. Goslow, J. Exp. Biol. 164, 1 (1992). 
L. G. C. E. Pugh, J. Physiol. London 213, 255 (1971). 
The authors thank C. I. Buchanan for technical as­
sistance and A. A. Biewener and R. Kram for com­
ments on the manuscript. Supported by grants from 
NIH to CRT. (AR18140) and R.L.M. (AR39318) and 
by an NSF graduate fellowship to T.J.R. This paper is 
dedicated to the memory of C. Richard Taylor. 

16 September 1996; accepted 23 December 1996 

http://www.sciencemag.org • SCIENCE • VOL. 275 • 21 FEBRUARY 1997 1115 

http://www.sciencemag.org

