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Summary

Compared with quadrupeds, bipedal runners of the muscle volume is proportional to the product of force and
same weight have longer legs, take longer steps and can fascicle length. We measured both mean fascicle length and
presumably use slower, more economical muscle fibers. mean mechanical advantage for limb extensor muscles.
One might predict that bipedal running is less expensive, Turkeys generated approximately the same total muscle
but it is not. We hypothesized that bipeds recruit a larger force to support their weight during running and used
volume of muscle to support their weight, eliminating the muscle fascicles that are on average 2.1 times as long as in
potential economy of longer legs and slower steps. To test dogs, thus requiring a 2.5-fold greater active muscle
our hypothesis, we calculated the relative volume of muscle volume. The greater volume appears to offset the economy
needed to support body weight over a stride in small dogs of slower rates of force generation, supporting our
(Canis familiaris) and wild turkeys (Meleagris gallopavpof  hypothesis and providing a simple explanation for why it
the same weight. First, we confirmed that turkeys and dogs costs the same to run on two and four legs.
use approximately the same amount of energy to run at the
same speed, and found that turkeys take 1.8-fold longer
steps. Higher muscle forces and/or longer muscle fibers Key words: locomotion, energetics, muscle, dGgnis familiaris
would require a greater volume of active muscle, since turkey,Meleagris gallopavo

Introduction

Animals use more metabolic energy the faster they run andyetabolic energy is determined by the total volume of muscle
on a mass-specific basis, small animals use more energy thi#iat must be active to support the body and maintain movement
do larger ones (Tayloet al. 1970). It has been hypothesized and by the rate at which a unit volume of muscle uses energy.
that the differences in the energy cost of running that occlExperiments in which animals were trained to carry weights
with speed and body size result from the increased energy caghile running suggest that much of the active muscle acts to
of generating muscular force with faster muscle fibers (Tayloprovide support for the body. When rats, dogs, humans and
et al. 1980; Heglundet al. 1982; Taylor, 1985; Kram and horses run with weighted backpacks, their energy consumption
Taylor, 1990; Rome, 1992). Among quadrupeds and smalhcreases in direct proportion to the supported load (Ta&flor
bipedal hoppers, the energy cost of locomotion decreases a@h 1980). Up to a load equivalent to 27 % of body mass, stride
proportion to the time available to generate force, measured &equency and time of foot contact do not change, but the mean
the time for which the foot is in contact with the ground (Kramforce that must be produced against the ground increases in
and Taylor, 1990). Bipedal runners have longer legs, longetirect proportion to the load. Glycogen depletion studies in rats
times available to generate force with each step and shousthow that the cross-sectional area of muscle showing glycogen
presumably be able to use slower, more economical musdiess also increases in direct proportion to the supported load
fibers than quadrupeds (Robeegtsal. 1998), yet their energy (Armstrong and Taylor, 1982), indicating that the increase in
consumption is the same (Fedak and Seeherman, 1979; Robem&rgy consumption with loading results from an increase in
et al.1998). In the present study, we seek to determine whethactive muscle volume to provide more force.
differences in the volume of muscle required to generate force The muscle force that a running animal must produce to
might explain why bipedal runners use more energy for a giveprovide support is determined not only by its body weight but
rate of force generation. also by the design of its limbs. Differences in the mechanical

The rate at which a running animal’'s muscles consumadvantage with which limb muscles operate through the
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skeletal lever system result in large differences in the musculanales and one female; mass 4.5+1.0kg) were purchased from
force required to support the body (Gray, 1968; Smith antdSDA-approved breeders. These particular species were
Savage, 1956). Biewener (1989) has demonstrated that lindhosen because they have approximately the same body weight
mechanical advantage changes in a regular way with animahd they perform well on the treadmill. The animals were fed
size; the crouched posture of small animals increases tlemmercial bird and dog diegsl libitumand were housed in
moment of the ground reaction force about the joints anthrge indoor/outdoor pens.
reduces their muscle mechanical advantage relative to larger
animals with more upright postures. Among quadrupedal Metabolic energy consumption
mammals, the mass-specific muscle force required to supportThe energetic and kinematic data for turkeys are presented
the body scales according k#,0-26 whereMy, is the body in Roberts et al. (1998). All energetic and kinematic
mass (Biewener, 1989). On average, a 30g mouse musteasurements were made while the animals ran on a variable-
produce 10 times as much muscle force as a 300kg pony $peed treadmill. We selected speeds within the range of
produce 1N of force against the ground. If the active muscleomfortable trotting speeds for the dog and running speeds for
fibers produce the same force per unit cross-sectional area, the turkey. All animals were trained for 20 min a day, 3 days
mouse must recruit 10 times the cross-sectional area of museeveek for at least 6 weeks before measurements were made.
to support each newton of body weight. The rate of oxygen consumptiovty) was determined using
The total volume of muscle necessary to support the bodgn open-circuit indirect calorimetry system (Fedakl.1981).
is equal to the product of the cross-sectional area and teimals wore loose-fitting masks through which air was
fascicle length of the active muscle. Longer muscle fasciclesetered at constant rates. A small sample of the collected gas
produce the same force per unit cross-sectional area, butwas removed, dried, scrubbed for £&nhd measured for O
larger volume of muscle is activated for each newton of forceontent with a Beckman F3 oxygen analyzer. Calibration with
produced. Small quadrupeds have relatively shorter muscke known flow rate of nitrogen allowed calculation \&$,
fibers than large quadrupeds, proportionallg8-26(Alexander  (Fedaket al. 1981). The system was found to be accurate to
et al. 1981; mean of exponents for all muscle groups for nonwithin +2 %.
hoppers). From large to small quadrupeds, the increase inThe rate of @ consumption was measured continuously
cross-sectional area of muscle required to support the bodluring each trial. We used measurements taken after a steady-
weight during running, proportional td, 026 is offset by a state level ofVo, had been maintained for 5min or more.
decrease in the relative lengths of the muscle fiber§Several measurements were made on different days and
proportional taVi?-28 such that the volume of muscle requiredaveraged. We used an energy equivalent of 20.11Dmlto
per unit body weight is constant across size in quadrupedebnvert measurements of oxygen consumption to energy
mammals (Biewener, 1989; Kram and Taylor, 1990). consumption (Blaxter, 198%metabfor a given running speed
It has been suggested that differences in muscle mechanieehs defined as the metabolic rate minus the zero-speed (
advantage and active muscle volume might explain thantercept) rate. The cost coefficient was determined according
variation in the energy cost of generating force duringo equation 1. The cost of transport was defined as the slope of
locomotion in insects that have markedly different limbthe least-squares linear regressiofaiad\b 2 against speed.
postures (Fuleét al. 1990). Humans use more energy when they
run in a crouched posture (‘Groucho running’) because of the Kinematic measurements
poor mechanical advantage and increased muscle recruitmenfTime of foot contacttf) was measured from high-speed
at the knee (McMahoet al.1987). To determine the influence video recordings of treadmill running. Animals were recorded
of muscle mechanical advantage and fiber length on runningsing a NAC 200 high-speed video camera operating at
energetics in bipeds and quadrupeds, we compared dogs &@D fields s1. Time of contact was determined by counting the
turkeys of the same size. On average, bipedal runners use hifmber of fields during which the foot was in contact with the
times as much metabolic energy as quadrupeds for a given rateadmill belt. Measurements were taken for each foot and
of force generation (Roberts al. 1998). We hypothesized that averaged. Ten strides were analyzed for each animal at each
this difference resulted from a greater volume of active muscleinning speed.
necessary to generate force in bipedal runners. We tested two
possible causes of an increased active muscle volume: (1) a Overview of muscle force and length measurements
poorer muscle mechanical advantage for force production, and Fig. 1 summarizes schematically the method for calculating
(2) a longer fascicle length of the active muscles. the effect of muscle force and fascicle length on the volume of
active muscle required to support body weight during running.
This calculation is based on two variables: (1) the extensor
_ muscle force required to balance the ground reaction force
Animals moments at each joint and (2) the mean muscle fascicle length.
Three adult wild turkeysMeleagris gallopavolL.) (two  Measurements of the fascicle lengthsapd muscle moment
female and one male; mass 5.3+2.3kg; meam2 and three arms () of individual muscles are averaged to calculate a
adult dogs Canis familiarisL.; breed, Teacup terrier) (two composite extensor muscle for each joint, with a mean fascicle

Materials and methods
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Anatomical measurements

Anatomical measurements were taken from three limbs of
two turkeys and three front and three hind limbs from two
dogs. To take advantage of cadaver material available from
other experiments, two of the animals dissected were not the
same individuals used for the running measurements, but they
were similar in weight and condition.

Muscle fascicle length), pinnation anglef(), moment arm
(r) and massnf) of each of the extensors were measured at the
ankle, knee and hip for the turkey and dog, as well as the wrist,
elbow and shoulder of the dog. The intertarsal joint of the
turkey is referred to as the ankle for ease of comparison.
Measurements were made on muscles that act primarily as
extensors. Proposed function determined from anatomy
(Raikow, 1985; Gatesy, 1989; Millet al. 1979; George and
Berger, 1966) as well as electromyography measurements of
muscle activity during stance (Gatesy, 1989; Tokuriki, 1973;
Goslowet al. 1981) were used to determine which muscles to
include (see Table 1). Two-joint muscles were included only
if the extensor moment arm was greater than the flexor moment
arm. Anatomical measurements were similar in method to
those described by Alexander (1974). Muscle moment arms
were determined by measuring the perpendicular distance from
the line of action of each muscle to the center of rotation of
the joint. The joints were held at approximately the joint angle
observed at mid-stride for muscle moment arm and length
measurements. For muscles with a variable fascicle length, a
mean value was determined from several measurements. For
pinnate muscles, the fascicle length was determined after the
muscle had been dissected away and bisected with a sharp
scalpel. Muscle fiber pinnation angle was determined using a
protractor or small goniometer.

Calculation of composite muscle variables

Because the relative contribution of individual muscles to
Fig. 1. A diagram of the logic and summary of the methods foth€ SUM moment at a joint cannot be determined from external
estimating active muscle volume. Measurements of the fasciclf€asurements, it is necessary to determine a mean muscle
lengthl and moment arm of each extensor are combined to give afascicle length and moment arm for each joint. We calculated
characteristic mean fascicle lengthgnd mean moment arm)(for ~ a composite fascicle length) @nd moment armr{) for each

a composite extensor at each joint (A,C). The muscle momenipint from the mean of the extensors at each joint, weighted by
required to produce ground reaction forégsare measured from cross-sectional area (Biewener, 1989). This provided a
force plate recordings and video analysis and used to cal&jldte  measure weighted to the capacity of each muscle to generate
ground r_ea_lction force moment arm, ﬁ\d the mean muscle force force.

at each joint (B). The volume of active muscle is represented as aThe physiological cross-sectional area of each of the

cylinder with a cross-sectional aréa proportional to the measured | t a ioint lculated ding to the followi
force,Fm, and a length equal to the mean fascicle lendtb). (ranquusacti((a)?ra a Joint was caiculated according to the tollowing

mcoH
length and moment arm (Fig. 1A). Muscle moment arm value: Acs= , 1)

are combined with joint moments measured by video and forc Pl

plate analysis (Fig. 1B) to calculate the muscle foFge whereAcsis the cross-sectional area in%mis muscle mass
required to support body weight at each joint. The volume oh g, p is the density of muscle in gci 6 is the pinnation
active muscle is represented as a cylinder having a crossngle in degrees, ads the muscle fascicle length in cm. A
sectional ared\s that is proportional to the muscle forEs  density for muscle of 1.06 g cfhwas used (Mendez and Keys,
at the joint and a length that is equal to the mean fascicle lengtli®60). _

(1) of the extensors at the joint (Fig. 1C). The fascicle length for the composite musclg Was




2756 T. J. PBERTS M. S. GieEN AND C. R. TayLOR

determined by dividing the sum of the muscle volumes by th Table 1.Mean muscle mass, moment arm and fascicle length

sum of the cross-sectional areas: for composite joint extensors for the turkey and dog
_ S(mp) Moment arm, Fascicle length,
| = As (2) Muscle mass r |
2 s () (cm) (cm)
This is equivalent to a weighted (by cross-sectional area) meurkey
muscle fascicle length. The mean muscle moment ajrfo¢ Hip 118.7+5.0 3.54+0.16 6.80+0.58
each joint was also a weighted mean based on the cros Knee 36.9£1.0 2.09+0.60 3.05£0.21
sectional area of each muscle: Ankle 130.8+9.6 1.17+0.09 2.38+0.37
_ (r1Acs, 1+ r2Acs 2+ ... +rnfc Dog
= (1A > Hesn) 3) Hip 63.8+2.1 1.34+0.04 4.610.52
2Acs Knee 20.5+1.69 1.24+0.56 2.29+0.43
. . . . Ankle 20.2+1.2 1.20+0.12 1.41+0.16
Th‘fe Va;”a.blt.es descr']?e a Clonlnpost'rt]e m(l;SC'e af each JO'”: W' Shoulder  13.9:0.3 1.01+0.06 1.8040.75
a characteristic mean fascicle length and muscle moment ar .o 19 042 0 1.3740.20 3.11+0.32

(Biewener, 1989). The composite mean values are present st 11.341.2 0.61+0.07 0.68+0.05

in Table 1. These mean values were used for all calculatior

of force and active muscle volume. Small corrections ir values are means +slb. (N=3).

anatomical values for body mass were made by assuming tt Turkey muscles: hip; iliotibialis lateralis*, iliofibularis, flexor
length scaled according M%-33 The variation in anatomical cruris lateralis, flexor cruris medialis, pubo-ischio-femoralis,

measurements was not included in subsequent calculationsischiofemoralis; knee; femorotibialis externus and medius; ankle;
muscle force and active fascicle length. gastrocnemius, fibularis longus*, flexor hallucis longus, flexor
digitorum longus, flexor perforatus II&lll, flexor perforans et.

perforatus l1&lII.

Force measurements . . o .
hat th ibuti ] | d . Dog muscles: hip; gluteus medius, gluteus superficialis, biceps
We assumed that the contributions of lateral groun reaCtIcfemoris, semimembranosus; knee; vastus lateralis, vastus medialis,

forces and inertial forces required to accelerate the limbs weyastys intermedius; ankle; gastrocnemius, plantaris, deep digital
small relative to the horizontal and vertical ground reactiorflexors; shoulder, supraspinatus; elbow, triceps medialis and lateralis;
forces (Clark and Alexander, 1975; Pandy al. 1988). wrist, deep digital flexors, superficial digital flexors, flexor carpi
Measurement of ground reaction force moment at each joiulnaris, flexor carpi radialis.
requires measurements of the position of the center of rotatic *Only those heads that extend the joint were included.
of the joint, the point of force application and the direction anc
magnitude of the resultant ground reaction force. The positio
was recorded using high-speed video, and force measuremesignal was collected on an Apple Macintosh computer after
were carried out using a Kistler model 9261A force plateanalog-to-digital conversion on a National Instruments board
mounted midway along a 15m track. (no. NB MIO 16H). The force data, along with one channel of
The running speed along the track was recorded as thmhotocell output and a synchronization channel, were collected
animal broke photocell beams from three photocells locatedsing a National Instruments Labview program. Data
1m apart. Three criteria were necessary for a run to beollection was triggered when the animal broke the first
analyzed further. First, the animal had to run at the appropriafghotocell beam. Force data were sampled at 1000Hz and
speed. We chose speeds that were close to the preferred spditsed in software with a Chebyshev low-pass filter with a cut-
of the animals (a 2.0 m’trot for dogs, 3.5m3 for turkeys)  off frequency of 60Hz. The point of force application was
and only accepted runs within 0.2 M sf this speed. Second, determined by the relative outputs of the vertical channels in
the animal had to run at a steady speed with little acceleratidghe front and back of the force plate. The force plate was
or deceleration. The horizontal force was integrated during thealibrated for force and position daily using a known mass.
foot contact time, and only those runs in which the integrated Joint centers of rotation were determined by marking each
accelerative and decelerative forces (i.e. impulse) differed hpint and video-taping the animal running across the force
less than 25 % were accepted as steady-speed runs. This respléte. Images were digitized (Quickcapture frame-grabbing
in a net change in speed per stride of less than 0L filse  board) and analyzed using NIH Image software. Force and
third criterion was that the turkey should land with one footvideo measurements were synchronized using a light-emitting
only on the plate; the dog had to land with the front foot andliode triggered by the photocells and recorded on video.
then the hind foot on the same side of the body in the sameA spot of white latex paint was applied to the skin overlying
run. This condition was necessary in order to resolve ththe approximate joint centers, using bony landmarks to aid in
ground reaction forces for individual limbs. locating the center of rotation. For turkeys, only the ankle
Two channels of vertical (summed front and back of thecould be marked with paint. The wing obstructed the view of
force plate) and one channel of summed horizontal componerttse hip, and knee movement occurred independently of skin
of force were recorded using a Kistler 9261A force plate. Thenovement. These joint positions were determined with the aid
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of a small marker on the back over the hip, the ankle markenuscle forces measured directly by force buckles and the

and measured leg segment lengths. In an immobile bird, tHerces calculated from force-plate measurements in the ankle

distance from the ankle to the center of rotation of the kneextensors of hopping kangaroo relpodomys merriami

was determined. A line of this length was drawn on thd&Bieweneret al. 1988).

digitized image from the ankle marker following the middle of

the tibiotarsal muscle mass to locate the knee center of rotation. Active muscle force and fascicle length

The same strategy was used to determine the position of theTo compare dogs and turkeys, we calculated the muscle

hip from the position of the knee, using the marker glued téorce required per unit ground reaction force. This was

the back of the animal just above the hip as a guide. Becaugerformed by dividing the muscle force integrated over the

there is virtually no movement of the skin on the back, thisime period of supporfFm, by the integrated ground reaction

marker was fixed relative to the acetabulum, thus providing force,[Fg. Averaged over time, a running animal must produce

good indicator of the position of the center of rotation of theone body weight of force against the ground. Therefore, the

hip. ratio [Fm/[Fg is @ measure of the muscle force, averaged over
High-speed X-ray cine film was used to check the accuradyme, that must be produced to support body weight. If the

of joint markers in both the dogs and the turkeys (Siemensechanical advantage does not change with running speed, as

cineoradiographic apparatus with an Eclair GV16 camera). Wieas been demonstrated for quadrupeds (Biewener, 1989), this

placed radio-opague markers on the skin and filmed theatio will be independent of speed or duty factor. The sum of

animals running on a treadmill. We could visualize the centdimb extensor forces that must be produced to generate 1 N of

of rotation of the joint directly with the X-ray film and observe force on the groundRsun{[Fg) was obtained by summing the

how reliably our external markers indicated the joint axis. Thenean force at each joint for a stride. For the hind limb:

largest error in joint marking occurred at the most proximal

joints and was less than 0.5cm. JFsum _ [Fm.ankie* fFmkneet [Fmhip
Muscle force at each joint was determined using the JFg JFg

following equation:

®)

For the dogs, the sum of the forces for all six joints was divided
F=—F R by the sum of the ground reaction forces for the hind limb and
m=Fg —=, (4) .
r fore limb.
. . . . The ‘active fascicle lengthlLécy) is a mean of fascicle length
whereFm is muscle force (in NJgis the ground reaction force for the whole animal, weighted at each joint according to how

(in N), Ris the perpendicular distance from the line of aCtiorhwuch force is produced at that joint. For the hind limb, this
of the ground reaction force to the axis of rotation of the jOinEaIculation was: ’

(in cm), andr is the mean muscle moment arm (in cm), as _ B B

described above (Biewener, 1989). Ground reaction force we _ [Fm.ankidankiet [Fm knedknee [Fm hig hip

determined from the force output recorded from the force plate Lact= [Fsum . (6

The ground reaction force moment arR), was determined

from the position of the joint and the position and direction ot-actfor quadrupeds was calculated using the same method for

the ground force, as determined from force plate and vide®! six joints. The mean is weighted by force in order to provide

measurements. an estimate of the mean length of the active muscle fascicles.
The total muscle force also included a component of forc all muscle fibers operate with the same stress, then the

contributed by two-joint muscles that extended one joint buyolume of active muscle necessary per unit body weight during

also flexed another. For example, if the gastrochemius musdleénning will be proportional to the product ffsun[Fg and

is active to extend the ankle, it will also produce a small flexioh-act

moment about the knee that must be balanced by knee

extensors. The muscle flexor moments produced by two-joint

muscles were calculated from the flexor moment arm and the Results

force required to balance ground-reaction-based extensor Energetics and kinematics of running

forces, assuming that force was distributed equally (by cross- The energetic costs of running were similar in trotting dogs

sectional area) across all joint extensors. In both dogs arahd running turkeys (Fig. 2). The speed range of these gaits

turkeys, muscle flexion moments from two-joint hip and ankleoverlapped between 1.5 and 2.0th &t these two speeds, the

extensors increased the extensor force required at the kneerbgasured metabolic rate was approximately 15% higher for

approximately 60 % over the force required to balance grountirkeys, but this difference was not significant (two-tatled

reaction forces only. The extensor force required to balandest,P=0.09).

these antagonist muscle forces was less than 2% of the totalThe slope of the relationship between mass-specific energy

extensor force required in the limb in dogs and less than 9 %ost EmetadM 1) and running speed is the ‘cost of transport’

in turkeys. It was assumed that any other forces due to c@ErandML). It represents the amount of energy used by the

contraction of antagonist flexor muscles were negligible. Thisnuscles to move a unit body mass a unit distance. The cost of

assumption is supported by the close agreement betwegmansport was not significantly different for dogs and turkeys
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Table 2.Hip height at mid stride, step length, time of foot contact, cost of transport and cost coefficient for dogs and turkeys

Cost of transport,

Hip height Step length Time of contaty, EtrandVb 1 Cost coefficientc
(cm) (cm) (s) (INITm (INTD
Turkey 35.8+2.0 55.3+4.7 0.259+0.017 0.63+0.03 0.349+0.015
Dog 22.6+0.9 26.9£1.0 0.141+0.005 0.68+0.02 0.183+0.018
P 0.004 0.002 0.003 0.322 0.003
Turkey:dog 1.6 2.0 1.8 0.9 1.9

ErandMy L is the slope +95 % confidence intervals of the least-squares regresKian8Mb1 on running speed (see Fig. 2).
All other values are meanss.M. (N=3).

All values are means for all speeds, exd¢epthich is for 2.0 msl,

P values are given for two-tailadests.

(Table 2). Transport cost changes in a regular way with bodgeneration, and the ratio between these two is described by the
mass, and the values for the dog and turkey given in Table 2 arest coefficientc, according to the following equation:
close to the values predicted for their size (Tagtoal. 1982). . c

Turkeys took longer steps than did dogs running at the sarr EmetabMy 1= — @)
speed (Table 2). Step length, equal to the product of runnin te
;peed apd time of contact', was twice as long for turkeys. Th Kram and Taylor, 1990). The cost coefficient for turkeys was
is explained by the long tibiotarsal and tarsometatarsal bon 59 times greater than that measured for dogs (Table 2)
of the turkeys, giving them almost twice the leg length and onsistent with differences between other bipedal and’
1.6-fold greater hip height at mid-stance than dogs (Table szuadrupedal runners (Robeetsal. 1998).
The longer steps of the turkeys meant that each foot was |
contact with the ground 1.8 times longer than the feet of the Muscle force

dogs. A longer foot contact time provides more time to The muscle force required to support weight is determined
generate force and presumably 'allows the turkeys to u%ﬁ/ the magnitude of the ground reaction force and the
slogvei;], rgoredecongmlcaldmuscdle flbhers. direct relati h_mechanical advantage of the muscle. Changes in the ground
b to tﬁe s an quta frupe S S o(\j/vtha i rect rela 'OPfS 'Reaction force moment arrR, that occur during a step result
etween Ihe energy cost of funning and the ime course otiorge 5 pattern of muscle force that does not necessarily parallel

changes in the ground reaction force with time (Fig. 3). For
4r example, hip extensors in the turkey experience their peak
forces early in the step, while the knee extensor force is
maximal later in the step, after the peak ground reaction force.
The ground reaction force can also act to extend a joint,
indicating an opposing flexor muscle force. These moments
were small relative to the moments that required extensor
muscle force and were recorded as zero extensor force. The
oL total integrated flexion moment summed for all joints was less
than 8% of the total extensor moment in dogs and less than
2% in turkeys.

Biewener (1989) defined the effective mechanical advantage
1+ (EMA) as the mean mechanical advantag®, of the limb
extensors averaged over a step. We calculated the EMA over
the period of the stride when the measured muscle force was
greater than 25% of the measured maximum muscle force

Turkey

Dog

Metabolic rate (W N

Oo ' |1 ' |2 ' I3 ' :1 (Biewener, 1989). The EMA of the turkey hind limb,
. 0.451+0.052 (mean £.E.M.), was not significantly different
Speed (ms™) from that of the dog hind limb, 0.652+0.089=0.12, two-

Fig. 2. Metabolic ratelfﬁnetak\/\/b‘l) versusspeed in turkeys and dogs. ta!led t-test), or the dog fore limb, 0.298+0.025-0.06, two-

The slope of the line gives the cost of transpBrndM-1, and was tailed t-test). Th_e scaling of EMA across body mass _for a
not significantly different for the dog and turkey. Values are means Bumber of species of mammals (Biewener, 1989) predicts an
seM. (N=3), and lines are least-squares regressions. Regressi6iVA of 0.337 for the fore limb and 0.385 for the hind limb
equations: turkey, y=0.63+0.884, r2=0.993, P<0.001; dog, for a mammal of the same body mass as the dogs in the present
y=0.68+0.539,r2=0.997,P=0.001. study. There are no comparable values published for birds.
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The EMA expresses the mean of the ground reaction force
produced per unit muscle force for all of the extensors and is
useful for comparing the mechanical design of the limbs of
different animals. For the purposes of an energetic comparison,
however, we required a measure of muscle force that could be
summed for all joints and that included the entire force-
generating period. We divided the integrated muscle fffge,

(the area under the muscle force curve in Fig. 3), at each joint
by the integrated ground reaction forff&; (the area under the
ground reaction force curve in Fig. 3). This gives a measure of
the amount of muscle force required at each joint to produce 1N
of ground reaction force (Fig. 4). In both turkeys and dogs, the
highest muscle forces occurred at the distal joints. When all
joints were included, the muscle force required to support each
newton of body weightfFsun{[Fg, was 9.8+0.8 for turkeys
compared with 8.0+0.6 (meansi.m.) for dogs. This 1.2-fold
difference was not significar£0.15, two-tailed-test) (Fig. 4).

Active muscle

Running turkeys used a greater muscle volume to generate a
unit of force than dog$P£0.003, two-tailed-test) because of
their longer muscle fascicles (Fig. 5). If we assume that the dog
and turkey muscles produce the same force per active cross-
sectional area of muscle, the product of mean muscle force and
fascicle length is proportional to the volume of active muscle
(Figs 1, 5). Thus, the turkey uses 2.5 times the active limb
muscle volume to generate each unit of ground reaction force
as the dogHR=0.003, two-tailed-test). Much of this difference
can be explained by the high forces and relatively long fascicles
in the ankle of the turkey. The volume of muscle required to
support weight at the ankle of the turkey was at least as much
as that used for all the joints of the front and hind limb
combined in the dog. The was due to both high muscle forces
(Fig. 4) and long fascicles at the ankle in turkeys (Table 1). The
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muscle forceversus time curve represents the impulsfsm,

produced at that joint.

Fig. 4. Muscle forcem required per unit ground reaction forEg.
Values for dogs are calculated by dividing the muscle imgBlsat
a given joint by the total ground reaction force impysgfor both
front and hind limbs. Values are meansem. (N=3).



2760 T. J. PBERTS M. S. GiEN AND C. R. TayLOR

O Dog forelimb 5
10F = Dog hind limb
= Turkey hind limb
> 0.8 4
%E 0.8 \%
g &
2 06}
IS
=}
S
o 04¢
=
B
&
0.2}

0 1 . 1 1
Wrist Elbow Shoulder Limb
Ankle Knee Hip

Lact (cm)

Fig. 5. The product of muscle force per unit ground reaction forct
(JF/JFg) and fascicle lengthl)( which is proportional to the
recruited muscle volume necessary to support body weight for eac
joint in the turkey and dog. Values are mearsEm. (N=3).

difference in distribution of active muscle volume in dogs anc
turkeys was reflected in the distribution of total extensor muscl
mass (Table 1). For example, the total extensor mass availat
at the ankle of the turkey is more than four times the combine
muscle mass at the wrist and ankle of the dog.

The energy cost of generating force

The limb extensor muscles of the turkey have much longe
fascicles than those of a similarly sized dog (Table 1). T«
determine a fascicle length that is relevant to the energetic cc Dog Turkey
of generating force, we have calculated an ‘active fascicle ) .
length’, Lact which is the mean fascicle length at each jointF'9: 6. The muscle force required to support 1N of body weight for
weighted by the muscle force produced at that joint (Fig. GB}a” joints combined JEsun(]Fg) (A), the mean active fascicle length

. . ’(Lacy) for the whole limb weighted by the force produced (B) and the
This should provide a measure of the me_an length of the aCtI‘mean cost coefficient (C) for the dog hind and fore limbs (combined)
muscles. For example, veryllong fa§C|cIes of the eXt?nS(and for the turkey. Values are means.gM. (N=3). An asterisk
muscles that act about a particular joint would not contributgenotes a significant difference (two-tailetest, P<0.05) between

to the active fascicle length if no force is generated (Sevalues for the dog and turkey.
equation 6). The active fascicle length for the turkey wa:
3.3£0.4cm, 2.1 times greater than the value of 1.6+0.1cm fc
the dog (mean s.e.m., P=0.01, two-tailed-test). Turkeys use running bipeds compared with quadrupeds and provides a link
muscles that are, on average, 2.1 times longer while producimgtween limb design and running energetics.
similar muscle forces, providing an explanation for their 1.9- Previous studies have suggested that differences in
fold greater cost coefficient (Fig. 6; Table 2). mechanical advantage or fascicle length can influence the
metabolic cost of running (Biewener, 1990; Fetllal. 1990;
] . McMahon et al. 1987). Our study presents a quantitative
Discussion method for evaluating the effect of limb design on running
Limb design and the energy cost of running energetics and extends previous models of the energy cost of
We started with the hypothesis that running bipeds use morenning (Taylor, 1985; Kram and Taylor, 1990). The rate of
muscle to run than do quadrupeds, to explain why their long@nergy consumptiofEmetab Of a contracting muscle can be
legs and slower rates of force generation do not result in @pressed by the following equation:
lower energy cost. Our data indicate that the longer muscle : _ :
fascicles of the turkey require them to recruit more than twice Emetab,musclé” (LF/0)Emusce, (8)
the volume of limb muscle as a running dog to support thewhereF is muscle force (N). is fiber length (cm) and is the
body weight. This helps explain the higher cost coefficient oforce per unit cross-sectional area of active muscle (Mcm

Cost coefficient (J N‘]’)
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The total volume of muscle active to generate force is force-generating capacity is within the range of published
cylinder with a lengthL and a cross sectioR/o. Emuscle  Vvalues for mammals (Biewenet al. 1992). Large differences
(Wcm3) is the rate at which each unit volume of muscle usem active muscle stress occur when muscles operate at different
energy. The volume-specific rate of energy consumption i¥/Vmaxin order to perform different tasks. Muscles contracting
greater in faster muscles, because faster muscles have higheran intermediate shortening velocity, where high power
rates of cross-bridge cycling and higher activation costsutputs are produced, generate only approximately one-third of
(Barany, 1967; Rall, 1985). Running animals must use fastéhe force generated during an isometric contraction (Hill, 1938).
muscles with higher rates of cross-bridge cycling to develoglastic energy storage and recovery in tendons can reduce the
force more rapidly when they take faster steps. If the rate @hergy cost of running by allowing muscles to operate nearly
cross-bridge cycling is directly proportional to the rate of forcasometrically to produce a high active muscle stress and reduce
development, 14, then: the volume of muscle required to support the body (Roberts
Emuscle= 1he XK, ) al. 1997). For both bipedql and quadrupedal runners, the
mechanical energy fluctuations of the body and limbs are
wherekis a constant. In the present study, we measured a tof@hrelated to changes in metabolic energy consumption across
muscle force necessary to support body wellfFsun{fFg,  animal size and speed (Hegluetdal. 1982), and level running
and a mean fascicle length of the active muscles:  at a constant speed requires little net mechanical work. It seems
Substituting these and equation 9 into equation 8 gives |kely that muscles operate on average close to isometrically in
description of the energetics of muscle contraction in a runningoth dogs and turkeys, allowing similar force per unit cross-

animal: sectional area of active muscles.
. 0 a . L .
Emetab= [Lact JFsum iD L k. (10) Mechanics of support in bipedal and quadrupedal limbs
IFg o tc

Quadrupedal and bipedal runners show similarities in the
The turkey uses the same amount of energy as the d&chanics of movement of the body and limbs (Cavagaa
running at the same speed, but it hag@thdt is slightly more l 77; Gatesy and Blewener, 1991). Our results ;hoyv '_[hat turkey
than half that of the dog. According to equation 10, the turke!}mbS also have a mechanical fildvarjtage thgt is similar to that
should use approximately twice the volume of muscle t@redicted for quadrupedal hind limbs (Biewener, 1989).
support its body. Our results suggest that turkeys required z'hlpwev'er, there is a marked difference in the mass dlstr'lbutlon
times the volume of active limb muscle to support their body" the limb between dogs and turkeys that may reflect different
weight, assuming that turkeys and dogs produce the same foiRiategies for support and power production by limb muscles.
per unit cross-sectional area of musaty (This difference in Bpth dogs and turkeys generate thelr'hlghest forces at the joints
active muscle volume helps to explain why the long legs anyith the shortest muscle fibers. This is consistent with the

slower rates of force development of the turkey do not reduc@ggestion that shorter muscle fibers can be used to provide more
their energy cost. economical force. However, the turkey requires a much greater

active muscle volume at the ankle, because it has longer muscle
Estimating active muscle volume — assumptions and  fascicles at that joint, nearly four times as long as the fascicles
limitations at the wrist of the dog. This difference may reflect the
Our approach estimates the relative volume of active muschkpecialization of distal muscles of the quadruped for force
only for extensors of the limbs. We could not estimate thg@roduction compared with muscles that produce the mechanical
muscle forces involved in stabilizing the trunk, head and neclpower necessary to accelerate, run uphill or jump. Turkey ankle
Microsphere measurements in miniature swBies scrofa muscles provide force nearly isometrically during level
indicate that non-limb muscles receive less than 20% of thecomotion, but they also shorten considerably and generate
total blood flow to muscle during treadmill exercise power during uphill running (Rober$al.1997). Dogs generate
(Armstrong et al. 1987), suggesting that the energy cost ofthe power for a jump in proximal muscles, using the muscles of
fueling non-limb muscles is considerably less than thathe ankle and the wrist only to provide support (Alexander,
required for limb muscles. The muscular effort required in thd974). While quadruped limbs have a characteristic taper, the
non-limb muscles of running bipeds may be even lower thamuscle mass of the ankle extensors in turkeys is almost as large
for quadrupeds. Thus, our estimate of active limb musclas the extensor mass at the hip and knee combined. This gross
volume may overestimate the difference in total active musclmorphological difference may reflect fundamental differences in

volume between dogs and turkeys. the way that mammalian and avian hind limbs operate to
A critical assumption of our approach is that the forcegproduce mechanical power for locomotion.
produced per unit cross-sectional area of active musglis, Our results suggest that bipedal turkeys require a greater

equivalent in running dogs and turkeys. This stress igolume of active muscle than quadrupedal terriers when they
determined by the force-generating capability of the muBgle, run, primarily because they have longer muscle fascicles. The
and the relative shortening velocit¥/Vmax at which it  difference in active fascicle length measured between dogs and
operates. Few studies of isolated avian muscle have beaurkeys was approximately the same as the difference in leg
performed, buin situmeasurements suggest that the maximuntength, but this outcome was not inevitable; very long-legged
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birds do not have proportionately long muscle fascicleGaTesy, S. M. (1989). Archosaur neuromuscular and locomotor
(Bennett, 1996). The longer legs of the turkey allow it to use evolution. PhD thesis, Harvard University, Cambridge, MA, USA.
slower, more economical fibers, but having longer fascicle§ATESY, S. M. AND BIEWENER, A. A. (1991). Bipedal locomotion:
means that more muscle must be active. This appears to explairffects of speed, size and limb posture in birds and humansol.,

the similar energy cost of running in the biped and quadruped Lond.224 127-147.
ORGE J. C.AND BERGER A. J. (1966)Avian Myology New York:
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