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Summary

Moderate to large macropodids can increase their speed
while hopping with little or no increase in energy
expenditure. This has been interpreted by some workers as
resulting from elastic energy savings in their hindlimb
tendons. For this to occur, the muscle fibers must transmit
force to their tendons with little or no length change. To
test whether this is the case, we made vivo measurements
of muscle fiber length change and tendon force in the
lateral gastrocnemius (LG) and plantaris (PL) muscles of
tammar wallabies Macropus eugeniias they hopped at
different speeds on a treadmill. Muscle fiber length changes
were less than £0.5 mm in the plantaris and +2.2 mm in the
lateral gastrocnemius, representing less than 2% of total
fiber length in the plantaris and less than 6 % in the lateral
gastrocnemius, with respect to resting length. The length
changes of the plantaris fibers suggest that this occurred by
means of elastic extension of attached cross-bridges. Much
of the length change in the lateral gastrocnemius fibers
occurred at low force early in the stance phase, with
generally isometric behavior at higher forces. Fiber length
changes did not vary significantly with increased hopping

speed in either muscle#>0.05), despite a 1.6-fold increase
in muscle—tendon force between speeds of 2.5 and 6.0%'s
Length changes of the PL fibers were only 7+4% and of
the LG fibers 34+12 % (mean 1s.0., N=170) of the stretch
calculated for their tendons, resulting in little net work by
either muscle (plantaris 0.01+0.03J; gastrocnemius
—0.04+0.30J; mean £.0.). In contrast, elastic strain energy
stored in the tendons increased with increasing speed and
averaged 20-fold greater than the shortening work
performed by the two muscles. These results show that an
increasing amount of strain energy stored within the
hindlimb tendons is usefully recovered at faster steady
hopping speeds, without being dissipated by increased
stretch of the muscles’ fibers. This finding supports the
view that tendon elastic saving of energy is an important
mechanism by which this species is able to hop at faster
speeds with little or no increase in metabolic energy
expenditure.

Key words: muscle fibre strain, force, sonomicrometry, elastic
energy, hopping, tammar wallabylacropus eugenii

Introduction

Red kangaroollacropus rufugDawson and Taylor, 1973), macropods. This is surprising given that the muscles, tendons
tammar wallabied/acropus eugeni{Baudinetteet al. 1992) and ligaments of ungulates (Biewener, 1998; Dimery and
and possibly other large macropodids appear unique in theiexander, 1985; Dimergt al. 1986,b) are considered to be
ability to increase their speed of locomotion with little or nomore highly specialized for elastic energy savings than are the
increase in metabolic energy expenditure. In contrastendons and muscles of macropods (&teal. 1986). However,
metabolic energy expenditure generally increases linearly witlespite their longer tendons and shorter-fibered muscles,
speed for the terrestrial locomotion of other mammals anthetabolic energy expenditure increases linearly with speed in
birds (Tayloret al. 1982). The storage and recovery of elasticungulates, as it does in animals with less-specialized limbs
strain energy in the hindlimb tendons of kangaroos an(Taylor et al.1982).
wallabies has been proposed as the key mechanism underlyingn a previous study (Biewener and Baudinette, 1995), we
the ability of these animals to accomplish this feat (Alexandeshowed, by means of direct measurements of muscle—tendon
and Vernon, 1975; Bennett and Taylor, 1995; Biewener anfibrces, that thén vivo strains developed within the principal
Baudinette, 1995; Cavagnet al. 1977). Although elastic hindlimb tendons of tammar wallabies during hopping
savings probably also reduce metabolic energy expendituprovided sufficient strain energy storage to enable a saving of
during running, trotting and galloping of other mammals andcas much as 45% in metabolic energy expenditure (assuming
birds (Cavagnat al. 1977), they appear to provide a more an efficiency of 0.25 for muscle work that would otherwise be
substantial saving of metabolic energy for moderate to largequired to power the animal’s hopping). For this to occur,
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however, strain energy stored within the tendon must be  Sonomicrometry and electromyography recordings
usefully recovered when the tendon recoils. Unless the musclesa|| transducers were sterilized (12 h ultraviolet illumination
maintain sufficient stiffness during tendon recoil, strain energind 1h immersion in a germicide/disinfectant solution) and
stored within the tendon might otherwise be dissipated bymplanted using sterile surgical techniques under general
stretch of the muscles’ fibers. On the basis of ithesitu  anesthesia (isofluorane), following acceptable veterinary
measurements of ‘in series’ muscle—tendon stiffness within thguidelines. Sonomicrometer disc electrodes (2 mm, Triton Inc.)
medial gastrocnemius of the thylogale wallabitylogale \were implanted into the bellies of the lateral gastrocnemius and
billardierii, Griffiths (1989) argued that the relatively low p|antaris muscles by means of incisions made in the skin
stiffness of the muscle (40% of its tendon's stiffnesspyerlying these two muscles. Access to the plantaris required
precluded storage and recovery of strain energy in the tend@faking an incision through the aponeurosis between the lateral
as a mechanism to account for the absence of an increaseaifi medial heads of the gastrocnemius to expose the
metabolic energy expenditure at faster hopping speeds.  underlying surface of the muscle. This incision was sutured
Because our earlier measurements of muscle-tendon foresed following implantation of the transducers in the
did not address how fiber length change was related to forggantaris.
development, we could not confirm whether strain energy Prior to their implantation, a support holder (made from
stored within the hindlimb tendons was usefully recovered 0op.2 mm diameter stainless-steel wire) was glued using epoxy
whether it was dissipated by excessive stretch of the muscigihesive to the sonomicrometer electrodes (Fig. 1B). The
fibers. Therefore, the goal of the present study was to relatpider was designed to anchor the electrode into position
measurements of muscle-tendon force to simultaneougithin the musclevia suture ties (4-0 silk) made through the
measurements of muscle fiber length change by means @fre loops into the muscle’s fascia. This structure allowed the
sonomicrometry in order to determine then vivo electrodes to be oriented at various angles to match the muscle
force—length behavior of the muscles during steady-speethers’ pennation angle. The electrodes were inserted to a depth
hopping. We use these measurements to resolve whethgiapproximately 4 mm beneath the surface of the muscle by
tendon elastic savings provide a mechanism that can help {@ing small sharp-pointed scissors to puncture the fascia and
explain the decoupling of metabolic cost from increase@reate an opening parallel to the muscle fibers. The incision
hopping speed. was sutured closed after implanting the electrode to help secure
its position within the muscle. Examination of the muscles
after recordings had been completed showed that the
sonomicrometer electrodes were securely anchored in place by
Animals a fibrous response of the muscle. Morphological data for the
Four adult tammar wallabiddacropus eugenifthree male muscles and tendons of the four animals are presented in
and one female, ranging from 3.62 to 5.82kg in body masds)able 1.
were trained to hop on a motor-driven treadmill (2:®rB m We chose to implant sonomicrometer electrodes in the lateral
bed) at speeds ranging from 2.5 to 6.0 $he animals were head, rather than the medial head, of the gastrocnemius muscle
obtained from a breeding colony maintained at Flindersn order to minimize the number of surgical wounds and for
University, South Australia, Australia, and housed in outdoorelative ease of access. In the case of the unipennate lateral
pens located adjacent to the research laboratory durirgastrocnemius (which has a mean fiber angle of 28° that was
training, but were housed in indoor pens following surgery. Weneasured by digitizing a video image of the muscle
reported data for the forces and energy stored in the hindlinflerpendicular to the fiber plane atxlfhagnification using a
tendons of three of the four wallabies in a previous pape€CD camera mounted on a Zeiss Axioplan dissecting
(Biewener and Baudinette, 1995). Data for muscle fiber lengtimicroscope and MTv software, DataCrunch Inc.), it was
change in relation to force development are reported herppssible to implant a pair of sonomicrometer electrodes by
together with those obtained from an additional animal. exposing the superficial and deep surfaces of the muscle

Materials and methods

Table 1.Morphological data for the muscles and their tendons (data for wallabies 2, 3 and 4 are from Biewener and Baudinette,

1995)
Plantaris Lateral gastrocnemius
Body mass Mass Fiber length, Tendon length Tendon area Mass Fiber length, Tendon length Tendon area
(kg) ) Lt (mm) (mm) (mnd) @) Lt (mm) (mm) (mn?)
Wallaby
1 4.33 21.47 15.8 304 9.16 12.45 17.7 168 7.63

2 5.42 24.93 19.5 310 10.15 12.80 20.2 173 9.99
3 5.82 30.70 16.3 295 10.72 14.81 17.9 167 8.44
4 3.62 18.96 155 282 8.50 9.21 16.4 147 7.01
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Fig. 1. (A) Diagram illustrating the implantation sites of the disc sonomicrometer electrodes in the unipennate laterdidngadtafcnemius
muscle and the postero-medial (P-Med) compartment of the deeper multipennate plantaris muscle. Access to superficia¢ fild@nsanisth
P-Med compartment (hatched, showing fiber orientation) was achieved by cutting open and reflecting back the aponeurosiEt@Pas dep
being transparent) between the medial and lateral heads of gastrocnemius. Section views of the muscles’ fiber archheetareratiessleft

for the plantaris (P-Lat, postero-lateral compartment; Ant, anterior compartment) and on the right for the lateral gastr¢&)eDigsc
electrodes mounted on the stainless-steel wire support holder used to orient the electrodes along the fiber axis antetodachdutes at

the muscle’s surface (holders are depicted in A for the lateral gastrocnemius electrodes but not for the plantaris electrodes).

(Fig. 1A). However, this was not possible for the multipennat€Goldman and Richards, 1954; Goldman and Hueter, 1956;
plantaris (mean fiber angle 35°, based on an average obtainddttaet al. 1988), which requires a +2.7 % correction (length
from digitized video images at six locations within the musclejncrease) of the Triton sonomicrometer’s length calibration
because of its deeper location. Instead, we selected a superfi¢lzhsed on a value of 1500 mdor water at 37 °C). Length
portion of the plantaris beneath its postero-medial (P-Med3ignals were also offset by +0.74 mm, to account for the higher
surface (Fig. 1A) that allowed a pair of electrodes to beselocity of sound propagation through the epoxy lens of the
implanted parallel to the muscle’s fibers. Fibers in this region oflectrodes/ersusthe intervening muscle tissue, and corrected
the muscle run obliquely at an angle from the muscle’s surfader a 5ms phase delay introduced by the sonomicrometer’s
to fascial sheets separating the P-Med compartment (hatchedawv-pass filter (Marstet al. 1992). Changes in muscle density
show fiber orientation in Fig. 1A) from the postero-lateral (P-during contraction that might alter the speed of sound
Lat, shaded in Fig. 1A) and anterior (Ant) compartments. Locaransmission (and hence, the calibration of length) have been
recordings of fiber length change at these locations in the twiound to be small (less than 5% in the worst case; Griffiths,
muscles are assumed to be representative of those for acti@87; Hattaet al. 1988). In general, 5% errors in length are
regions of the muscle as a whole. Electromyographic recordindigely to be far smaller than those obtained using conventional
(see below) made at the same sites were used to confirm that kiematic methods as well as by other length-transducing
length recordings were those of active muscle fibers. There atechniques (Loelet al. 1985). The crystals were implanted
no indications that the sonomicrometry electrodes affect theith a spacing of 12—15mm to avoid problems associated with
local contractile function of muscle fibers, and such effects arne dissipation of signal energy strength at longer lengths.
assumed here to be negligible. Fractional muscle fiber length changeALsfact) were

Sonomicrometry recordings of length change are based @stablished on the basis of a value for resting length measured
measurements of the ‘transit time’ of an ultrasonic (5 MHz)between a pair of electroddsdng at the time of surgery when
sound pulse that travels from an emitting to a receivinghe animal was anesthetizéd {ac=ALg/Lsona WhereALsis the
piezoelectric crystal (forming an electrode pair). We assumeléngth change measured between the two electrodes during
a pulse velocity of 1540 mk for vertebrate skeletal muscle locomotor activity).ALfract Was then used to establish total
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muscle fiber length changAks (ALs=ALfactXLt, Wherelsis the  a metal foil strain gauge (type FLA-1, Tokyo Sokki Kenkyujo)
resting fiber length of the muscle determinedpbgtmortem  bonded to the central arm (Fig. 2A; for details, see Biewener
dissection). The distance between sonomicrometry electrodesd Baudinette, 1995), were attached to the plantaris and
was typically 70% of the muscle fiber’s total length. Both thegastrocnemius tendons by making a lateral incision through the
shortening (positive) work and the net work (area containedkin to expose the underlying Achilles tendon. The
within a work loop) of the muscles were determined on the basgeritendinous fascia was then cut longitudinally to separate the
of changes in total fiber lengtlersusmuscle force. plantaris and gastrocnemius (medial and lateral) tendons. The
Fine-wire bipolar electromyography (EMG) electrodes werébuckles were spaced along the tendons so that the central arms
then implanted into the muscles at locations immediatelpf adjacent transducers did not come into contact (Fig. 2B).
adjacent to the sonomicrometer electrodes. The electrod&snall ties (4-0 silk) to the tendon were made through small
consisted of insulated silver wires (0.1 mm o.d., California Finéoles located on the buckle’s arms (Fig. 2A) to prevent the
Wire) twisted along their length, with the tips bared alondouckles from shifting position on the tendons. Each transducer
0.5mm at their ends and spaced 2.0 mm apart. The ends wavas calibrated with a nylon cord before and after use to verify
bent back to form hooks and inserted into the muscle bellthat no change in sensitivity occurred during the experimental
using a 23 gauge hypodermic needle (Basmajian and De Lugaeriod.
1985; Loeb and Gans, 1986). The electrodes were sutured toAll lead wires were then passed subcutaneously to a small
fascia at their exit point from the muscle, leaving a small looplastic connector (Amphenol, series 222) located anterior to
to ensure that they could move with the muscle as it contractele animal’s hip. The lead wires were soldered to pins that were

to reduce movement artifact in the EMG signal. inserted into the connector and sealed with RTV silicone
_ rubber adhesive (Dow Corning). Silk suture (0 gauge) was
Buckle transducers and force recordings used to secure the connector to the animal’s skin and to close

‘E’-shaped stainless-steel buckle transducers, equipped wighl wounds. An analgesic (10 mg of Flunixin, Schering-Plough)
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and an antibiotic (50000i.u. of procaine penicillin, Glaxovet)Lengthening (negative) work was determined similarly by

were administered following surgery. integrating all sample intervals during which the muscle fiber
_ o lengthened and exerted force. The net work performed by the
Experimental and calibration procedures muscle was calculated by summing the positive and negative

Following a 24 h period of recovery, recordings of musclewvork for each contraction cycle. The net work is equivalent to
EMG activity, force and fiber length change were made whil¢he area contained within a muscle work loop (Josephson,
the animals hopped on the treadmill. The EMG signals wer&985). We estimated limb contact timg*) and hindlimb duty
amplified (1008) and bandpass-filtered 30—1000 Hz (Grasdactor (Tc"/stride period) using the duration of force generation
P511 amplifier). The force buckle signals were conditionedby the gastrocnemius muscle. For the observed range of
using a bridge amplifier (Vishay, model 2230). These signal$iopping speeds, the gastrocnemius muscle exerts force over
together with the outputs of the sonomicrometry amplifierthe entire period of limb contact, with little evidence of force
were sampled at 1000 Hvia a Metrabyte Dash-16F A/D generation prior to the onset of limb contact with the ground
converter using custom-developed Asyst software (KeithleyBiewener and  Baudinette, 1995).  Consequently,
Instruments) and stored for subsequent analysis. Because thestrocnemius force duration represents a good estimate of
EMG signals were filtered and sampled at 1000Hz, thémb contact time and is relevant to a consideration of how
analysis of EMG timing relative to force development had ancreases in the rate of force development are likely to
temporal resolution of 2ms. Recordings were made over aifluence metabolic cost.
day period. Measurements of muscle-tendon force and fiber Tendon elastic energ¥élag was calculated on the basis of
length change were typically based on an analysis of dathe method reported in Biewener and Baudinette (1995), using
sampled for 14 cycles or more for each animal at each hoppirige equation:
speed. _

After the experimental recordings had been completed, the Eelas= 0.50%/E)Vi  0.93,
animals were killed (900 mg of pentobarbitone sodium injecteevhereo is the stress (MPa) calculated to act in the tenHon,
intravenously) and their tendons and muscles dissected free fer the tendon’s elastic modulus (1.0 GPa) based on values
morphological measurements, to verify the position andeported for the range of stresses developed during hopping
alignment of the sonomicrometer electrode pairs, and foBennettet al. 1986; Ker, 1981; Shadwick, 1990); is the
calibration of the force buckles on the tendons. Misalignmertendon volume (i) and 0.93 represents the fraction of energy
of the electrodes to the muscle fiber agis esulted in worst-  recovered relative to the amount stored during stretch of the
case errors of 1% {H(1/cox:)]x100; a=8°} and were tendon (resiliency), also based on the above studies.
therefore ignored. Unless otherwise noted, all values are presented as the mean

Details of the calibration procedure used to obtain & s.p.
dynamic in situ calibration of the force buckles on the
tendons are described elsewhere (Biewener and Baudinette,

1995). Briefly, the tendons were cut free from the muscle and Results
their ends clamped and frozen with liquid nitrogen prior to  In vivo recordings of muscle force and length change
imposing a series of cyclical loagiga a force transducer. In Representative recordings iofvivo force and fiber length
general, little if any sign of tendon wear or fibrous tissuehange in the plantaris and gastrocnemius muscles are shown
response was observed following the experimentain Fig. 3 for a wallaby hopping at 4.5ms Although
recordings. The outputs of the force transducer and thehanges in fiber length of 3.0 mm or greater were observed
tendon buckle were sampled at 100Hz and stored oim the two muscles, most of the change in length occurred
computer. Regressions of forgersusvoltage output of the during the swing phase of the stride, particularly when the
buckle transducer (Fig. 2C) yielded dynamic calibrations ofnuscles shortened and subsequently re-extended as the foot
the rise and fall in force. An average of the two slopes wakeft the ground (Fig. 3). In contrast, little change in length
used to establish the calibration for the force bucklewas observed in either muscle (PL<1.0mm, LG<2.0 mm)
Correlation coefficientsrg) greater than 0.97 were obtained during the stance phase of the stride, particularly when the
for all regression calibrations, with 95 % confidence intervalsnuscles were generating more than 33 % of maximum force
being less than 3% of the regression slope. As there was liti{flength change <0.8mm). These values correspond to
hysteresis, the regression slopes for the rise and fall in fordeactional changes of less than +0.02 of fiber lendity4ct)
differed by less than 3.5% in all cases. for the plantaris and less than +0.06 for the lateral
gastrocnemius of this particular wallaby (wallaby 2) hopping
Measurements of muscle work and estimates of limb contacit 4.5 m s. Similar fractional length changes were observed
time, duty factor and tendon elastic energy in the other two animals for which measurements of these

Muscle fiber shortening (positive) work was determined bymuscles were obtained (Table 2). Most of the shortening
integrating 1 ms sample intervals for all periods of theobserved in the lateral gastrocnemius occurred early in
contraction cycle during which the muscle fiber shortened ansupport when the muscle was generating less than 33 % of its
exerted measurable force (work = forediber shortening). maximum force.
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Fig. 3. (A) Representativin vivo force, sonomicrometer fiber-length and EMG recordings obtained from the plantaris and gastrocnemius
muscles for four cycles of wallaby 2 hopping at 4.5m(as described in the Materials and methods section, sonomicrometry and EMG
recordings were made in the lateral head of the gastrocnemius). Although considerable length change is observed dugrhtse sfitne

stride, length changes are much smaller during stance (plantaris, <1 mm; lateral gastrochemius, <2 mm), particularly whaasttzeemus
generating high levels of force. Much of the shortening of the lateral gastrocnemius occurs early in stance, when thgemesakinis less

than 33 % of maximum force. (B) Cycle 2 in A shown on an expanded time scale. Neural activation of the muscles precedetofomente
continuing through approximately two-thirds of the period of force generation during stance (see Fig. 4 for a summarying thieBEMG

activity relative to force development).

Timing of muscle EMG, force development and limb contact In a previous study (Biewener and Baudinette, 1995), three
time of the same wallabies increased their hopping speed by
Neural activation of the muscles, as determined from th#creasing their stride length by 89 %®<0.001) but also by
onset of the EMG, preceded the onset of force development iycreasing their stride frequency by 11P&0.01). Because of
49+5ms in the plantaris and 40+9ms in the laterathe modest increase in stride frequency, the time of limb
gastrocnemius (Table 3), with excitation continuing forcontact estimated by the duration of gastrocnemius force
67+12% (PL) and 71#12% (LG) of the period of force generationTc” (P<0.001) and hindlimb duty factoP¢0.01;
development. Using the time of force onset as the start of tiftata for wallabies 1, 2 and 3, excluding the smaller wallaby 4)
cycle phase (Fig. 4), activation of the plantaris and lateralecreased gradually with increasing hopping speed (Fig. 5).
gastrocnemius averaged, respectively, a 17% and 14 % phdsgnsequently, increases in muscle force generation necessary
advance relative to force development. Although there was & achieve greater stride lengths occurred over shorter periods,
tendency for EMG duration to decrease (Table 3; PL duratiorgignificantly increasing the rates of muscle activation and force
P=0.05; LG duration,P=0.10) and for force duration to development during ground contact at faster speeds.
decrease (see Fig. 5) with increased hopping speed, the general
pattern shown in Fig. 4 was maintained over the observed range Force-length behavior of hindlimb muscles
of hopping speeds. In general, force development within the Graphs ofn vivoforceversudength show that the plantaris
gastrocnemius preceded force development within the plantafibers exhibited stiff stretch—shorten contractile behavior, with
by 18+8 ms (pooled for all animals and speédsl40). less than 2% changes in fiber length while developing force



Table 2.Muscle fiber length changes, force and workM@arcropus eugentiopping at different speeds

Muscle Speed ALf (mm) ALf (mm) NetALs Force Muscle work (J) Eelas
Individual N (ms? (on- peak) (peak- off) (mm) (%) (N) Shortening Net J)
Plantaris
1 16 35 0.41+0.09 -0.49+0.10 -0.08+0.11 -0.5 179410 0.04+0.01 0.02+0.01 0.45
16 4.5 0.52+0.13 -0.54+0.15 -0.02+0.16 -0.1 201+9 0.05+0.01 0.01+0.02 0.67
16 5.5 0.47+0.16 -0.43+0.19 0.04+0.22 0.1 228116 0.05+0.02 -0.01+0.03 1.06
2 14 3.5 -0.05+0.24 0.40+0.60 0.35+0.55 2.3 202+8 0.02+0.01 -0.02+0.01 0.65
16 4.5 0.04+0.14 -0.13+0.13 -0.09+0.18 -0.6 219+6 0.03+0.02  -0.03+0.01 0.80
16 5.0 -0.07+0.09 -0.3340.16 -0.40+0.21 -2.6 251+20 0.05+0.02 0.03+0.02 0.96
3 14 3.0 0.36+0.17 -0.47+0.07 -0.11+0.18 -0.6 231420 0.04+0.01 0.01+0.03 0.59
15 3.5 0.41+0.11 -0.31+0.19 0.11+0.22 0.6 251415 0.03+0.01 -0.03+0.02 061 =
18 4.5 0.52+0.17 -0.40+0.12 0.12+0.18 0.7 273+13 0.05£0.02 -0.04+0.02 150 <«
17 5.5 0.43+0.22 -0.49+0.25 -0.06+0.29 -0.3 342434 0.08+0.06  —0.05+0.07 1.66 g'
16 6.0 0.49+0.23 -0.43+0.24 0.06+0.25 0.3 371+37 0.09+0.05 -0.03+0.06 1.74 3
Gastrocnemius %
2 14 35 0.68+0.48 0.13+0.46 0.81+0.53 4.0 276115 0.04+0.01 -0.34+0.07 070 O
16 4.5 0.67+0.50 0.11+0.49 0.78+0.30 3.9 280+20 0.03+0.03 —0.26+0.06 085 @
16 5.0 0.45+0.40 0.53+0.71 0.98+0.46 4.8 303+32 0.06+0.02 —0.38+0.07 1.04 5_3:
3 14 3.0 -1.44+1.11 -0.75+0.69 -2.19+1.13 -12.2 180+21 0.13+0.04 0.09+0.07 0.62 8
15 35 -1.25+0.62 -0.71+0.49 -1.96+0.78 -10.9 211434 0.09+0.03 -0.01+0.06 0.78 ('IT
18 4.5 -1.19+0.32 -0.53+0.32 -1.72+0.43 -9.6 220+14 0.11+0.06 0.08+0.06 0.88 S
17 5.5 -1.42+0.69 -0.25+0.87 -1.67+0.85 -9.3 226124 0.14+0.06 0.13£0.07 1108
16 6.0 -1.53+0.77 -0.29+0.53 -1.82+0.91 -10.1 235+31 0.16+0.07 0.15+0.08 1.24 g
4 14 3.1 1.81+0.39 -0.22+0.38 1.59+0.39 9.7 169127 0.02+0.02 -0.31+0.08 0.56 g‘_j
15 4.2 1.69+0.33 -0.24+0.28 1.45+0.31 8.8 195+18 0.02+0.01 -0.44+0.09 0.77 8
14 5.1 1.85+0.36 -0.39+0.63 1.49+0.55 9.1 203116 0.04+0.01 -0.42+0.07 1.02 8

Work calculated for the gastrocnemius muscle was determined on the basis of fiber length ¢hangasofded in the lateral gastrocnemius and the total force generated by:t e
medial and lateral gastrocnemius muscles combined. This assumes that length changes of the medial gastrocnemius arthtse sdrtes dateral gastrocnemius.

Values ofEelas(tendon elastic strain energy) are based on measurements presented in an earlier paper éB@wkE3®5). These values have been corrected (on average a 3@%
decrease) for errors in the previously reported values of gastrocriggraidkie to the use of mistaken values of tendon volume.

AL¢, change in whole muscle fiber length;-opeak, from onset of force increase to peak force; pedk from peak force to when force returned to baseline.

Measurements diLs for the gastrocnemius muscle were made in the lateral head and were used to determine work for the lateral and mediblrfethds com

Values are meansso.

/$niddoy Acejrem Bu
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Table 3.Timing of EMG and force developmentMiacropus eugenhopping at different speeds

Plantaris Lateral gastrocnemius
Speed EMG duration = EMG-force % Force EMG duration  EMG-force % Force
Animal N (ms? (ms) delay (ms) EMG on (ms) delay (ms) EMG on
1 12 3.1 148+15 48+8 83+15 131+23 49+13 7522
14 4.2 139412 45+7 83114 126419 4748 78112
14 5.1 13249 4116 85112 125422 58+16 82+19
2 12 3.0 123+15 47+7 54+12 144+12 42+18 66+12
12 3.5 121+12 4616 55+11 146+10 39+14 707
12 4.5 119+13 48+9 57+14 139+9 36+15 67+11
3 10 3.0 148421 58+10 61+13 147+16 43+11 63+13
14 35 137+18 56+8 59412 154+31 38+12 4924
14 45 1239 50+7 62+12 121+6 29+9 63+4
14 5.0 119+12 52+8 60+6 119+13 27+10 62+7
12 6.0 115+10 47+6 68+14 138+27 31+16 7920
Mean 129412 4915 67+12 135413 4049 71+12

Values are meansso.
EMG—force delay is the time difference between EMG onset and the start of force development; % Force EMG on is the pktisentage o
period of active force development during which EMG activity occurred.

during the stance phase of the stride in three animals (Figs 6#allaby 3 developed force isometricali§<2 %L¢) at higher
7A). Some initial shortening by the fibers occurred early atevels of force during mid-stance. The majority of LG fiber
very low force levels, but this was rapidly reversed, with a stifEhortening in wallabies 2 and 3 occurred early in stance at low
rise in force as the fibers were stretched by less than 2% ladvels of force. In wallaby 4, little, if any, shortening occurred
their length followed by a subsequent shortening phase dfefore the muscle developed force isometrically. Fiber
fairly uniform stiffness. These small length changes sugge$tngthening occurred after the initial shortening or isometric
that the majority of fiber length change occurred by elastiphase in all three animals close to mid-support and was greatest
extension of myosin cross-bridges attached to the actim wallaby 4. The greater length changes observed in the lateral
filaments. If this was the case, the muscle’s fibers stored amdistrocnemius compared with the plantaris suggest that elastic
recovered as much as 0.091J at 6.6 the basis of energy stored within the cross-bridges during stretching was
measured length changes (0.49mm) and forces (371Nyobably lost as the cross-bridges detached and re-attached
obtained for wallaby 3 assuming linear elasticity (Table 2)during the contraction cycle (note that this may not have been
This represents approximately 5% of the strain energy stordtle case for wallaby 3).
and recovered by the muscle’s tendon. Force—length changes were consistent for individual
The force—length behavior of the lateral gastrocnemius (Figsiuscles over a series of successive strides at a particular speed
6B, 7B), although less consistent among animals, alsihis is shown in Fig. 7 for wallaby 3), as well as over a range
exhibited force development with generally small (<6%)of of steady hopping speeds (Figs 8; Table 2). Both the
changes in fiber length relative to rest length. Whereastretch—shorten length changes of the plantaris (active stiffness
contractions of the lateral gastrocnemius (LG) muscles d880+114Nmm?) and the nearly isometric behavior of the
wallabies 4 and 2 described narrow (but much wider than fdateral gastrocnemius in wallaby 3 (during mid-stance and late
the plantaris) clockwise negative work loops, the LG ofstance), for example, were uniformly observed at different

Fig. 4. Summary diagram showing mean onset H Stance i Swing i
and offset times and phase relationships of ) 292+23 ms

muscle activation (EMG timing) relative to force Plantaris

development over an entire hopping cycle. Data Force _‘ 119719 ms ‘_

represent the meansip. of values pooled for all EMG

animals over all speedbl£123). Although slight 129+12 ms

decreases in EMG duration (Table 3) and force gagrocnemius
duration {¢", Fig.5) occur with increased Force 13421
+21 ms

T et e et oy b Troe EmG e

range of hopping speeds. 13513 ms
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0.7 hopping speeds (Fig. 8). LG fiber shortening at relatively low

force levels early in stance was also a consistent feature of

5 067 force development in this muscle at speeds greater than

8 . 2.5ms (Fig. 8).

% 0.51 . ! s s

S R 8 . ° °° Fiber length changes, muscle work and tendon strain energy

E 0410 o Duty factor recoveryversusspeed

E 0.3 ° Changes in muscle fiber length during limb support varied

o little over the measured range of hopping speeds, showing little

,g 0.2 T evidence of an increase in fiber stretch with increased force

£ . = 1 | T T . development at faster speeds (Table 2). When stretch of the

*o 0.14 ° o o muscle fibers occurred, it was considerably less than the series
elastic extension calculated for the muscles’ tendons: muscle

02 3 A 5 6 7 fiber stretch averaged 7+4% (range 5-9 %) of tendon stretch
in the plantaris and 34+12 % (range 10—49 %) of tendon stretch
in the lateral gastrocnemius for all speeds. The generally small
Fig. 5. Limb contact timeT¢", squares) estimated by the duration of length changes in the plantaris and lateral gastrocnemius
force exerted by the gastrocnemius muscle, and hindlimb duty factgnuscles of all animals (Table 2) and, in particular, the absence
(circles) versushopping speedvf. Tc" (least squares regression: of fiber stretch during the decline in force, provide strong

Tc'=-0.014/+0.201;r2=0.66,P<0.001 for filled points) and hindlimb  eyidence that strain energy recovered from the tendons is
duty factor {lc'=-0.021++0.576;r=0.55,P<0.01 for filled symbols)  ettectively returned to the whole animal at all hopping speeds.
decrease modestly, but significantly, with increased speerpe goal length changes of the muscle fibers compared with

corresponding to a slight (11 %), but significant, increase in strid e stretch of their tendons also meant that the amount of

frequency (Biewener and Baudinette, 1995) over this speed ran ?_. . K f d by th I Il relati
(filled symbols are for wallabies 1, 2 and 3; open symbols are for t ortening work performed by the muscles was small relative

smaller wallaby 4). to the amount of strain energy recovered by their tendons to
do work (Table 2). Tendon strain energy averaged 21 times

Hopping speed (ms™1)

Fig. 6 In vivo force—length. changs 200+ A 250- 350 Plantaris
obtained for (A) the plantaris and ( 1 5 3

the lateral gastrocnemius musc 150 200 3001 I
recorded over one full cycle (star n a 2501 3
and _ swing) durlng steady-spe 2100 il 150+ : 2001
hopping of four wallabies; wallaby 1 o - l:l - l - ¢
42ms! and wallabies 2-4 s f 1001 f' 1501 f
4.5ms?. Reliable recordings of leng L 50 50. 1001 H
change were obtained from three of o 501 E
four animals for each muscle. In - 1 01 i

case of wallaby 1, reliable recordir 0O -—-L—

were only obtained from the planta

whereas only the lateral gastrocnen 14 15 16 17 18 18 19 20 21 22 15 16 17 18 19
yielded reliable results in wallaby 4. B .
all animals studied, the plants 250 350, 300, Laterd gastrocnemius
undergoes stiff stretch—shorten ler 00l 4 3001 250l 3

changes during force generation, v R

the majority of length change occurr 150) —— / = 2501 2000 ____ T.:

near zero force (i.e. during the sw 2 2001 3

150 H ¢

phase of the limb). The late ;i i
§ 1001 H
H

2N
3

gastrocnemius exhibits either nega : f
(clockwise, wallaby 2 and 4) wo : f | $ H
loops or generally isometric behav i ,‘ 501 < : S0 § :\
(wallaby 3). Black bars denote a ¢ 1 ol 01
change in resting fiber length. Arro
indicate the direction of length char 15 16 17 18 19 19 20 21 22 23 16 17 18 19 20
of the work loops. Although tt
negative work loops of the lateicu
gastrocnemius of wallabies 2 and 4 are broad relative to the length change of the plantaris, they represent a changibir heasgthe
over the whole cycle of less than a total of 12 %.
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Fig. 7. Force-length changes of the plantaris (A) and lateral
gastrocnemius (B) for four successive stance phase cycles of wallaby
3 at 4.5ms! (in order: filled circles, open circles, filled triangles,
open triangles). Note the expanded length scale compared with
Fig. 6. Percentage length changes of both muscles are less than 4%
of resting length for forces exceeding 33% of maximum force.
Arrows indicate the direction of muscle length change. Bars indicate
2% of resting fiber length.

recorded speeds [note that the values for gastrocndfaiss
have been corrected, being on average 34 % less, from our
previously reported values (Biewener and Baudinette, 1995),
because of an error in the values of tendon volume used in our
earlier calculation of gastrocnemitisiag the implications of

this are discussed below]. Whereas recovery of elastic strain
energy Eelas in J) in the hindlimb tendons increased
significantly with hopping speedgas=0.5v —0.34, wherev

is speed in m3; P<0.001;r2=0.94), muscle shortening work
remained low and increased only slightly with hopping speed
(Fig. 9). In most cases, the shortening work done by the two
muscles was offset by a phase of (negative) lengthening work,
which also contributed to the small amount of net work that
they performed.

Discussion

The force—length behavior of the plantaris and lateral
gastrocnemius muscles of tammar wallabies recoideto
confirms the ability of these muscles to generate force with
minimal length change during steady-speed hopping, enabling
their tendons to store and recover increasing amounts of elastic
strain energy at faster speeds. Fiber length change was
generally less than 2% in the plantaris and less than 6 % in the
lateral gastrocnemius (in all animals at forces above 33% of
maximum force) over a range of hopping speeds from 2.5 to
6.0ms. In addition to the strain energy stored and recovered
in the tendons, it seems likely that strain energy is recovered
from the fibers of the plantaris muscle as well. The short-range
extension of these fibers is consistent with the view that their
length change results from the elastic extension and recoil of
myosin cross-bridges attached to actin filaments during force
generation, enabling elastic energy savings by the muscle
(Alexander and Bennet-Clark, 1977; Rack and Westbury,
1974). On the basis of our measurements of force and length,
we estimate that this could be as high as 0.091J atfms
although this represents only approximately 5% of the energy
stored by the muscle’s tendon (Table 2). For greater
extensions, such as those observed in the lateral gastrocnemius,
it is likely that elastic energy stored in the cross-bridges is lost
because the cross-bridges would need to detach and re-attach
in order to exert force over the longer length changes (Flithey
and Hirst, 1978; Morgaret al. 1978; Rack and Westbury,
1974).

Althoughin situmeasurements of the medial gastrochemius

muscle shortening work in the plantaris and 19 times musclef the closely related wallaby speci€hylogale billardierii
shortening work in the gastrocnemius over the range dfuggested that muscle stiffness is too low to allow increased
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Fig. 8. Force—length graphs from 25ms! 35ms! 45ms1 55ms 6.0ms1
the plantaris and lateral
gastrocnemius  muscles  of
wallaby 3 at five different
hopping speeds. Force-length
changes and muscle stiffness
(580+114Nmmi)  of the
plantaris are maintained
uniformly at all hopping speeds.
Similar patterns of force—length f
behavior are also observed in the

lateral gastrocnemius (LG) at 16
different speeds. The majority of

LG fiber shortening occurs early
100N |

Plantaris
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in limb support as force begins Latera gastrocnemius
to develop, at all speeds greater
than 2.5m3t. Thereafter, the
rise and fall in force are largely
isometric (<4% length change)
during mid-stance and late
stance. Both muscles also §
operate over the same genera[®cmareromm=
range of fiber length at different 18
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strain energy recovery within the tendon at faster hopping

3
t speeds (Griffiths, 1989), our measurements show that, for the
plantaris and lateral gastrocnemius muscles of tammar
T wallabies, this is not the case. Griffiths (1989) argued that any
5 ol Elastic recovery %{ L stera increase in tendon strain energy due to increased mu_scle force
o gastrocnemius development at faster hopp_lng speeds would r_esult in greater
> % o Wallaby 2 stretch of the muscle’s fibers (beyond their short-range
g i % o Wallaby 3 stiffness), causing the fibers to absorb and dissipate any
3 4 Wallaby 4 additional energy stored in the tendon. Consequently, Griffiths
= 14 Plantaris (1989) concluded that, although tendon strain energy is
:Q//vvgllllgtt)?//% recovered to do work, aimcreasein tendon elastic energy
= Wallaby 3 savings could not explain the levelling off in metabolic cost at
Muscle work faster hopping speeds. In our present experiments, however,
of &g e R L e ¢ stretch of the muscles’ fibers was never observed as force
- . - . decreased from its peak during the second half of limb support
3 4 S 6 (Figs 6, 8). This is the period when elastic strain energy stored
Speed (ms™) in the tendon (and muscle) would be recovered and returned to

Fig. 9. Comparison of the effective work recovered by elastic strah’ihe animal to hel_p power its hopping. Undevivoconditions,
energy Eeld in the plantaris and gastrocnemius tendemssus the_refo_re_, the f!b_ers of_ these two muscles are _capable of
shortening work performed by the same two muscles as a function Baintaining sufficient stiffness during tendon recoil over the
hopping speed. Only those values for which data were available féAnge of speeds that we observed to prevent the absorption and
both muscles and tendons at a given speed are plotted. Consequerdigsipation of strain energy stored in their tendons.

not all of the data given in Table 2 are represented here. Error barsBecause we were unable to measure length changes of the
denote + 1s.p. of the mean values pooled among animals at eachnedial gastrocnemius muscigéa sonomicrometry in these
speed K>28). Whereas tendon strain energy recovery increasegyperiments, we cannot rule out the possibility that the tammar
with Increasing hOPp'zng speeBeas=0.512-0.338, wherevis speed  ajg| gastrocnemius, like that of thylogale wallabies, may not
n ms= P<0.001,.r =0.94, ba;ed on least-squares reg.ress'on)maintain the same level of stiffness that we measured in the
muscle work remains low and increases only modestly with SIC)eel%teral astrocnemius. If the medial gastrocnemius were to
(Wshor=0.019-0.018; P=0.042, r?=0.19). Tendon strain energy 9 . ’ 9 .
recovery averaged 20-fold greater than muscle shortening work Ovblpdergo considerably grea’_[er stretch as the _sp_eed of hOPP'”g
this speed range. increased, much of the strain energy stored within the Achilles
tendon might be dissipated by its fibers, rather than being
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usefully recovered, as suggested by the behavior of the late@lows the muscle’s fibers to shorten initially, so that stretch of
gastrocnemius. However, this seems unlikely for three reasortbe whole muscle and tendon is taken up by the tendon and
First, our results for tendon strain energy storage within thessonnective tissue elements within the muscle. As force
two muscle—tendon units, together with the flexor digitorundevelops further, the tendon’s stiffness increases rapidly,
longus and its tendon (Biewener and Baudinette, 1995), agausing the fibers of the muscle to remain isometric (as
consistent with the metabolic savings observed for tammarbserved here in the tammar wallaby lateral gastrocnemius) or
wallabies (Baudinettet al. 1992). Accounting for our earlier to be stretched (as observed here in the plantaris). Although
error in the values of tendon volume used to calculat®obertset al.(1997) do not report muscle force—length curves,
gastrocnemiuEelas(Biewener and Baudinette, 1995), the 34 %their recordings of fiber length change and force of the medial
lower values of gastrocnemilas reported here mean that gastrocnemius of turkeys running on a level surface clearly
the net contribution of the gastrocnemius to total elastiindicate an initial period of fiber shortening followed by a
savings is 41 %, compared with 47 % by the plantaris tendoperiod of rapid isometric force development. Consequently, it
and 12 % by the flexor digitorum longus tendon (our previouss likely that the force—length curves of the medial
estimates had been 52 % for the gastrocnemius, 38% for tigastrocnemius of running turkeys are similar to those obtained
plantaris and 10% for the flexor digitorum longus). Theseén the present study for the lateral gastrocnemius of wallabies
(corrected) relative contributions of tendon elastic saving® and 3.
agree much better with those estimated byed{exl. (1986) for Consistent with the primary role of these muscles to generate
a Bennett's wallaby Macropus rufogriseys Overall, this force, rather than to perform work, muscle fiber length changes
means that total energy savings by these three tendons in thethe tammar wallaby were considerably smaller than those
tammar wallaby are 88 % of the value we reported previouslgalculated for their tendons (13-fold less in the plantaris and
(Biewener and Baudinette, 1995). Consequently, our correctddurfold less in the lateral gastrocnemius, based on a tendon
measurements suggest that metabolic savings by elastic storagess of 35 MPa at 6.0 mis Biewener and Baudinette, 1995).
within these three tendons (assuming a muscle efficiency @&s a result, muscle shortening work was considerably less than
0.25) can be as high as 45% at 6.0hesd are likely to be tendon strain energy storage at all measured hopping speeds.
greater at higher speeds. Second, its seems unlikely that tWwhbe function of muscles to generate force economically by
muscles which transmit force jointly to the same tendon wouldheans of isometric contractile behavior, rather than to perform
differ significantly in their active stiffness and undergowork, was originally emphasized by Robegtsal. (1997) in
substantially different changes of length under conditions otheir study of the medial gastrocnemius in running turkeys.
agonist co-activation. Third, the dynamic contractile propertie)sing methods similar to those employed here, Rolet¢ras.
of muscle undein vivo conditions of neural activation are (1997) found that the fibers of the medial gastrocnemius
likely to differ from those measured under quasi-statisitu ~ shortened by less than 7% of fiber length and that tendon
conditions. Nevertheless, correspondingvivo fiber length  energy storage and recovery accounted for more than 60 % of
measurements of the medial gastrocnemius are needed th® work of the muscle—tendon unit during level running. In
confirm these points. comparison, tendon strain energy recovery in the tammar
Griffiths (1989) reported whole-muscle force—length curvesvallaby represented 92-97% of the shortening work
similar to those that we measured for the plantaris fibers, iperformed by the plantaris and gastrocnemius muscle—tendon
which force development exhibited active lengtheningunits at speeds greater than 3.0(Eig. 9).
followed by active shortening, while maintaining fairly By not shortening to perform work, fewer fibers must be
uniform stiffness. Griffiths (1989) estimated that the fibers ofecruited to generate a given force, presumably lowering the
the thylogale wallaby medial gastrocnemius initially shorteneédimount of ATP consumed by the muscle. This appears to be a
as force was first developed, but could not verify this becaudesy functional feature of wallaby leg muscles during hopping,
his measurements were for the whole muscle and werghich was also noted by Griffiths (1989) in his study of the
assessed indirectly from limb kinematics (subtractinghylogale wallaby medial gastrocnemius. The stiff
calculated series-elastic tendon length changes). In sretch—shortening behavior of the plantaris muscle, in fact,
subsequent study of the medial gastrocnemius of walking arsliggests even greater economy of force generation. Because
trotting catsFelis domesticuysGriffiths (1991) demonstrated active stretch of a muscle can enhance force development by
muscle fiber shortening during whole muscle—tendon stretcas much as 1.8 times its isometric force (Cavagna and Citterio,
using sonomicrometry. Our recordings from plantaris fiberd974; Flitney and Hirst, 1978; Harey al. 1990), the economy
also showed a small degree of initial shortening at very lowf muscle fiber recruitment and, hence, energy savings in the
levels of force, but this was seen more clearly in the fibers dbrm of ATP consumption within the fibers of the tammar
the tammar wallaby lateral gastrocnemius. Fiber shorteningallaby plantaris are likely to be greater than those of an
during stretch of the whole muscle—tendon unit has also beésometrically contracting muscle. Differences in ATP
observed using sonomicrometry in the medial gastrocnemiunsumption for these two conditions, however, are also likely
of running turkeydMeleagris galapavgRobertset al. 1997). to depend on the degree to which the rate of cross-bridge
This is explained by the low stiffness of the tendon at lowcycling differs under isometrigersuslengthening conditions
forces (Bennettt al.1986; Ker, 1981; Shadwick, 1990), which of force development, which at present remains unclear.
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Robertset al. (1997) interpret their findings of isometric energy savings require increased energy utilization within the
force generation within the turkey medial gastrocnemius amuscle. Not only does muscle force increase with hopping
evidence in support of the view that the metabolic cost ofpeed, but net muscle work (of the whole animal) will also
locomotion is largely determined by (1) the amount of energpresumably increase to achieve the increase in stride length
consumed by a muscle to generate force per unit time (rathtirat is necessary for increasing speed in these animals. Because
than muscle work) and (2) the rate of force developmemur measurements show that the plantaris and gastrocnemius
(Heglundet al. 1982; Heglund and Taylor, 1988; Kram and perform little net work, any increased work required to hop at
Taylor, 1990). According to this view, the increase infaster speeds must be provided by other muscles. This is
metabolic cost with speed is due to increases in forcprobably accomplished by the extensors of the hip and knee.
generation and stride frequency at faster speeds. Similarly, tihteseems likely, therefore, that storage of elastic strain energy
greater mass-specific metabolic cost of smaller species appearshe hindlimb tendons cannot be the entire explanation. If the
to be explained by the increased cost of generating force atonomy of muscle force generation (ATP used/force
higher rates of force development associated with their greatgenerated) increased within the limb as a whole at faster
stride frequencies at comparable points of the gait (Heglunldopping speeds, this might offset the increased cost associated
and Taylor, 1988). Although the lateral gastrocnemius andith increases in force, rate and work that must occur at faster
plantaris muscles of tammar wallabies also exhibit isometrispeeds. Such an increase in economy could be achieved by a
or stiff stretch—shorten contractile behavior, consistent wittshift in the dynamics of force generation within the limb to
their hopping gait, red kangarolkacropus rufugDawson and  favor greater stretch activation of the fibers at faster hopping
Taylor, 1973), tammar wallabies (Baudinetteal. 1992) and speeds. Alternatively, changes in the effective mechanical
possibly other moderate-sized to large macropodids do not fildvantage (Biewener, 1989) of muscles acting at the knee and
the general locomotor pattern of energy expenditumesus  hip, for which direct measurements of force and length change
speed. This has been interpreted by several workers (Alexandee unavailable, might serve to lower the force-generating
and Vernon, 1975; Bennett and Taylor, 1995; Biewener ancequirements of these larger muscle groups, offsetting the
Baudinette, 1995; Cavageaal.1977; Morgaret al.1978) as increase in energy expenditure that would otherwise be
being based on their ability to save considerable metaboliequired at higher speed. Further studies are required to test
energy by tendon elastic savings. these possibilities.

Significant elastic savings, however, are also believed to
occur in the tendons and ligaments of other large mammals We thank M. Temaner and M. Sarre for their assistance in
(Alexanderet al. 1982; Biewener, 1998; Cavagetal.1977;  carrying out these experiments, D. Butler, D. Edyvean and G.
Dimery and Alexander, 1985; Dimergt al. 1986,b), Scott for assistance with electronic and mechanical
including humans (Keet al. 1987). Nevertheless, it is only in equipment, J. Gilpin for machining the force buckle
moderate-sized to large macropodids that these savings app&ansducers and W. Corning, the Berkeley biomechanics
sufficient to alter the linear relationship between metaboliceminar class and the referees for helpful comments on earlier
energy expenditure and speed that is otherwise generaltirafts of the paper. Supported by NSF grant IBN-9306793 to
observed for the locomotion of terrestrial species (Tagtlal.  A.A.B. and ARC grant A19332625 to R.V.B.

1982). The absence of a similar effect of elastic energy savings
on whole-animal energetics in the locomotion of animals, such
as ungulates, which have highly specialized muscles and
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