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Summary

Lizards bend their trunks laterally with each step of were approximately 180° out of phase. The lizards
locomotion and, as a result, their locomotion appears to be conserved as much as 51% of the external mechanical
fundamentally different from mammalian locomotion. The  energy required for locomotion by the inverted pendulum
goal of the present study was to determine whether lizards mechanism. Both species also used a bouncing gait, similar
use the same two basic gaits as other legged animals orto mammalian trotting, in which the fluctuations in kinetic
whether they use a mechanically unique gait due to lateral energy and gravitational potential energy of the center of
trunk  bending. Force platform and kinematic mass were nearly exactly in phase. The mass-specific
measurements revealed that two species of lizards, external mechanical work required to travel 1m
Coleonyx variegatusand Eumeces skiltonianusused two  (1.5Jkg™) was similar to that for other legged animals.
basic gaits similar to mammalian walking and trotting  Thus, in spite of marked lateral bending of the trunk, the
gaits. In both gaits, the kinetic energy fluctuations due to mechanics of lizard locomotion is similar to the mechanics
lateral movements of the center of mass were less than 5% of locomotion in other legged animals.
of the total external mechanical energy fluctuations. In the
walking gait, both species vaulted over their stance limbs Key words: biomechanics, walking, running, mechanical work,
like inverted pendulums. The fluctuations in kinetic energy  mechanical power, lizard, Coleonyx variegatys Eumeces
and gravitational potential energy of the center of mass skiltonianus.

Introduction

A variety of legged animals, including mammals, birds andncluding trotting, galloping, hopping and running. In bouncing
arthropods, use two basic patterns of locomotor mechanicgits, the legs behave like compliant springs (McMadioal.
(Cavagneet al.1977; Heglunckt al. 1982; Blickhan and Full, 1987; Blickhan, 1989; McMahon and Cheng, 1990; Faeley
1987; Full and Tu, 1990). These legged animals use an inverta 1991, 1993; Het al. 1991; Alexander, 1992; Blickhan and
pendulum gait at low speeds and a bouncing gait at highull, 1993; Farley and Gonzalez, 1996; Ferris and Farley,
speeds. The inverted pendulum gait corresponds to walkintP97). The compliance of the legs causes the center of mass to
and is characterized by a pendulum-like exchange between theach its lowest point at the middle of the stance phase. In this
kinetic energy and the gravitational potential energy of thease, the fluctuations in kinetic energy and gravitational
center of mass. In this gait, the legs behave like stiff struts, amqmbtential energy of the center of mass are in phase with each
the center of mass of the body vaults over the stance limlmgher. This is similar to the pattern of mechanical energy
(Cavagnaet al. 1963, 1976, 1977; Heglundt al. 1982; fluctuations in a spring-mass system or a bouncing ball. There
Alexander, 1988, 1991). The vertical position of the center ofre no substantial energy savings by pendulum-like exchange
mass reaches its mid-stance maximum at nearly the same titmetween the kinetic energy and gravitational potential energy
as the forward velocity of the center of mass reaches itsecause they are in phase with each other. However, bouncing
minimum. As a result, the fluctuations in kinetic energy andjaits are characterized by substantial energy savings through
gravitational potential energy are almost exactly out of phaselastic energy storage in muscles, tendons and ligaments
with each other, allowing pendulum-like exchange betweefCavagneet al. 1964; Alexander, 1988, 1991).
them. This pendulum-like exchange has been shown to reduceThese two basic gaits, the inverted pendulum gait and the
the mechanical energy requirements by as much as 70 % duribguncing gait, have been shown to be used by a variety of
walking gaits (Cavagna&t al. 1977; Heglundet al. 1982; animals including humans, dogs, kangaroos, rats, quail and
Blickhan and Full, 1987; Willemst al. 1995). ghost crabs (Cavagnat al. 1977; Heglundet al. 1982;

At higher speeds, legged animals use bouncing gaiBlickhan and Full, 1987). However, it is not known whether
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legged animals that bend their trunks laterally duringnass) than irE. skiltonianus(total limb mass=66 of body
locomotion use these two basic gaits. As lizards move alongass). We attempted to obtain data from six individuals of
the ground, their trunks undergo substantial lateral bendingach species but the additional individuals did not move across
with each step (Sukhanov, 1974; Avesy al. 1987; Ritter, the force platform at a constant speed. IndividualsEof
1992, 1995). To the naked eye, lizard locomotion appears gkiltonianuswere collected in San Bernardino County, CA,
be fundamentally different from mammalian locomotionUSA. Individuals ofC. variegatusvere collected in Riverside
because of the dominance of lateral trunk bending. This idgaounty, CA, USA.
is supported by the observation that many lizard species haveThe lizards were housed in an environmental roont@24
reduced limbs or are limbless and rely on lateral bending fdHuminated for 13 per day. In addition, each cage containing
forward propulsion (Gans, 1975, 1986; Withers, 1981; Renouan individual ofC. variegatushad direct ultraviolet lighting
et al. 1995). Thus, it seems possible that lateral trunk bendinfjom a fuorescent tanning lamp and a heat strip to allow
is as important as limb function in determining locomotorbehavioral thermoregulation over a gradient of 24&10The
mechanics and performance in lizards. In mammals, the limield active body temperature is D for E. skiltonianusand
are of primary importance in determining the invertedapproximately 23C for C. variegatus(Brattstrom, 1965;
pendulum mechanics of walking and the spring-like mechanicSunningham, 1966). Both species were fed a diet of
of bouncing gaits. It is not known whether the limbs of leggedmealworms, crickets and a vitamin/mineral supplement, and
lizards play a similar role to the limbs of mammals, resultinghey were given water daily.
in inverted pendulum and bouncing gaits. It is possible that the
limbs play a very different role in lizards, as they do in some Measurements
legged robots, acting to keep the center of mass at a constanSynchronized force platform and video data were obtained
vertical height throughout the stance phase (Alexander, 199@s the animals moved along a track and across a force platform
The goal of the present study was to examine the mechani 11mx0.06m). The Im track had acrylic walls and a running
of legged locomotion in lizards, animals that bend their trunksurface of extremely rie sandpaper. This surface gave the
laterally during locomotion. Spedfilly, we examined animals sufficient friction to prevent slipping. All experiments
whether two species of lizards use the two basic gaits knownere carried out at an ambient temperature between 24 and
to be used by other legged animals: an inverted pendulum g&%°C. The force platform was built into thedr of the track
and a bouncing gait. In addition, we examined whether lizardgnd its surface wasush with the running track surface. After
require substantial external mechanical power to accelerate thgossing the force platform, the lizards ran into a darkened box
center of mass in the lateral direction as the trunk benddaced 0.5n beyond the force platform.
laterally. To achieve these goals, we used force platform and The force platform was capable of measuring
kinematic measurements to examine the mechanical powgimultaneously the vertical, horizontal (fore—aft) and lateral
required to lift and accelerate the center of mass duringomponents of the ground reaction force. The design and
locomotion in two species of small lizard€oleonyx performance of the force platform have been described in detail
variegatus(western banded gecko) aBtimeces skiltonianus previously (Full and Tu, 1990; Fuét al. 1991). The force
(western skink). These two species have similar body massgdatform consisted of a balsa-wood platform that was mounted
but C. variegatushas 2.7-fold more massive limbs then  on four brass beams. Each beam had semi-conductor strain
skiltonianus E. skiltonianuss from a family (Scincidae) that gauges bonded to spring blades (Full and Tu, 1990). The force
has many limbless species that rely completely on latergllatform gave a linear response over a range of forces from
bending of the trunk for forward propulsion (Gans, 1975, 19869.001N to 0.1N. The mean body weight of the smaller species,
Withers, 1981). A comparison of. variegatusand E.  C. variegatuswas 0.03N and, thus, the force platform could
skiltonianusmay provide insight into the importance of limb resolve forces equal to 24 of its body weight. The peak

morphology in determining the biomechanics of lizardground reaction force never exceededNDih either species.
locomotion. The unloaded natural frequency of the force platform was

approximately 506iz.
After data collection, the force platform data were corrected
_ for cross-talk between the vertical, horizontal and lateral
Animals channels. The correction factors were determined from
Data were obtained from four individuals of the westerrmeasurements of cross-talk when the force platform was loaded
banded geckd&oleonyx variegatu¢Baird), ranging in body with known vertical, horizontal and lateral forces. These
mass from 3.8 to 4.5 (mean 3.9) and with a snout-vent calibrations revealed that there was a small but systematic
length of approximately 5@&n. Data were also obtained from amount of cross-talk between the channels that caused errors
three individuals of the western skifdumeces skiltonianus ranging from 1 to 1% before correction, depending on the
(Baird and Girard), ranging in body mass fromgtio 5.1g  combination of channels examined. The effect of cross-talk was
(mean 4.9) and with a snout—vent length of approximately 5.2corrected in computer software, and the calibration trials
cm. Limb mass relative to body mass was approximately 2.&howed that the force platform measurements were accurate to
fold larger inC. variegatus(total limb mass=166 of body  within 1% after the software cross-talk correction.

Materials and methods
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The force platform signals were ammdii using bridge described in detail elsewhere (Cavagna, 1975; Blickhan and
amplifiers (Vishay, Measurements Group) and sampled dtull, 1993). The kineticHx) and gravitational potentiaEg)
1000samples™ using a computer (IBM PC/AT) and an energy of the center of mass were calculated from the velocity
analog-to-digital converter (C-100, Cyborg). The signals werand vertical displacement of the center of mass, respectively
collected using data-acquisition and analysis softwaréCavagna, 1975; Blickhan and Full, 1993; Willerat al.
(Discovery, Cyborg). The data were digitally low-pakserfed  1995). The instantaneous total external mechanical energy
using a fourth-order zero-lag Butterworther with a cut-off  (Ecm) was calculated from the sum of the horizontal, vertical
frequency of 185iz. and lateral kinetic energies and the gravitational potential

As the lizards ran across the force platform, they were vide@nergy at each instant.
taped at 100Beldss™ in lateral view (Kodak Ektapro 1000, We determined the mechanical power required to move the
Image Intensid). A mirror was placed behind the force center of mass in the horizontal, vertical and lateral directions.
platform so that all four limbs could be viewed in the videoBy examining each direction separately, we were able to assess
recording of the animal on the force platform. This informatiorthe importance of lateral bending of the trunk in terms of the
allowed us to identify an integral number of strides forexternal mechanical power output. For the horizontal and
analysis. We also used the video recordings to examine theteral directions, the mechanical power was calculated from

footfall pattern during a stride. the sum of the positive increments in the horizontal kinetic
_ energy or the lateral kinetic energy, respectively, divided by
Data analysis the time period. For the vertical direction, the mechanical

The animal’'s mean forward speed was calculated from thgower was calculated from the sum of the positive increments
video recordings by dividing the force platform length (01 in the vertical kinetic energy and gravitational potential energy
by the time taken to cross the force platform. We calculatedivided by the time period. The total external mechanical
the change in speed during an integral number of strides fropower required to lift and accelerate the center of mass was
the net horizontal impulse divided by body mass. If the changealculated from the sum of the positive incrementEgh
in speed exceeded 26 of the mean speed, the trial wasdivided by the time period. The mass-specixternal
discarded. The lizards rarely moved at a steady speed, and ontgchanical work required to travehilwas determined by
one out of every 200 trials that we collected met this criteriortaking the slope of the mass-spextfital external mechanical
This may have been because of the unnatural laboratopowerversusspeed relationship.
conditions or may refct the normal locomotor patterns of A key parameter in determining whether a gait is an inverted
lizards. For all of the trials that were included in the study, th@endulum gait or a bouncing gait is the phase between the
change in speed was %171.6% (meant s.p.). Itis likely that  fluctuations in gravitational potential energy and kinetic energy
error was introduced by accepting trials in which there was néCavagnaet al. 1977; Hegluncet al. 1982; Full and Tu, 1990).
acceleration or deceleration because the external mechanitaberted pendulum gaits are characterized by these energies
power output at a given speed is probably affected bpeing approximately one half-cycle out of phase with each
acceleration. However, the mean acceleration in the trials thather (a phase of approximately T80and bouncing gaits are
we accepted (0.39.43ms 2, meant s.0.) was two orders of characterized by these energies being approximately in phase
magnitude smaller than the mean acceleration during theith each other (a phase of approximateR).0The phase
acceleration phase of sprinting (>rh&2) (Eckel and Farley, between the gravitational potential energy and the kinetic
1996). Thus, within the spectrum of locomotor behavior ofenergy of the center of mass was calculated by determining the
these animals, the trials included in this study are close twaction of the stride time between the time when the kinetic
steady-speed locomotion. energy reached its minimum and the time when the

For the trials that met the criterion for inclusion in thegravitational potential energy reached its minimum. The
present study, the video recordings were used to calculate tfraction of the stride time was multiplied by 36 give the
step frequency from the inverse of the time between the footfglihase in degrees.
of one hindlimb and the footfall of the contralateral hindlimb. We quantifed the magnitude of energy exchange due to the
The video recordings were also used to determine the footfgdlendulum mechanism by comparing the magnitude of the
pattern during each trial and to calculate the phase shifbhechanical work that would have been required to maintain a
between when a forelimb and its contralateral hindlimb hit theonstant speed if there were no exchange with the amount of
ground. This phase shift was calculated from the ratio of thmechanical work actually performedHm). The magnitude
time interval between these events and the stride period. Thi$ the mechanical work required to maintain a constant speed
value was multiplied by 360to give the phase shift in degrees. if there were no exchange was equal to the sum of the positive
A phase shift of @ means that the diagonal pair of limbs hit increments in kinetic energfAEx) and gravitational potential
the ground synchronously, as in a mammalian trot, and a phaseergy EAEp) (see Figst, 5). Percentage recovery was
shift of 90° corresponds to a mammalian walk. calculated as the amount of mechanical energy saved by the

For an integral number of strides within each trial, wependulum mechanism (Cavagma al. 1963, 1976, 1977
calculated the velocity and displacement of the center of ma&ickhan and Full, 1987; Full and Tu, 1990; Heglusidal.
in each direction from the force platform measurements as982; Willemset al. 1995):
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% Recovery 180
[(ZAEK + ZAEp — ZEcm)/(ZAEK + ZAEp)] x100. (1)
The magnitude of the recovery of mechanical energy by th 120
inverted pendulum mechanism depends on several factors: t £ 60—
phase ofp and Ek, the shapes of thE, and Ex versustime 2 ’g S
relationships, and the relative magnitudes of thetdlationsin =~ = 5 g4 o e ()
Ep andEk. E g ) .. ® o °
a
Results _120-L
Footfall pattern

We began by examining the footfall pattern during -180 : | : | : | : |
locomotion for comparison with the footfall pattern in 0 0.2 0.4 06 08
guadrupedal mammalian gaits. Diagonal limbs moved Speed (ms™)

apprqximaﬁter syn_chronously at all locomotor speeds ir_1 botplfig. 1. Diagonal limb phase shiftersusspeed. A phase shift of°0
species (Figl). This synchronous movement waseefied in i gjcates that the forelimb and hindlimb in each diagonal pair hit the
diagonal limb phase values of approximatefyoer the entire  ground at the same time. A phase shift of ®dicates that the
range of speeds (Fid). The maximum diagonal limb phase forelimb hits the ground a quarter of the stride time before the
was 40, and it occurred at a low speedGnvariegatusThis  contralateral hindlimb hits the ground. The open symbols represent
means that the forelimb hit the ground% Df the stride time trials by Coleonyx variegatuand the fied symbols represent trials
before the hindlimb. In mammals, a trotting gait has a diagon®y Eumeces skiltonianus
limb phase of 0 while a walking gait has a diagonal limb
phase of 90 (Hildebrand, 1985). Thus, the footfall pattern reaction force was never zero, indicating that there was no
observed irC. variegatusandE. skiltonianusvas most similar  aerial phase. Thus, there was always at least one pair of
to a mammalian trotting pattern over the entire range of speed#&gonal limbs in contact with the ground in both the walking
(Fig. 1). This pattern of nearly synchronous movement otind the trotting gaits. In both gaits, the horizontal ground
diagonal limbs at low and high speeds has been observegaction force was negative during thestfihalf of the step,
previously in other lizard species (Snyder, 1952; Sukhanoyushing backwards on the lizard, and then became positive
1974). during the second half of the step. This pattern of horizontal
: . ground reaction force is similar to that seen in a wide variety
Ground regctlon force, velocity of the center of mass and of legged animals during both walking and bouncing gaits
vertical displacement of the center of mass (Cavagneet al. 1977; Heglunckt al. 1982; Blickhan and Full,
Two patterns of ground reaction force and movements of thegg7: Fyll, 1989: Full and Tu, 1990, 1991). The lateral ground
center of mass were observed. Thst fpattern was similar to  yeaction force fictuated around zero in both gaits, and the
the walking or ‘inverted pendulum’ pattern that has beefnagnitude of the tictuations was greater in the trotting gait
observed previously in other legged animals (R2§s 3A).  than in the walking gait (Figa, 3).
The second pattern was similar to the trotting or ‘bouncing’ The fuctuations in the velocity of the center of mass were
pattern observed in other legged animals (28s3B). InFigs  similar during the trotting gait, and the walking gait in both
2 and 3, a single step is shown, from the time when one pajpecies (Figg, 3). These velocity dctuations were largest in
of diagonal limbs fist touched the ground until the time when ihe norizontal direction. The horizontal velocity of the center
the other pair of diagonal limbs hit the ground. The mosht mass decreased during thstfhalf of the step and increased
important difference between these gaits was the pattern Qﬁring the second half of the step in both gaits (Big3). The
fluctuation in the vertical displacement of the center of masg,ctuations in the lateral velocity of the center of mass were
during the step. In some trials, the center of mass reached dyhtly smaller than theuttuations in the horizontal velocity
highest point at mid-step (Fi@A, 3A). This pattern is of the center of mass (Figs 3). The lateral velocity of the
characteristic of walking gaits in other legged animals. In othegenter of mass was in one direction for thet faalf of the step,
trials, the center of mass reached its lowest value near ”E)%\ssed through zero near the middle of the step, and was in the
middle of the step (Fig8B, 3B). This pattern is similar to that opposite direction for the second half of the step (EigR).
seen in other legged animals using bouncing gaits such g$ere were no substantial differences between the species in

trotting, hopping and running. _ ~terms of the fictuations in the horizontal and lateral velocity
In both species, the peak ground reaction force was highgf the center of mass.

in the trotting gait (Fig&B, 3B) than in the walking gait

(Figs 2A, 3A). In walking, the vertical ground reaction force Fluctuations in the mechanical energy of the center of mass
did not exceed 1.05 times body weight. In trotting, the peak The fluctuations in the mechanical energy of the center of
vertical ground reaction force was up to 1.6 times body weightass during locomotion can be divided intocfuations in

In both the walking and the trotting gaits, the vertical grouncinetic energy and dictuations in gravitational potential
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A C. variegatus, walk, 0.11 ms1 B C. variegatus, trot, 0.29 ms™1

Vertical force

Vertical force

02BW| T mm oo TReAll eI TRBW e Ao BW
Horizontal force
Horizontal force
0.2 BW
Lateral force
0.2BW
) ) Vertical velocity
Vertical velocity
0.025ms1
Horizontal velocity Horizontal velocity
0.025msl| oemTSgmmmmmmm e 01lms?
-------------------------- 029ms1
Lateral velocity Lat. velocity
0.025ms1 Sy AU N 0 0
Vertical Vertical displacement
displacement
0.25mm
L 1 1 1 ] L 1 1 ] ]
I T T T 1 I T T T 1
0 0.03 0.06 0.09 0.12 0 0.03 0.06 0.09 0.12
Time (s) Time (9)

Fig. 2. Ground reaction force, velocity of the center of mass and vertical displacement of the centervefsuassie in C. variegatudor a
walk (A) and a trot (B). A single step of each gait is shown for one individual, beginning when one diagonal limb pairghitsnitheind
ending when the other diagonal limb pair hits the ground. BW, body weight (0)034

energy. In both the walking and the trotting gaits, the totalhe fluctuations in the lateral kinetic energy of the center of
kinetic energy of the center of mass decreased duringrshe fimass (Figs, 5).

half of the step, reached its minimum at mid-step, and In both species, we observed two distinct patterns of
increased during the second half of the step (&jd9. There fluctuations in gravitational potential energy during a step
were contributions to the total kinetic energy of the center ofFigs4, 5). In the fist pattern, the gravitational potential
mass from the horizontal, vertical and lateral components @nergy reached a maximum near mid-step (B&S5A). This

the velocity. The fictuations in the horizontal component of pattern corresponds to the inverted pendulum gait observed
the kinetic energy were substantially larger than thereviously in walking mammals. In this walking gait, the
fluctuations in the lateral or vertical components of the kineti&inetic energy of the center of mass reached its minimum at
energy. In both species using both gaits, thetdlations in the nearly the same time as the gravitational potential energy
horizontal kinetic energy were more than 20 times greater thaeached its mid-step maximum (Fig8, 5A). Thus, the



2182 C. T. FarLEY AND T. C. Ko

A E. skiltonianus, walk, 0.23 m s1 B E. skiltonianus trot, 0.40 m s™1
Vertical force ]
Vertical force
0.6 BW o ==BW e T - - BW

Horizontal force

0.6 BW
Lateral force Lateral force
0.6 BW
Vertical velocity Vertical velocity
0.05ms?t B i 0
Horizontal velocity
1
005ms=f  --odNgemmmmmmmmom-A-----028mst N et 040mst
Lateral velocity
0.05ms?
Vertical displacement
Vertical displacement
0.4 mm ———— T ———

T T T
0 002 004 006 008 0 002 004 006 0.08
Time(s) Time (s)
Fig. 3. Ground reaction force, velocity of the center of mass and vertical displacement of the centervefsnassie for a walk (A) and a

trot (B) in E. skiltonianusA single step is shown for one individual, beginning when one diagonal limb pair hits the ground and ending when
the other diagonal limb pair hits the ground. BW, body weight ((N)47

‘phase’ between the gravitational potential energy and kinetiftuctuations during a step corresponds to the pattern seen in
energy fuctuations was approximately 18QFig. 6). The trotting mammals. In this pattern, the gravitational potential
recovery of mechanical energy by the inverted pendulumnergy reached a minimum at mid-step (Figs 5B). The
mechanism was maximized at the lowest speeds, reachingrad-step minimum in gravitational potential energy occurred
maximum value of 5% (Fig.7). It is important to note that at approximately the same time as the minimum in kinetic
the recovery of mechanical energy by the inverted pendulumnergy (FigstB, 5B). Thus, the phase between thetfiations
mechanism depends on several factors: the phase, shape andyravitational potential energy and kinetic energy was
relative magnitudes of the ufituations in gravitational approximately O in this gait (Fig.6).
potential energy and kinetic energy. C. variegatusand E. skiltonianusused both walking and
The second pattern of gravitational potential energyrotting gaits at low to moderate speeds but used only a trotting
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A C. variegatus, walk, 0.11 ms1 B C. variegatus, trot, 0.29 ms1

Horizontal kinetic energy Horizontal kinetic energy

20, 25

ertical kinetic energy

i ineti \%
1 Vertical kinetic energy 1 /\/—-'—\__

Lateral kinetic energy

Lateral kinetic ener
1 _/\/\_ W /\/\gy

Total kinetic energy
20 25 uJ

Total kinetic energy

Gravitational potential energy Gravitational potential energy

Total mechanical energy Total mechanical energy

1 1 1 1 | 1 1 1 |
1
0 0.03 0.I06 0.09 0.12 0 0.03 0.06 0.09 0.12

Time (s) Time(s)

Fig. 4. Kinetic energy, gravitational potential energy and total mechanical energy of the center eémmastime for a walk (A) and a trot
(B) in C. variegatusA single step is shown, beginning when one diagonal limb pair hits the ground and ending when the other diagonal limb
pair hits the ground. The data are for the same step as shown t Fig.

gait at the highest speeds (F&). Between 0.10 and forward speed ) and was the largest component of the
0.52ms™, the animals used gaits with phases of eithetotal mechanical power (Fi®; Phoriz=—0.19+1.4,
approximately O (trot) or 18C (walk) (Fig.6). Above r2=0.84, P<0.0001). At all speeds, the mechanical power
0.52ms™, they always used a trotting gait with a phase ofequired to accelerate the center of mass in the lateral
approximately O (Fig. 6). directionwas less than % of the mechanical power required
to accelerate the center of mass in the horizontal direction.
Mechanical power required to lift and accelerate the center Both the lateral componen®ig) and the vertical component
of mass (Pver) of the external mechanical power increased with
The mechanical power required to lift and accelerate thepeed (Pia=—0.00079+0.01%2, r’=0.27,  P=0.0008;
center of mass is equal to the positive mechanical worRye=0.0078+0.158, r2=0.38, P<0.0001). At the highest
required during each step of locomotion (FHg$) multiplied  speed, the vertical component was approximateB¢ 15 the
by the step frequency (Fi§). The step frequency increased horizontal component, and the lateral component was
by nearly threefold between the lowest and highest speeds.dpproximately 6 of the horizontal component.
is important to note that the step frequency reported here isThe total external mechanical power increased over the
twice as high as the stride frequency. range of speeds to a maximum value of approximately
The mechanical power required to accelerate the cent&9Wkg™ at the highest speed (Fig). Its magnitude was
of mass in the horizontal directioProriz) increased with similar to the magnitude of the horizontal component because
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A E. skiltonianis, walk, 0.23 m st B E. skiltonianis, trot, 0.40 m s1

Horizontal kinetic energy Horizontal kinetic energy

70 oW

Vertical kinetic energy
1w ~— 3 Vertica kinetic energy

Lateral kinetic energy -
1 —_— T Lateral kinetic energy

Total kinetic energy Tota kinetic energy

70 Wl 70 uJ

Gravitational potential energy
10w /ﬁ 701 Gravitational potential energy

Fig. 5. Kinetic energy, gravitational \_,_/

potential energy and total mechanical Total mechanical energy
energy of the center of mas®rsus
time for a walk (A) and a trot (B) iE.
skiltonianus.A single step is shown,
beginning when one diagonal limb pair
hits the ground and ending when the

other diagonal limb pair hits the 1 ] 1 } | 1 1 1 1

ground. The data are for the same step 0 002 004 006 008 0 002 004 006 008
as shown in Fig3. Time (s) Time(s)

Total mechanical energy
70/ 70W

the horizontal component was so much greater than the vertioadrtical and lateral components of the power because of
or lateral components (Fi§). The data for the two species recovery of mechanical energy by the inverted pendulum
appeared to be similar, although we were unable to obtaimechanism (Fig9).

many moderate- or high-speed trials in whichvariegatus The slope of the total external mechanical power output
moved at a steady speed. The linear least-squares regressiensus speed relationship is the external mechanical work
for the mass-specifitotal external mechanical power output

versusspeed was similar regardless of whether the data for the

two species were analyzed together or separately (se8 Fig.
legend). It is important to note that the total external (] o °
mechanical power was not equal to the sum of the horizontal, 180 5 5 :
@ °
5 1 °
Z
Fig. 6. Phase between theudtuations in kinetic energy and the % °
fluctuations in gravitational potential enenggrsusspeed. When the g ° q o o L
phase was approximately 180the minimum in kinetic energy O-J—OC’—g—o'—:#.—.—
occurred at nearly the same time as the maximum in gravitational P d ®
potential energy. When the phase was approximatelyh@ minima . . . . . . . .

in kinetic energy and gravitational potential energy occurred at nearly
the same time. The open symbols represent trials bgriegatusand
the filed symbols represent trials B skiltonianus Speed (ms°1)



Medanics of locomotion in lizds 2185

60 — pendulum gait and a bouncing gait. B&hvariegatusaandE.
skiltonianususe an inverted pendulum or walking gait at low
T i speeds. In this gait, the gravitational potential energy of the
° center of mass reaches a maximum at the middle of the step,
at nearly the same time as the kinetic energy reaches a
o minimum. This walking gait is distinctly different from the
° o-°* bouncing or trotting gait used by both lizards species at high
o speeds. In the trotting gait, the gravitational potential energy
. & of the center of mass reaches its minimum value at mid-step,
T Ceg © ©_ o hd at approximately the same time as the kinetic energy reaches
o (1] its minimum. This bouncing gait is similar to a mammalian
- 0 1 O (] . . . . .
0 o T oz Y "'_0|8 trotting gait in terms of the dttuations in the mechanical
' Speed .(m s1) ' ' energy of the center of mass and the footfall pattern.
As a lizard’s trunk bends from side to side with each step,
Fig. 7. Recovery of mechanical energy by the inverted pendulunthe kinetic energy of the center of masgfiliates because of
mechanisnversusspeed. The open symbols represent trial<Cby changes in the lateral velocity of the center of mass. Our results
variegatusand the fled symbols represent trials I& skiltonianus show that the mechanical power required to accelerate the
center of mass in the lateral direction represents less tan 5
required to travel fn. ForC. variegatusand E. skiltonianus  of the total mechanical power at all speeds (8)gThe highest
1.5Jkg™! of mechanical work was required to travehl speed examined was the maximum speed=foskiltonianus
and 6%% of the maximum speed f@. variegatusor a body
temperature of 25C (Farley, 1997). These animals are likely
Discussion to be able to run faster at higher body temperatures (euey
With each step, a lizard’s trunk bends from side to sidal. 1989). However, it seems unlikely that the mechanical
(Sukhanov, 1974; Avenet al. 1987; Ritter, 1992, 1995). power required to move the center of mass laterally will
Lizard locomotion appears to be fundamentally different fronbecome a substantial fraction of the total mechanical power at
mammalian locomotion because of the substantial lateral trurtkigher speeds because it is such a small component at all of
bending involved in their gait. Some lizards are limbless anthe speeds included in the present study. To investigate further
rely on lateral bending for forward propulsion (Gans, 1975the generality of our fiidings, it would be useful to examine
1986; Withers, 1981; Renowet al. 1995). This observation the mechanical energy associated with lateral undulation in
suggests that the limbs may play a less important role ithese species at higher temperatures and in lizard species that
determining the mechanics of locomotion in lizards than irare particularly fast runners.
mammals. In mammals, the mechanical behavior of the limbs, The mass-specditotal external mechanical work required
acting as stiff struts during walking and compliant springgo travel Im is similar in these lizards to that in other legged
during running, is of primary importance in determining theanimals. Past research has revealed that the massespecifi
mechanics of locomotion. mechanical work required to travelml does not change
Our findings show that lizards use the same two basisystematically with body mass (range 0.0008-K)0
patterns of locomotor mechanics as mammals: an invertadorphology or gait among legged animals. On average,
animals require 1.1#9.43Jkg™!1 (meanz s.p.) to travel Im
(Heglund et al. 1982; Full, 1989). Our data show th@t
variegatusandE. skiltonianugequire 1.9kg™ to travel Im,
a value that falls within the range observed in other legged
animals (0.5-1.8kg~2m=1; Heglundet al. 1982; Full, 1989)
in spite of the marked lateral bending of their trunks during
locomotion. The data for the lizards in this study are near the
upper end of the range, but lateral trunk bending is not the
reason. Lateral movements of the center of mass constitute less
than 3% of the total external mechanical power at all speeds
— (Fig. 9). It is important to note that this analysis only includes
0 02 04 0.6 08 the mechanical power required to lift and accelerate the center
Speed (M s1) of mass of the animal. Future research should examine the

Fig. 8. Step frequency increased by nearly threefold between tH@t€rnal mechanical power required to move the body
lowest and highest speeds. The open symbols represent trigls by Segments, including the limbs and trunk, relative to the center
variegatusand the fied symbols represent trials I& skiltonianus ~ Of mass of lizards during locomotion.

The line is the linear least-squares regresdod.1+22.8, wheref There are substantial differences in morphology and
is step frequency andis forward velocity r2=0.63,P<0.0001). physiology between the two lizard species in this study, but
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1.2 1

- Fig. 9. Mass-specifi external mechanical poweersusspeed forC.
Horizonta 9 P P P

) variegatus(open symbols) ané. skiltonianugfilled symbols). The
largest component was the mechanical power required to accelerate
the center of mass in the horizontal direction. At the highest speed,
) the horizontal component was more thas fiimes greater than the
mechanical power required to lift and accelerate the center of mass in
the vertical direction and 50 times greater than the component
required to accelerate the center of mass in the lateral direction. The
lines are the linear least-squares regressions. When the d&a for
variegatusand E. skiltonianuswere analyzed together, the linear
least-squares regression vilag=—0.20+1.%, wherePext is the mass-
specift external mechanical power ani$ forward velocity (2=0.86,
® E. skiltonianus P<0.0001). When th&. skiltonianusdata were analyzed alone, the
o C.variegatus linear least-squares regression equation wWas=-0.19+1.%
(r2=0.84, P<0.0001). Finally, when the. variegatusdata were
0.2+ analyzed alone, the linear least-squares regression equation was
Pex=—0.21+1.% (r2=0.78,P=0.0003).

0.8+

04T

sg°%

03 Tvertica

01+
E. skiltonianus(Farley and Emshwiller, 1996). Although we

did not obtain any steady-speed trials at speeds below the
maximum aerobic speed for the body temperature used in this
study (0.056ns™%; Farley and Emshwiller, 1996; Autunwt
al. 1997), our data show no substantial differences in
0.04 1 Lateral locomotion mechanics between these two species.
1 Both lizard species in this study;. variegatusand E.
0031 skiltonianus can save substantial mechanical energy through
1 the inverted pendulum mechanism during low-speed
0.02 1 locomotion. The maximum recovery of energy %)
1 observed in these lizards is similar to the maximum recovery
0.01+ () in other quadrupedal walking animals including dogs%%0
1 and rams (3%) (Cavagneet al. 1977). For the lowest range
0- of speeds in our study (0.1-0uz1), there was substantial
variation in percentage recovery, with a mean value of%9.5
19+ The animals in our study never moved across the force
| Total b platform at speeds below the maximum aerobic speed. In other
1 animals, energy recovery by the inverted pendulum mechanism
° is maximized at low sustainable speeds (Cavagra. 1977;
Heglundet al. 1982; Blickhan and Full, 1987; Willeres al.
1995), and it seems likely that energy conservation is most
important during low-speed sustained locomotion.
Quadrupedal mammals typically walk at low speeds, trot at
moderate speeds and gallop at the highest speeds. Near each
? 02 a1 o6 | os gait transition, a mammal is capable of using either gait (Hoyt
Speed (m 1) and Taylor, 1981; Farley and Taylor, 1991). Oumdiings
show that these lizards can walk or trot at speeds between
0.1ms™1 and approximately 0fs™. Above approximately
our findings show no substantial differences in locomotiorD.5ms™1, they only trot. We did not observe a range of very
mechanics. FirstE. skiltonianushas diminutive limbs (total low speeds at whicle. variegatusand E. skiltonianusonly
limb mass=66 of body mass) compared wi@. variegatus walked. However, it is important to note that the trials
(total limb mass=166 of body mass). MoreoverE. obtained for this study were above the maximum aerobic
skiltonianusis a member of a family (Scincidae) in which speed (Farley and Emshwiller, 1996; Autuetral. 1997) and
numerous species have extremely reduced limbs or aspproached the maximum sprinting speed of approximately
limbless (Gans, 1975; Withers, 1981). However, audifigs 0.8ms™L for a body temperature of 26 (Farley, 1997). As
show thatE. skiltonianususes the same two basic gaitsCas a result, it is possible that there is a range of low and
variegatusand other legged animals. The second importansustainable speeds, normally used by these species when they
difference between these species is that the metabolic energse undisturbed in their natural habitat, at which they use only
cost of level locomotion is 4 lower inC. variegatughan in  a walking gait.
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The maximum speed at which animals are capable OfLexanDer, R. McN. (1991). Energy-saving mechanisms in walking
walking can be predicted from the mechanics of the inverted and runningJ. exp. Biol.160, 55-69.
pendulum model for walking (Alexander, 1989; Kramal.  ALEXANDER, R. McN. (1992). A model of bipedal locomotion on
1997). This model predicts that the maximum possible walking compliant legsPhil. Trans. R. Soc. B3§ 189-198.
speed will be the speed at which the downward force on tHe TUMN: K., FARLEY, C. T., BASHWILLER, M. AND FuLL, R. J. (1997).

center of mass due to gravity is equal to the centripetal force Cost of Io_comotl_on in the_banded gecko: A test of the nocturnality
hypothesisPhysiol. Zool.(in press).

that is required to keep' the feet on the ground. as the animR\I/ERY, R. A, MUELLER, C. F., $1iTH, J. A.AND Bon, J.(1987). The
vaults over the stance limbs. The ratio of centripetal force t0 oyement patterns of lacertid lizards: speed, gait and pauses in
gravitational force is referred to as the Froude number and is| acerta vivipara J. Zool., Lond211, 47—63.
equal tov¥/gL, wherev is forward speedg is gravitational Brickran, R. (1989). The spring-mass model for running and
acceleration ant is leg length or the distance from the ground hopping.J. Biomech22, 1217-1227.
to the shoulder or hip (Alexander, 1989). When the FroudBuickHAN, R.AND FuLL, R. J.(1987). Locomotion energetics of ghost
number is less than or equal to 1, the weight of the animal crab. Il. Mechanics of the centre of mass during walking and
supplies a large enough downward force to keep the body in a™inning.J. exp. Biol.130, 155-174. _ _ _
circular arc as it vaults over the stance limbs during walkingZH/CKHAN, R.AND FuLL, R. J.(1993). Mechanical work in terrestrial
When the Froude number is greater than 1, the gravitational Io_comotlon. InBiomechanics: Strfmures and. Sys.te(m' A A

- - . iewener), pp. 75-96. New York: Oxford University Press.
force on the center of mass is Ies_:s than the required cgntrlpeﬁ CkHAN, R. AND FuLL, R. J.(1993). Similarity in multilegged
force and, as a result, an animal is not capable of walking. This|y.omotion: bouncing like a monopode.comp. PhysiolA 173
simple model predicts the observed maximum walking speed 5gg_517.
in E. skiltonianusremarkably accurately. We based ourBgratTstrom, B. H. (1965). Body temperatures of reptilésn. Midl.
calculations on data frof. skiltonianusecause we obtained  Nat. 73, 376-422.
a wider range of speeds far skiltonianughanC. variegatus  CAvAGNA, G. A. (1975). Force platforms as ergometeis.appl.
On the basis of the leg length & skiltonianus(0.02m, Physiol.39, 174-179.
average of front and hind limbs), a Froude number of fAVAGNA, G. A, HeGLUND, N. C. AND Tavior, C. R.(1977).

corresponds to a maximum walking speed of med a Mechanical work in terrestrial locomotion: two basic mechanisms

value quite close to the observed maximum speed at which the§£43n2"|;£'lzmg energy - expenditureAm. - J. Physiol. 233

walking gait was useq, 0.523‘1. . . CAVAGNA, G. A., S\BENE, F. P.AND MARGARIA, R. (1963). External
We conclude that, in spite of the obvious lateral bending of .« in walking.J. appl. Physiol18, 1-9.

their trunks during locomotion, lizards use two basic gait€avacna, G. A., Susene, F. P. AND MARGARIA, R. (1964).

similar to those of other legged animals: an inverted pendulum Mechanical work in runningl. appl. Physiol19, 249—256.

gait and a bouncing gait (Cavagetal. 1977; Heglundet al.  CavacNa, G. A., THys, H. AND ZameoNi, A. (1976). The sources of

1982; Blickhan and Full, 1987; Full and Tu, 1990). Lateral external work in level walking and runningj.Physiol., Lond262,

bending of the trunk during lizard locomotion requires very 639-657.

little external mechanical power, and the external mechanic&UNNINGHAM, J. B. (1966). Additional observations on the body

work required to travel th is similar in lizards to that in other _ [€MPperatures of reptileblerpetologica22, 184-189.

legged animals such as dogs, humans, quail and ghost Cr%%qzl_, C. M. aND FaRLEY, C. T.(1996). Biomechanical limitations

. . 0 burst locomotor performancehysiologist39, A60.
(Heglundet al. 1982; Full, 1989). Thesenfiings show that the FARLEY, C. T.(1997). Maximum speed and mechanical power output

mechanics of locomotion in animals with legs is remarkably i jizards.J. exp. Biol 200, 2189-2195.

similar regardless of body morphology, body size antagey, C. T., BickHan, R., S\TO, J.AND TAYLOR, C. R.(1991).
evolutionary history. Hopping frequency in humans: a test of how springs set stride
frequency in bouncing gaitd. appl. Physiol71, 2127-2132.
The authors thank K. Autumn and R. J. Full for their inputFARLEY, C. T. AND EMsHWILLER, M. (1996). Efficiency of uphill
to this project. They also thank Dale Denardo for his invaluable locomotion in nocturnal and diurnal lizard3. exp. Biol.199,
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) - . . springs: speed and animal sideexp. Biol.185 71-86.
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frequency in human running. Biomech29, 181-186.
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