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Summary

Turning is a requirement for locomotion on the variable
terrain that most terrestrial animals inhabit and is a
deciding factor in many predator—prey interactions.
Despite this, the kinematics and mechanics of
quadrupedal turns are not well understood. To gain
insight to the turning kinematics of small quadrupedal
mammals, six adult wild mice were videotaped at 250z
from below as they performed 90° running turns. Four
markers placed along the sagittal axis were digitized to
allow observation of lateral bending and body rotation
throughout the turn. Ground contact periods of the fore-
and hindlimbs were also noted for each frame. During
turning, mice increased their ground contact time, but did
not change their stride frequency relative to straight
running at maximum speed. Postcranial body rotation
preceded deflection in heading, and did not occur in one
continuous motion, but rather in bouts of 15-53°. These
bouts were synchronized with the stride cycle, such that

forelimb support and the first half of hindlimb support. In
this phase of the stride cycle, the trunk was sagittally
flexed and rotational inertia was 65% of that during
maximal extension. By synchronizing body rotation with
this portion of the stride cycle, mice can achieve a given
angular acceleration with much lower applied torque.
Compared with humans running along curved
trajectories, mice maintained relatively higher speeds at
proportionately smaller radii. A possible explanation for
this difference lies in the more crouched limb posture of
mice, which increases the mechanical advantage for
horizontal ground force production. The occurrence of
body rotation prior to deflection in heading may facilitate
acceleration in the new direction by making use of the
relatively greater force production inherent in the
parasagittal limb posture of mice.
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the majority of rotation occurred during the second half of  running, mousevius musculus

Introduction

Turning is an important component of animal locomotion.acceleration equals the mass multiplied by the acceleration.
Rapid turning to avoid obstacles is necessary for runninghe torque 1) required to rotate the body is equal to its
through the variable terrain that most animals inhabit. Furtherptational inertia I) times the required angular acceleration
turning abilities may be a deciding factor in the outcome of[).
predator—prey encounters and intraspecific competition. An Any feature reducing rotational inertia would, therefore,
animal’s proficiency in turning is likely to be influenced by reduce the torque required to achieve a given level of angular
both its morphological configuration and behavioral repertoireacceleration and may improve turning agility. Rotational inertia
Understanding the effects of variations in these features da a body’s resistance to rotation about an axis. It is defined as
turning abilities requires specific knowledge of the turningthe differential elements of a body’s masy (nultiplied by
process. Currently, however, the kinematics and biomechanitiseir distances from the rotational axi§ ¢quared IEZmr?)
of running turns in quadrupeds are not well understood. (Halliday et al., 1993). Eilam (1994) studied the kinematics of

Although specific kinematics may vary in conjunction with walking turns in wolves, polecats and honey badgers and found
body configuration, the mechanics of all successful runninthat each of these animals behaves in ways unique to its body
turns in which final and initial speed are the same consist gflan to reduce the effective rotational inertia during the turn.
two components: (1) the center of mass must decelerate in tiiéolves tilt their heads down and bend laterally to reduce
initial direction and accelerate in the new direction, and (2) theotational inertia about a central turning axis, whereas long-
body must be rotated to face the new direction (Jindrich anodied pole cats use the pelvic and pectoral girdles as two
Full, 1999). The force required to decelerate the center of maseparate turning axes, and honey badgers rear up on their
in the original direction is equal to the decrease in momentutindlimbs to reduce rotational inertia about the pelvic girdle
(massx change in velocity) in this direction divided by the time (Eilam, 1994). Many possible variations also exist for running
allotted for this deceleration. Similarly, the force required forturns, and these may vary between groups of animals depending
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on gait, body configuration, size, flexibility and muscular Materials and methods
strengths. This study focuses specifically on 90° turns executed Animals

by bounding mice. It addresses whether mice behaviorally iy adult wild miceMus musculus., with an average mass

reduce thei'r rota_ltional i_nertiq dur?ng turns or take advarjtage %ff 18.5:0.89, were used in this study. These mice wétard

the fluctuations in rotational inertia inherent to a bounding gaiin generation laboratory-bred wild mice from founders caught
by rotating when it is minimized. Mice are particularly noqr Gainseville, Florida. They were housed in the University
convenient subjects for kinematic analysis as their small bodyt iah Animal Care Facility from birth. Mice ranged in age
size allows multiple strides to be filmed from below with agom 6 to 27 months during the experiment. Although some of

single camera. _ _ the mice were quite old by the end of the experiment, no
Also of interest is the effect of turning on the stride cyclegjgnificant decrease in performance, or difference in

Greene and McMahon (1979) studied the gait parametersB rformance between old and young mice, was observed.

human subjects running along paths of varying radii. Theygeca;se two of the mice eventually escaped, only five of the

found that neither stride frequency nor step length (thenice performed trials on the straight trackway and four were
distance traveled during ground contact) varied with path

- used for the carpeted control runs.
radius. Based on these results, and the known forces of gravity
and centripetal acceleration that must be overcome to Setup and procedure
complete a turn, they made several predictions about how Mice were videotaped from below at 25@ while
speed and ballistic air time should vary with path radius foperforming 90° running turns in a 0n6<0.6 m L-shaped track,
humans running at maximal speed. Mice, with their very10.2cm wide, made of Plexiglas. Plexiglas was used as the
different body configuration and gait kinematics, must stillunning surface to allow video recording of the underside of
overcome the same forces of gravity and centripetahe mouse throughout the turn. This greatly improved
acceleration to complete a turn. In this study, changes in gaisolution of limb support, duty factors, stride frequency and
parameters with path radius in mice are compared to tho$gteral bending of the trunk. To induce mice to run, doors at
observed in humans and to the predictions of Greene argther end of the trackway were opened and the mice were
McMahon (1979). blown on if necessary. Runs in both directions were recorded.
A further question of this study concerns the timing of theThe Plexiglas at either end of the trackway was covered on the
deflection in heading of the center of mass relative to thgutside with dark-colored paper to motivate mice to run all the
rotation of the body axis. Jindrich and Full (1999) found thatvay to the end and to stay there until induced to run again.
in cockroaches, the change in direction of heading led bod¥ach mouse made 20-30 runs on the trackway on each of 3
rotation by an average of 5°. They noted that the lateral forcegifferent days. The six fastest performances (determined by
applied during straight-ahead running were sufficient tounting the number of video frames required to cover the
generate the perpendicular forces that changed the directigiackway), in which the mouse made no contact with the side
of heading in turns. Further, despite the greater contributiongalls of the track, were digitized and analyzed for each mouse.
of the outside legs to turning, they found no difference irBecause only the fastest runs were used, all turns analyzed
duty factors during turns. In mice, where the forelimbs areonsisted of bounding locomotion. In the majority of trials no
used mainly for deceleration and the hindlimbs forapparent foot slippage occurred, and those trials in which mice
acceleration in straight running (Heglund et al., 1982), it wagid slip were excluded from the analysis. Nevertheless, it
hypothesized that the forelimbs might have a greater dutyeemed possible that subjects might modify their stride
factor just prior to the turn as the mouse decelerates in th@yrameters or run more slowly, with increased caution, on the
original direction, and the hindlimbs might have a greateplexiglas. To control for this possibility, the trackway was
duty factor just after the turn as the mouse accelerates in th@rpeted and four of the mice performed 30 control runs on
new direction. Thus, duty factors of the fore- and hindlimbseach of two days. Carpeted control runs were filmed from
were also compared just prior to and after the center of thghove at 2561z and the fastest control run for each mouse was

turn. then analyzed and compared to experimental trials.
This paper describes the kinematics of running turns in wild _
mice, focussing specifically on changes in posture that Stride frequency and duty factors

influence resistance to body rotation, how gait parameters vary Stride frequency and proportion of stride time spent
in running turnsversusstraight running, and the timing in unsupported were compared over the two strides in the middle
deflection in heading of the center of mass relative to thef the turn to those of mice running along a straight trajectory.
rotation of the body axis. These observations suggest that féhe unsupported portion of the stride is the same as the ballistic
running turns in mice: (1) body rotation coincides with theair time referred to by Greene (1985) and encompasses both
portion of the stride in which rotational inertia is minimized, flight phases. Duty factors of the fore- and hindlimbs were
(2) crouched limb posture may allow relatively highercompared between the first and second strides centered upon
velocities to be maintained, and (3) rotating the body prior tthe apex of the turn, and between turns and straight runs. The
changing the direction of heading may facilitate rapidapex of the turn refers to the point at which the velocity in the
acceleration in the new direction. new direction becomes equal to that in the original direction,
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i.e. when the center of mass is moving at a 45° angle relativeecessary to locate the beginning and end of each bout. To
to the initial heading. Duty factors and flight phases werelo this angular velocity (determined from the angular
determined by recording whether the hindlimbs or forelimbglisplacement through the same derivation as used to determine
were in contact with the ground for each frame of thdinear velocity and explained below) was plotted over time and
videotape. Because the videotape was recorded dti280d bouts were measured between minima. The amount of body
contact phases ranged from 25§, whereas flight phases rotation occurring in each bout was then determined by
could be as short ass, there was some error inherent in thisintegrating the area under this curve.

data. To control for this, reported duty factors were averaged The angle of deflection, described by Jindrich and Full
over the six turns for each mouse and then over the six mic€.999) as the angle between the instantaneous and original
Stride and step lengths were determined by multiplyinglirections of travel of the center of mass, was also measured
the mean stride velocity by the stride time and total grounthroughout the turn. This was calculated as the angle between
contact time (forelimb + hindlimb support), respectively. Fora segment connecting the location of the center of mass in two
measurements on the straight trajectory, five of the mice wemnsecutive video frames and the track axis. Because this
videotaped from below at 25@z while they ran in a similar measurement was subject to fluctuating error, measured
Plexiglas enclosure 1.28 in length and 10.2m in diameter values were smoothed using fourth-order central differences
without the 90° turn. Two strides from the middle of the(Lanczos, 1956) as explained below for velocity. The extent to
trackway were analyzed from six runs for each mouse. Straighthich body rotation preceded deflection in heading was then
runs were selected for analysis such as to obtain as widedatermine by averaging the difference between the body angle
range of bounding speeds as possible, including the fastemtd the angle of deflection over the two strides centered at the
straight run for each mouse. apex of the turn.

Measurement and analysis of rotation and angle of deflection Calculating speed

To study rotation of the body during the turn and to measure To calculate the speed of the center of mass, its location was
the extent of lateral bending, it was necessary to know thapproximated as the third marking, at the caudal end of the rib
angles that various ‘segments’ of the mouse’s body made wittage, based on previous measurements (Walter and Carrier,
the axis of the track throughout the turn. To determine thi®2002). Because the actual location of the center of mass varies
four black markings for digitizing were placed ventrally alongthroughout the stride cycle, and the mouse’s skin moves
the sagittal axis of the mouse in the following locations: (1) tipelative to its body, this estimate introduces some error. To
of chin, (2) throat, (3) caudal end of rib cage and (4) just craniakduce this error, speed was averaged over a stride cycle.
to anus. Using these markings, each mouse’s body was dividethear velocities x andVy) in the original and new directions
into four segments: (i) the head and neck from marking 1 to 2yere calculated by first smoothing positional data using fourth-
(ii) the thoracic segment from marking 2 to 3, (iii) the abdomerorder central differences and then taking the derivatives using
and hindquarters from marking 3 to 4 and (iv) the postcraniahoving regressions (Lanczos, 1956):
body from markmg 2to 4.. The angle made by each of these Vi = — 2o — X1+ X1 + DXz,
segments with the track axis was then calculated for each frame Vy = oY1t ye1+ 2y 1)
of the video. y 2T YT YT &2,

To determine the extent to which head rotation preceded thatherex andy are the instantaneous positions of the center of
of the postcranial body, the difference in angles made by eachass along the andy axes. Speed was then calculated by
of these two segments with the track axis was measured faaking the vector sum oiVx and Vy. Walker (1998)
each frame and averaged over the two strides centered at ttesmonstrated that this was one of the most accurate smoothing
apex of each turn (Fig. 1A). These values were then averagetethods for the magnification level used, &.2%. four body
over the six turns from each mouse and the mean of thetmngths fitted across the screen). Greater magnification was not
means was calculated. If the head tended to rotate prior to theed as this would have precluded inclusion of several strides
body, this mean value would be significantly positive. Thissurrounding the turn in the analysis.
procedure was repeated using the upper and lower bodyAs noted in many previous studies (e.g. Walker, 1998), there
segments to determine whether lateral bending of the trurik some error inherent in positional data obtained through
occurred to a significant extent. digitizing. Previous studies point out that this error is

To determine when in the stride cycle the majority ofmultiplied when taking the derivatives to obtain velocity data.
angular displacement occurred, the stride was divided into sWith the magnification and video speed used, Walker (1998)
phases: the first and second halves of forelimb and hindlimbbserved the mean error in velocity derived from digitized
support, flight phase 1 from hindlimb to forelimb support andpositional data to be less than 10%, while maximum velocity
flight phase 2 from forelimb to hindlimb support (see B)g. values were not overestimated by more than 25% in 90% of
The angle rotated by the head/neck and postcranial body duritiggls.
each of these phases was then calculated for the two strides
centered at the apex of each turn. To determine the mean and Measurement of rotational inertia
maximal angles turned in bouts of rotation, it was first While rotational inertia of mice in the lateral (yaw) direction
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for standing/trotting postures has previously A B
measured (Walter and Carrier, 2002), the exte ~ 8 -
. . . . -
which it varies throughout the stride cycle — =
bounding mice was unknown. To estimate , % *
.. . . . . o M) " [ ]
variation, the rotational inertia of three mice fro =——— ==
xS =~ e —

in each of the following three bounding posture
in total) was measured: (1) with trunk and lir
maximally extended, (2) maximally flexed, and
midway between as in a standing posture. Rotat
inertia was determined by oscillating each mou:
a pendulum about a rod passing dorsal-ven
through its sagittal plane and timing the pendult
period (method described in Walter and Car
2002). Each mouse oscillated about two sep
axes, allowing for two separate estimations of
rotational inertia about the center of mass usint Fig. 1. A representative turn made by one of the mice. (A—E) Framess 16
parallel axis theorem. These two estimates, w apart. Feet in contact with the ground are shaded. Phases of the turn are
described in the text. Angin A is the angle by which the rotation of the head
and neck precedes that of the body for that frame.

P

Je

differed by less than 15% in all cases, were aver:
To account for the slight variations in mass of
nine mice, assumptions of geometric similarity v
used to scale each rotational inertia value to and&®Buse. mean speeds and gait parameters of the six mice over their
Rotational inertia values for the three mice in each postureirns were averaged and compared to reduced major axis

were then averaged. (RMA) regressions of the various parameters against speed.
o _ RMA regression lines (Sokal and Rohlf, 1997) were fitted to
Statistical analysis plots of stride frequency and proportion of stride unsupported

Paired Student's-tests were used to determine whetherversusstraight path speed. 95% confidence intervals (Sokal
differences in velocity and gait parameters were significareand Rohlf, 1997) for means of 36 samples (turns) were also
between each mouse’s fastest trial turning on Plexiglesus  calculated.
carpet, and turningersusstraight runningt-tests were used
to determine whether differences between the rotational inertia
values for each of the three limb postures were significant. In
all comparisons, parameters were assumed to be significantly Description of turning behavior
different if the P values were less than or equal to 0.05. Mice maintained their bounding gait during turns. In a
Student’st-tests were also used to determine whether averadgpical turn (Fig.l), a mouse planted its forefeet slightly
leads in head and body angles over the deflection angle wamvard the outside of the turn, began to rotate its head and neck
significantly different from zero. in the turn direction (FiglA), and then rotated its lower

As it was not possible to coerce mice to run along théody as the hindlimbs were brought forward and planted
straight trajectory at exactly the same speeds used in turns, tfkég. 1B,C). It then began accelerating in the new direction by

Results

Tablel. Stride parameters: averages of the mean turning values from six mice and for the fastest turns and straight runs from

five mice
Mean Plexiglas turris Fastest Plexiglas turns and straight Puns

1ststride 2d stride Turn Straight

(N=36) (N=36) (N=5) (N=5)
Speed (nsY) 1.25+0.03* 1.15+0.02* 1.29+0.06* 1.80+0.06*
Stride frequency (Hz) 12.70+0.30 12.14+0.37 13.56+1.40 13.09+1.83
Unsupported (flight phase) (% of stride time) 0.12+0.01 0.14+0.02 0.16+0.05* 0.32+0.11*
Forelimb support (% of stride time) 0.43+0.01 0.41+0.02 0.43+0.03* 0.30+0.08*
Hindlimb support (% of stride time) 0.45+0.01 0.46+0.01 0.42+0.04 0.38+0.06
Stride length (m) 0.099+0.004 0.095+0.003 0.079+0.015* 0.113+0.021*
Step length (m) 0.087+0.002* 0.081+0.001* 0.067+0.013 0.078+0.012

&\/alues are meanssE.M.
byalues are meansso.
*Paired means are significantly differe®<(0.05).




pushing directly forward with its hindlimbs (FigD). This
process, with head and body rotation synchronized to vari
phases of the stride cycle, continued over the two to th
strides required to complete the 90° rotation (EK).

Comparison of turns on Plexiglas with carpeted controls

The Plexiglas surface on which the mice ran had a minir
effect on speed and stride parameters. On average, mice
only 10% faster during carpeted control runs than on Plexig
No significant differences were found in gait paramete
including stride frequency, proportion of the stride spe
unsupported, and fore- and hindlimb duty factors between
fastest carpeted and Plexiglas runs. Because the differenc
speed between carpeted and Plexiglas runs, though signifi
were relatively small, and there were no significant differen:
in other gait parameters, it seems reasonable to assume
the biomechanics and kinematics of the mice’s gait were
substantially altered by the low frictional surface of tt
Plexiglas.

Comparison of stride parameters between turns and straigt
runs

Maximum speed and gait parameters did differ, howev
between the fastest turns and straight runs of the mice w
they ran on Plexiglas. Maximum speeds during straight r
were on average 1.37 times greater than maximum speeds
the two strides surrounding the apex of the turn, but str
frequencies did not differ significantly (Tallg Mice spent
a smaller portion of the stride period unsupported in 1
maximum speed turns and a greater portion supported by
forelimbs.

On average, mice had higher stride frequencies during tt
than would be expected for straight runs at similar spe
(Fig. 2). The percentage of stride spent unsupported for
stride prior to the apex of the turn was not significan
different from that predicted for same speed straight runs
slightly greater portion of the stride after the apex of the ti
was spent unsupported than would be predicted for same s
straight runs (Fig3). Although mice ran more slowly just afte
the apex of turns than before, other stride parameters inclu
proportion of stride spent unsupported, stride frequency
duty factors, did not differ between the two turning strid
(Tablel).

Body rotation and rotational inertia

Postcranial body rotation did not occur in one continuc
motion, but rather in bouts interspersed with periods in wh
little or no body rotation occurred (FigA). These bouts of
increased angular velocity were synchronized with the str
cycle (Fig.4B) and resulted in body rotations of 15-5:
(Fig.4C). Thus the total body rotation of 90° was usual
completed in two or three strides. The greatest amount of b
rotation occurred during the period from the second half
forelimb support to the first half of hindlimb support (F5{.
The rotational velocity during the intervening flight phase
was lower than that during the second half of forelimb supp
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Fig. 2. Reduced major axis regression (solid line) of stride frequency
and speed for 55 strides from straight runs (open squares). Broken
lines show the standard errors for the regression. Superimposed are
the averages of the mean stride frequencies for each of the six mice
over the strides just prior to (filled circle) and after (filled triangle)
the apex of each turn.
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Fig. 3. Reduced major axis regression (solid line) of ballistic air
time as a percentage of stride time and speed for 55 strides
from straight runs (open squares). Broken lines show the standard
errors for the regression. Superimposed are the averages of the
mean ballistic air times for each of the six mice over the strides just
prior to (filled circle) and after (filled triangle) the apex of each
turn.



1744 R. M. Walter

Angularvelocity (degrees3)

Rotation (degrees)
a
o
1

Fordimb support

Hindlimb support
Body ande
Head antg
Heading anig

T T T T T T
0.044 0.084 0.124 0.164 0.204 0.244
Time (s)

[Eny

N

o

o
1

900 -

600 -~

300

o
I

-300 4

Body angilar velocity

0.004

T T T T T T
0.044 0.084 0.124 0.164 0.204 0.244
Time (s)

9
8 -
7 4
6
5
4

Number o bouts

3
2 -
1 4

04

12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54

Rotationper bout (degrees)

but not significantly different from that during
the first half of hindlimb support. However,
because of its short duration or absence in many
of the strides, a smaller percentage of the total
rotation occurred during it. The period from the
end of forelimb to the beginning of hindlimb
support is also the portion of the stride in which
the mouse’s body is maximally flexed and
rotational inertia is minimized. Rotational
inertia of a maximally extended 18&5mouse
(1.14x105+4.5x1019 was 1.54 times greater
than that of a fully flexed mouse
(7.41x10%+9.0x10713) and 1.39 times greater
than that of a standing or intermediately
postured mouse (8.24078+1.0x1019). The
difference in rotational inertia between flexed
and intermediately postured mice was not
significant.

Averaged over the two strides centered at the
apex of the turn, rotation of the head/neck
segment preceded that of the body by 8° and
preceded the deflection of heading by 11°
(Table2). Rotation of the thoracic segment
did not significantly precede that of the
hindquarters. Body rotation preceded deflection
of heading by an average of 3°. Thus, mice
tended to rotate both their heads and trunks to
face the new direction before their centers of
mass began moving in this direction.

Discussion

Duty factor and stride frequency during turns
versusstraight running

In contrast to constant speed straight running,
where the only net ground force applied over
the course of a stride is a vertical force equal to
the subject's weight, running along a curved
trajectory requires net horizontal ground forces

Fig. 4. (A) Sample plot of rotation over time for a
turn from one of the mice. Light shading represents
forelimb support and dark shading hindlimb
support. Thick line, postcranial body; normal line,
head/neck angle; dotted line, angle of heading. The
area between head and body angle traces (depicted
by arrows) is the lead of the head/neck angle over
the postcranial body angle. (B) Sample plot of the
angular velocity of the postcranial body over time
for one of the mice. Shading as in A. (C) Histogram
showing the number of degrees rotated per bout for
the two greatest bouts of postcranial body rotation
during each turn. The angle turned per bout of
rotation was determined by integrating between
minima on the angular velocity over time curve in
B.
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60 maximum speed (Fi®). Thus, considering only maximal

0 Head/neck rotation performances, mice modified their strides similarly to

m Postcranial body rotation humans when running along curved trajectories: that is, they
held stride frequency constant while decreasing the
proportion of the stride spent unsupported.

= n Predicting relative speed from turn radius
. 1 = Although the finding that the maximum speed of mice is
J lower in turns than in straight runs is rather intuitive, an
. = explanation for the magnitude of the decrease in speed is not

obvious. Greene and McMahon (1979) related the decrease in
maximal velocity to path radius by assuming that the average
total force (horizontal and vertical combined) applied during
ground contact is maximized for an individual running at
maximum speed. Based on this assumption, as path radius
Fig. 5. Percentage of the total 90° of head/neck and postcranial bodiecreases and greater horizontal force is required, the average
rotation that occurred during each phase of the stride cycleertical force applied during ground contact must decrease
Head/neck (open bars) and body (filled bars) rotation were thproportionately. This decrease in average vertical force
changes in the angles made by markings 1 and 2 and 2 and 4 with fhgcessitates spending larger portion of the stride in contact
horizontal, respectively. Flight phase 1 occurred between hindlimbyith the ground at decreased radii. Greene and McMahon
takepff and forelimb plan_t and flight phase_2 occurred bet\_/vee‘eurther assumed that stride frequency and step length at
forelimb takeoff _and hindlimb plant. Most stride cycles contalnedmaximum speed were independent of curve radius. They thus
?Or:etho; ;Tfntqvivcoeﬂlght phases but not both. Values are meamst proposed that the observed decrease in speed around curves
' was due to an increase in ground contact time without a
corresponding increase in distance traveled during ground
(McMahon, 1984). Greene and McMahon (1979) studieatontact (Greene and McMahon, 1979). Greene related path
human subjects running at maximum speeds along straighdadius to relative velocity through the dimensionless reciprocal
trajectories and curves of varying radii. They found that irFroude numberr@/vo?) (Greene, 1985; Fig):
roducing the ‘extra’ horizontal forces necessary for turning, _
I?mmans gid not alter their stride frequency, but decreased the rgvo” =i/ (1v?) (2)
proportion of the stride spent unsupported. In mice, althougHerer is the turn radiusg the gravitational constant, the
stride frequency during turns was higher than in straight runsubject's maximum speed on a straight trajectory, \aride
at similar speeds, it did not differ from stride frequencyturn speed divided byvo.
in straight runs at maximum speed (F2g.Tablel). In So are the assumptions of Greene’s equation reasonable, and
contrast, turning mice did not differ significantly in the do they apply to mice as well as humans? The equation
amount of time spent unsupported for the first stride o&ssumes that the vector sum of the average fore—aft, lateral and
turns and straight runs at the same speed, but spent lesstical forces applied during ground contact remain constant.
time unsupported during turns than in straight runs alf, however, different muscle groups that were capable of

Total rotation (%)
N N
o o

o

14 half 2nd half 14 half 2nd half Flight  Flight
forelimb forelimb hindlimb hindlimb phasel phase?2

Table2. Average angular lead of head rotation over postcranial body rotation, upper body rotation over lower body rotation,
head rotation over deflection angle, and postcranial body rotation over deflection angle

Angular lead (degrees)

Subject Headersushody Uppeersudower body Headersusdeflection Bodwersusdeflection
A 9.62+3.83 4.06£4.98 16.80+2.23 7.18+£3.11

B 8.09+3.27 0.88+3.18 6.32+3.14 -1.77£3.19

C 11.66+2.57 2.85+1.35 14.80+5.09 3.14+5.62

D 7.25+2.29 5.97+4.06 10.17+1.98 2.92+2.45

E 8.28+4.37 0.18+5.04 11.75+7.09 3.4716.78

F 4.59+2.31 -0.86+4.31 8.93£3.78 4.351+4.74
Mean 8.25** 2.18 11.46** 3.22*

S.E.M. 0.97 1.05 1.57 1.18

Angular measurements were averaged over the two strides best encompassing the apex of the turns. Positive values tinglifiege that
segment was, on average, further rotated in the turn direction.
*The mean is significantly different from zeroR&0.05; **P<0.001.
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1 equivalent radii for their maximum speed, their speeds should
Predicted curve have been affected to the same extent.

0.9 s | Mouse trials The speeds of human subjects running along curves of

084 &  Human trials h various radii, showed close agreement with Greene and

McMahon’s prediction at larger radii, but fell below the
predicted curve at reciprocal Froude numbers <1 (Greene,
1985; McMahon, 1984). For reciprocal Froude numbers from
0.3-0.65, human velocities fell below the curve by an average
of 17% whereas mice velocities, on average, fell below the
curve by only 3.9% (calculated from Greene, 1985; &)g.
Thus at these small Froude numbers, mice were able to run
closer to their maximum speeds than humans.

It is possible that being quadrupestatsusbipedal confers
some advantage in turning. The bounding gait used by the
mice places outside and inside limbs in contact with the
0 . . ‘ . . : ground simultaneously. Thus if mice exhibited the same

0 0.1 02 03 04 05 06 decrease in force production by the inner legs as do humans
(Chang et al., 2001), it might be partially ameliorated by the
concurrent force production of the outside legs. Alexander
Fig. 6. A comparison of the speed—radius relationship seen in fiv€2002) suggested that at very small radii humans might run
mice with the curve predicted by Greene and McMahon (1979) anslower than predicted by Greene and McMahon because they
human data from Greene (1985). The dimensionless spgéslthe  are limited by friction rather than their muscular ability to
speed of the mouse during a tuwv) @ivided by that mouse's produce force.
maximum speed on a straight patw)( The reciprocal Froude  Bjewener (1983) suggested that the crouched posture
num.ber.,rglvoz, is the radiusr{ of Fhe mouse’s path multiplied by the of small quadrupedal mammals might increase their
gravitational constantg) and divided by the mouse’s maximum a6 verability by increasing the summed length of their limb
speed squared. segments relative to their hip or shoulder heights. This would

allow them to exert ground forces over a longer contact period.
functioning concurrently produced these forces, one mighAnother possible advantage of the crouched posture in turning
expect the average total ground force during the stance phasethe mechanical advantage at the limb joints in applying
of turns to be much greater. Electromyograph analyses drorizontal ground forces. Whereas an upright posture confers a
humans by Rand and Ohtsuki (2000) and Neptune anghuch greater mechanical advantage in producing the vertical
colleagues (1999) have in fact shown that the activity patterrground reaction forces needed to counteract gravity (Biewener,
of various lower limb muscle groups differ in turns from 1989), it decreases the mechanical advantage for horizontal
straight-ahead running. Despite this, Chang et al. (200Qround forces (Figrz). For instance, when humans perform
measured a decrease in net ground force production durimgnning turns, much of the deflection in linear momentum is
turns in humans, primarily in the inside leg. These findings arproduced by braking and medio-lateral forces of the vastus
not consistent with the assumption that total force productiomedialis and other thigh muscles of the outer leg (Rand and
is independent of turn radius in humans. Because ground forc@&htsuki, 2000). Given the long lever arm of the nearly straight
were not measured in this study, it is not possible to evaluatewer limb and the very short lever arm of the muscles’
the effects of curve radius on total ground force production isertions in humans, these muscles are clearly operating at a
running mice. The second assumption, that stride frequenasery low mechanical advantage (Ff3. In contrast, mice, with
and step length are independent of path radius, was empiricatlyeir crouched posture, would be likely to apply the necessary
demonstrated to be true for humans (Greene and McMahohgrizontal forces at a much greater mechanical advantage,
1979). In mice, step length and stride frequency also did ndtereby giving them an advantage in turns of smaller radii.
differ significantly between maximum speed turns and straighBreene and McMahon’s over-prediction of human performance
runs (Tablel). at smaller radii may be because their estimate does not account

Because the Froude numbev,(rg) is dimensionless, for the difference in mechanical advantage at which horizontal
Greene’s equation should be equally applicable to animals aihd vertical forces are produced. This possibility is supported
all sizes. The radii required for similar inverse Froude numbensy the improved turning performance of humans along banked
are proportionately smaller in smaller animals because thewurves observed by Greene (1987). A banked surface would
maximum speeds are lower. For an inverse Froude number allow a runner to apply part of the horizontal ground force
0.5, Greene’s human subjects used a radius om3wvhich  through the same mechanism and mechanical advantage
was approximately 20 times larger than the average radius ftirough which vertical force is normally applied. In mice, the
mice (0.153+0.0051; mean #s.e.M., N=5). In other words, more comparable mechanical advantage for horizontal and
because the humans and mice were running along curves\adrtical force production might contribute to the closer

Vivg

rg/vg?
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hindlimb support, when the majority of body rotation occurs,
the mouse has reached a maximum in sagittal bending. The
appendages and caudal region are located most closely to the
turning axis, such that the rotational inertia is only 65% of that
when the mouse is fully extended (F&). Thus the torque
required to rotate the mouse’s body at a given angular
acceleration is 35% less than would be required if the mouse
were to rotate during the period of maximum extension.
Having a phasic stride cycle that includes periods of increased
and decreased rotational inertia is a novelty of the bounding
gait of quadrupedal mammals and might explain the
discontinuous body rotation observed in mice. In cockroaches,
where rotational inertia varies little over the stride cycle, body
rotation is less abrupt (Jindrich and Full, 1999).

C"/\ Rotation of the head and neck was smoother than rotation of
the body, showing less variation in angular velocity within a
given turn (Fig5). Head rotation occurred early in the forelimb

Fig.7. Comparison of the effective mechanical advantage fog,ty phase and preceded the sharper rotations of the body axis
horlzontalvgrsusvertlcal force _productlon_ in crouche_d and upright as well as the deflection in heading (TadjeMany studies on
posturgs. Biewener (1989) defines effective mechanical advantagev%%lking turns in humans have similarly found head rotation to
the ratio of the muscle moment arm) o the moment arm of the . S .
ground reaction forceR]. For a crouched posture, the horizontal precede body rotation and deflection In.headlng (e.g. Grasso et
moment arm Rno) is smaller relative to the vertical moment arm al- 1996, 1998; Patla et al., 1999; Imai et al., 2001; Hollands
(Reer) than for an upright posture. This means that for a crouche8t al., 2001). Hollands and colleagues (2001) suggested that,
posture the effective mechanical advantage for horizontal forcBrough neurons which fire selectively based on head
production is greater relative to that for vertical force productiororientation, turning head to the new travel direction could be
than for a more upright posture. used by the CNS as an allocentric reference frame to reorient
the body. Turning the sensory organs to face the new direction
first would also increase the time available for the both humans
agreement of their performance with Greene’s prediction and mice to perceive the environment they must navigate

Ryert

Rhor

[

smaller radii. through. This extra reaction time is likely to be important in a
. flight situation. In portions of some mice turns, head and body
Duty factor compared between strides of the turn rotation appear to be out of phase. This may be advantageous

There is a division of labor in mammals in which theas it would reduce the maximum torque required at a given
forelimbs are primarily used for deceleration and hindlimbs arenstant.
primarily used for acceleration (Heglund et al., 1982). Because Lateral bending might allow axial muscles to aid the
of this, it seemed likely that mice might have a longer forelimtappendicular skeleton in creating the torque necessary for
support phase in the stride prior to the apex of the turn, whawotation by bending and straightening the body. In contrast, if
more deceleration in the original direction is likely to occur, andhe body were held laterally rigid, although axial muscle
a longer hindlimb support phase in the stride just after the apeactivity would be required to maintain this rigidity,
when more acceleration in the new direction is likely to occurappendicular muscles would have to create more of the torque
Although there was a trend in this direction (Tablethere were  through concentric contractions. Rotation of the thoracic
no significant differences in forelimb and hindlimb supportregion, however, did not precede that of the abdominal region
phase lengths between the two strides. Force plate data durifitgable2), suggesting that lateral bending did not occur to a
running turns would be of great interest, as it would allow morsignificant extent. It is also possible, however, that periods in
exact timing of force application by the limbs involved. which thoracic rotation preceded that of the hindquarters
occurred, but were approximately equal to periods in which
Turning mice rotate when rotational inertia is minimized  rotation of the hindquarters preceded that of the thoracic
Turning mice rotated their body axes in a series of discreteegion. In this case, although a significant amount of lateral
bouts of 15-53°, interspersed with periods where no rotatiobending may have occurred, the average lead of the thoracic
occurred (Fig4A). These bouts of angular rotation generallyregion would be insignificant.
coincided with the end of forelimb support and the beginning Eilam (1994) described three possible methods of
of hindlimb support (Figs). This suggests a division of labor behaviorally reducing rotational inertia: bending the body,
in which the forelimbs provide more of the torque to rotate theearing up on one set of limbs, and rotating about multiple axes.
body, after which the hindlimbs are used to accelerate the bod\though mice did not rear up or bend laterally, the sagittal
in the new direction. bending of their bounding gait did tend to bring the trunk and
At the end of forelimb support and the beginning oflimb mass closer to the rotational axis during the periods of
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maximal body rotation. Further, the early rotation of the heathat mice tend to rotate before deflecting their heading,
may have allowed it to be rotated about a more proximal axisllowing them to use forces applied parallel to the body axes

than the rest of the body.

to accelerate in the new direction. Finally, the crouched posture

of mice compared to humans increases their mechanical
Body rotation precedes deflection of heading angle in mice advantage in horizontal force production. This may explain
Jindrich and Full (1999) describe the angle of deflection awhy mice are able to maintain a relatively higher speed while
the difference between the direction in which the center of masanning along a curved path than can humans.

is traveling at a given instant and its original direction. This
deflection in heading must be created by ground forces that are
perpendicular to the original direction. These ground forces
could be generated by an animal facing the original direction 9
applying medio-lateral forces, or by an animal that has already !
rotated to face the new direction applying forces parallel to its M
body axis. In cockroaches, where rotation of the fore—aft axis '
lags an average of 5° behind the angle of heading (Jindrich andR
Full, 1999), medio-lateral ground forces are applied to change Rnor
heading. In mice, however, rotation of the body axis led the Rvert
angle of heading by an average of 3.2° (T&)leRotating the r
body before deflecting the heading of their center of mass would Vx
allow mice to use forces applied parallel to their body axis to Vy
change their heading. This difference makes sense given theVo
differences in limb configuration and running gait between mice V
and cockroaches. The parasagittal limb posture and bilaterally Vr
symmetrical gait of bounding mice yields reduced leverage for X
lateral force production. In contrast, the sprawled posture and
alternating tripod gait of cockroaches is much more conducive ¥
to generating lateral force. Compared to the changes in heading
seen in mice (FigiA), the changes in heading observed by U
Jindrich and Full in cockroaches were much more abrupt T
(1999). In fact, Jindrich and Full (1999) mention that the lateral 9
force impulses applied by a cockroach during straight-ahead

List of symbols

gravitational constant

rotational inertia

body mass

moment arm of muscle

moment arm of ground reaction force

horizontal moment arm

vertical moment arm

rotational axis

velocity in x direction

velocity iny direction

maximum speed on a straight trajectory

turn speed

ViVo

instantaneous position of center of mass along
X-axis

instantaneous position of center of mass along
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angular acceleration

torque

gravitational constant
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