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Summary

Stability is fundamental to the performance of terrestrial locomotion. Running
cockroaches met the criteria for static stability over a wide range of speeds, yet several
locomotor variables changed in a way that revealed an increase in the importance of
dynamic stability as speed increased. Duty factors (the fraction of time that aleg spends
on the ground relative to the stride period) decreased to 0.5 and below with anincreasein
speed. The duration of double support (i.e. when both tripods, or all six legs, were on the
ground) decreased significantly with an increase in speed. All legs had similar touch-
down phases in the tripod, but the shortest leg, the front one, lifted off before the middle
and the rear leg, so that only two legs of the tripod were in contact with the ground at the
highest speeds. Per cent stability margin (the shortest distance from the center of gravity
to the boundaries of support, normalized to the maximum possible stability margin)
decreased with increasing speed from 60% at 10cm s~ to values less than zero at speeds
faster than 50cms—1, indicating instances of static instability at fast speeds. The center of
mass moved rearward or posteriorly with respect to the base of support as speed
increased. Moments about the center of mass, as shown by the center of pressure (the
equivalent of a single ‘effective’ leg), were variable, but were balanced by opposing
moments over a stride. Thus, hexapods can exploit the advantages of both static and
dynamic stability. Static or quasi-static assumptions alone were insufficient to explain
straight-ahead, constant-speed |locomotion and may hinder discovery of behaviors that
are dynamic, where kinetic energy and momentum can act as a bridge from one step to
the next.

Introduction
Stability during locomotion is a principal problem for most pedestrian animals.
Unfortunately, our bias towards large, fast-moving mammals prevents us from
appreciating the potential magnitude of the difficulty. The problem of instability is
revealed by a simple calculation comparing a dog and a cockroach (Alexander, 1982).
Assume an animal’s body is a distance h from the ground. If the body were suddenly
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unsupported, it would fall a distance gt%2 in time t, where g is the acceleration due to
gravity. The body would fall a distance h and hit the earth in time (2h/g)Y2. A dog
walking slowly with its body 0.5m above the ground at a stride frequency (f) of 1Hz
would take one-third of a stride period [i.e. f(2h/g)V2] before it hit the ground if left
unsupported. A slow-walking cockroach 1 cm above the ground cycling its legs at 2Hz
would fall to the ground in only one-tenth of a stride period. This comparison suggests
that, under these conditions, it iscrucial that arthropods maintain static stability by having
at least three legs on the ground at the same time, whereas large mammals can rely on
dynamic adjustments to avoid falling (Alexander, 1971). The necessity for static stability
in insects has been given as one of the most important reasons why insects have six legs
and use two alternating tripods of support during locomotion (Hughes, 1952).

Numerous investigators (Alexander, 1982; Delcomyn, 1984, 1985; Forsythe, 1983;
Fourtner, 1976; Graham, 1985; Hughes, 1952; Manton, 1977) have discussed the
stepping patterns that insects require to maintain static stability during locomotion, yet
few have attempted to quantify static stability as a function of gait or variation in body
form (Cruse, 1976; Hughes, 1957). Studies on slow-moving stick insects have begun to
address the stability problems of animals walking straight ahead and around curves
(Jander, 1985).

Research on legged walking machines provides an approach to quantifying static
stability (McGhee, 1976; Song, 1984; Sun, 1974). The minimum requirement to achieve
static stability is a tripod of support, as in a stool. If an animal’s center of mass falls
outside this triangle of support formed by its three legs on the ground, it is statically
unstable and will fall. In the quasi-static gait of a robot or animal, the center of mass
moves with respect to the position of the legs on the ground, and the probability of falling
increases as the center of mass approaches the edge of the triangle of support. This
probability has been quantified for all n-legged walking vehicles by calculating the
longitudinal stability margin, the shortest distance from the center of mass to the
boundary of the support pattern in front of or behind the vehicle. The longitudinal
stability margin (S of awave gait (i.e. aregular, symmetrical gait) normalized for stride
length is described by:

S=(niegs/4)B — 3/4,

where B isthe duty factor, the fraction of a stride period that aleg isin the support phase
and niegs represents the number of legs (Song, 1984). When S<O0, the animal is statically
unstable. A six-legged arthropod would become | ess stable as the duty factor decreased to
0.5 and unstable if it fell below 0.5. This model has the advantage of comparing animals
with different numbers of legs and different stepping patterns. Although the n-legged
vehicular walking model is obviously an oversimplification for the requirements of an
insect to maintain stability, it can nevertheless provide abasis for more complete models.
Direct measurements of static stability in different locomotor designs can be obtained by
examining the center of mass and its relationship to the base of support.

In the present study on the death-head cockroach Blaberus discoidalis, we measured
the static stability margin (the minimum distance of the center of mass from the edge of
the support triangle, not only longitudinally but also with respect to any side of the
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triangle). We attempted to reconcile the apparent static stability suggested by the design
of insects with evidence of dynamic behavior found in recent studies. Investigations on
the mechanics of locomotion in cockroaches (Full and Koehl, 1993; Full and Tu 1990,
1991; Full et al. 1991) and crabs (Blickhan and Full, 1987; Blickhan et al. 1993) have
provided evidence of movement not limited by static constraints, but more similar to
dynamic locomotion described in birds and mammals. Bodies of two-, four-, six- and
eight-legged runners accelerate and decelerate due to remarkably similar ground reaction
force patterns. Despite wide variation in morphology, running in cockroaches, crabs,
birds and mammal's can be described by a single model consisting of a bouncing spring-
mass system (Blickhan and Full, 1993; Farley et al. 1993; Full, 1993). We recognize the
importance of static stability at low speeds in hexapods, but hypothesize that
determination of duty factors, leg phase relationships, stability margin and moments
about the center of mass will reveal the significance of dynamic stability in insect
locomotion.

Materials and methods
Animals

For stepping patterns and stability margin measurements, Blaberus discoidalis
(Serville) were obtained from a supply company (Carolina Biological Supply). Average
mass was 3.0£0.99 (s.D., N=3). Animals were individually housed in plastic containers.
They were fed dog chow and water ad libitum.

Sepping patterns and stability margin

Animals ran across an acrylic track as we video-taped them from above to determine
stepping patterns during constant, average-velocity running (the sums of the increases
and decreases in speed were within +10% of the average speed). The track was 6cm
wide, constraining the animalsto approximately straight-ahead running. Cockroachesran
freely from one end of the track into a darkened box. The temperature of the trackway
was 24°C. Trialsin which the animals touched the sides of the track were discarded.

Animals were taped using high-speed video at 250 or 500framess~1 (Kodak Ektapro
SE) to determine the position of the tarsus of each leg and their respective ground contact
times. The primary source of illumination was a horizontal plane of light that projected
across the bottom of the track so that long shadows of the legs would appear when they
were close to the ground. The light was low enough that the body of the cockroach was
above the plane of light and did not cast a shadow. When the end of the shadow was
coincident with the ground-contact point on the tarsus, the leg was determined to be on
the ground. The positions of the head, the abdomen and the tarsus of each leg were
digitized into a computer using a motion analysis system (Peak Performance
Technologies, Inc.). In addition, tabulations of when each leg was on or off the ground
were made for each frame.

The positions of the legs and body in each frame were used to calculate the per cent
stability margin of the animal during running, aswell as the phase lag and duty factor for
each leg. The cockroach is known to employ an alternating tripod gait at al but the very
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slowest speeds. The front and hind legs of one side move in synchrony with the second
leg of the opposite side. Thus, theanimal is statically stable when its center of mass of lies
within the triangle of support formed by the legs in each tripod. The stability margin is
defined by the minimum distance of the center of mass from the edge of the support
triangle (McGhee, 1976; Song, 1984; Fig. 1A). The per cent stability margin represents
the stability margin normalized by the maximum possible stability margin when each
calculation was made, allowing comparisons among animals. The position where 100%
stability would be achieved istermed the ideal center of stability. The phase of thelegis
the fraction of a stride at which aleg touched or lifted off from the ground after the hind
leg had touched down (i.e. avalue of O represents the timein the cycle of hind leg touch-
down and a value of 1 indictaes the time when the hind leg touches down again for the
next stride). These data reveal how tightly coupled leg motion isin atripod of support.
The duty factor is the fraction of a stride period that the leg is on the ground providing
support. We aso calculated the distance of the center of mass from the ideal center of
stability in the longitudinal direction (i.e. the direction of motion).

Moment of inertia

We measured the moment of inertia of the cockroach for three principal axes of
rotation, corresponding to pitch (x), yaw (2) and roll (y) of the body (Fig. 1B). Intact,
frozen B. discoidalis were used to estimate the moment of inertia (1). The total leg mass,
excluding the coxa (which moves very little and is close to the body) was less than 5%
total body mass, so legs contributed very little to the moment of inertia. Aninsect pin was
inserted through the body of the cockroach parallel to the axis of rotation to be measured.
We measured the distance from the pin to the center of mass of the animal (approximately
50% of body length) and recorded the animal’s mass. The pin with the cockroach was
then suspended on knife blades. The animal was lightly tapped and allowed to oscillate as
a pendulum. The animals were video-taped at 250framess—1 (Kodak Ektapro SE) to
determine the period of oscillation. The moments of inertia about the x-, y- and z-axes
were calculated using the following formula:

T2mcg 2
472 '
where T represents the period of oscillation, mismass, ¢ isthe distance from the center of

mass to the pin insertion point and g is the acceleration due to gravity (Fedak et al. 1982).

axis=

Moments about the center of mass and the center of pressure

We combined single leg forces and kinematic data to estimate the center of pressure of
the ground reaction forces on the body of the cockroach. The whole-body ground reaction
forces are known to look similar to force patterns produced by other trotting animals
(Full, 1991, Blickhan and Full, 1993). However, the line of action of the resultant force
cannot be found from whole-body reaction forces because the individual leg forces were
not resolved. With three legs on the ground, there is no unique set of leg forcesthat could
have created the resultant. By combining single-leg force measurements with
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Stability margin
The shortest distance from the center of mass to
the edge of the tripod of support.

Ideal center of stability
Position where the greatest
stability margin is attained

Per cent stability margin
Stability margin normalized to maximum
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Fig. 1. (A) Static stability measures. Stability margin is equal to d1. The tripod of support is
represented by the dark triangle. The black-and-white circle represents the center of mass.
(B) Pitch (x), yaw (2) and roll (y) axes.

measurements of the tibia—tarsus joint position, it was possible to calculate the center of
pressure or the position where asingle leg would act on the body during locomation.
Measurements of single-leg ground reaction forces in B. discoidalis were taken from
data collected by Full et al. (1991). Single-leg force data for the front, middle and rear
legs obtained at similar speeds were used together in a single calculation of center of
pressure. Forces from different trials were combined in several permutations to produce
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sets of force data for atripod, which were then used with kinematic data of leg positions
from separate, single trials to cal culate moments about the center of mass. For each trid,
two successive, symmetrical steps were considered, and the total moments generated
about the center of mass of the body were calculated. The amount of double tripod
support (i.e. the fraction of a stride during which six legs are on the ground, three from
each tripod) was also varied in accordance with the kinematic data. The moment vector
(M) is simply the cross-product of the distance (r) and force vectors (F) associated with
each tarsus (i.e. leg segment in contact with the ground) summed over al threelegson the
ground at agiventime:

M tot(t) =i=§1ri(t)|:i(t) )

where Mot(t) represents the total moment about the center of mass, ri(t) is a vector from
the center of massto the position of tarsusi and Fi(t) isthe force vector from tarsusi.

We calculated the center of pressure of the ground reaction force by using the resultant
ground reaction force and moments about the center of mass of the cockroach. We
determined the position of a single ‘effective’ leg by calculating the position at each
instant in time, where application of the total ground reaction force vector to the body at
the height of the center of mass would produce the same moment about the center of mass
as that calculated in M+t Thus, the actions of the tripod are replaced by one equivalent
leg, which acts with the same resultant force applied at the center of pressure.

From the total moment about the center of mass, the position of the center of pressure
was calculated by setting the z (vertical) component of the position equal to the height of
the center of mass and by using the total ground reaction force vector (found by summing
the components of the three legs over time) to solve the moment equation for the x,y
position. The resultant force and moment were replaced by asingle force vector applied at
apoint called the center of pressure.

Results
Soeed and stride frequency

Data were collected at speeds ranging from 6.3 to 55.5cms~1 [average speed:
29.9+14.1cms1 (s.p.), N=23]. Stride frequency increased linearly with speed up to
32cms~1 and 12.5Hz (P<0.01, N=14). Stride frequency did not increase significantly
with speed above 32cms~1 (P=0.1, N=9; Fig. 2A). Stride length remained constant at
2cm and did not vary with speed below 32cms—1 (P=0.05, N=12; Fig. 2B), but increased
linearly with speed above 32cms—1 (P<0.01, N=9; Fig. 2B).

Duty factor

In general, duty factors (8) were greater than 0.5, indicating that all six legs contacted
the ground for atime during the transition from one tripod of support to another (Fig. 3).
The duty factor for the front leg was found to decrease with speed (P<0.001, N=50;
Fig. 3A). However, at speeds of 32cms—1 and below, the average duty factor of the front
leg was 0.63+0.01 (s.e.m.) and did not vary with speed (P=0.03, N=32). At speeds faster
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Fig. 2. Stride frequency and stride length as a function of running speed in the cockroach
Blaberus discoidalis. (A) Stride frequency, or the rate of leg cycling, increased with speed up
to 32cms~1. At higher speeds, stride frequency did not increase with speed. (B) Stride length,
or the forward distance the body moves during a stride, did not change with speed below
32cms~1. At high speeds, stride length increased with speed.

than 32cms—1, corresponding to the maximal stride frequency, duty factor decreased
with speed (P<0.001, N=18). The duty factor of the middle and hind legs also decreased
with speed (P<0.001, N=50 for both; Fig. 3B,C), but therewas no distinct changein slope
at 32cms—1, asthere was with the front leg. The average duty factors for the middle and
hind legs (0.63+0.01 and 0.62+0.01 respectively) were not significantly different from
that for the front leg at speeds slower than 32cms~1.

Double support and leg phase relationships

We calculated the amount of double support, when both tripods were on the ground at
the sametime, as a percentage of thetotal stride period. The fraction of astride associated
with double support decreased with speed (P<0.001, N=24; Fig. 4). During the transition
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Fig. 3. Duty factor asafunction of speed and leg. Duty factor (the fraction of time aleg spends
on the ground relative to the stride period) decreased with speed for all legs. (A) Thefront leg
(prothoracic leg) showed little change in duty factor at speeds below 32cms~1. At higher
speeds, duty factor decreased significantly. (B) Middle leg (mesothoracic leg). (C) Hind leg
(metathoracic leg).
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Fig. 4. Per cent double support during a stride as a function of speed. Per cent double support
refers to the fraction of a stride that both tripods of support, or al six legs, are in contact with
the ground.

from one step to the next at higher speeds, there were periods when fewer than six legs
were on the ground during the double support phase.

The cockroaches gait approximated an aternating tripod at al speeds. The average
variation in touch-down timing, or phase, among legs in a tripod was only 4.6+0.1%
(s.e.M.) of a stride. The touch-down phases (i.e. the time in a stride when a leg first
contacts the ground) of the front and middle legs with respect to the hind leg touch-down
did not vary with speed (P>0.4, N=50). Lift-off phases (i.e. thetimein astride when aleg
lifts off the ground) did decrease with speed, as expected from the duty factor data
(P<0.001 for dl legs; Fig. 5). The decrease in lift-off phase of the front leg with speed
was more than twice that in the hind leg.

Sability margin
The double support period of the stride was instrumental in maintaining high static
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Fig. 5. Phase of leg lift-off as afunction of speed and leg. Phase of leg lift-off (the positionin
acyclewhen theleg lifted off the ground, relative to leg touch-down) decreased with speed for
all legs. (A) Front leg (prothoracic leg). At the highest speeds, the front |eg showed the earliest
lift-off phases. (B) Middle leg (mesothoracic leg). (C) Hind leg (metathoracic leg).
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Fig. 6. Per cent stability margin as a function of time. Symbols on the gait diagram represent
legs in contact with the ground. Open circles represent one tripod, whereas filled squares
represent the alternative tripod. Filled bars show the duration of ground contact by one tripod,
whereas open bars show the duration of ground contact of the alternate tripod. Dashed lines
connecting the symbols indicate that the tripod is off the ground. This emphasizes the
transition of a tripod as it just contacts or leaves the ground. Solid lines connecting the
symbols indicate that the tripod is in contact with the ground. The thick solid line represents
the per cent stability margin for al legs in contact with the ground. The minimum per cent
stability marginisthelowest value of thethick solid line. Shaded vertical bars show periods of
double support. In thistrial, the cockroach was running at 38.4cms~1and showed the lowest
per cent stability margin just before the subsequent tripod was placed on the ground.

stability. When all six legs were on the ground, the center of mass could achieve positions
farther from the ideal center of stability and still remain within the base of support. The per
cent stability margin attained itslowest values near the end of each step, just before the next
the tripod landed to provide support (Fig. 6). Low per cent stability margin was most
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Fig. 7. Per cent stability margin and the longitudinal position of the center of mass as a
function of speed. (A) Per cent stability margin decreased with speed. Values less than zero
indicate a period of static instability. (B) The maximum possible distance from the center of
mass to the ideal center of stability (expressed as a percentage) increased with speed. The
center of mass moved rearward or posteriorly as afunction of speed.

pronounced at fast speeds, where the double support phase was reduced. During each step,
the center of mass started a short distance from the rear boundary of support, moved
forwardswithin the stationary tripod of support and ended each step near the front boundary
of support, before entering into the next tripod of support. Thus, the minimum values of the
stability margin were measured near the transition from one tripod to the next.

The minimum per cent stability margin attained during a stride decreased with an
increase in speed (P=0.005, N=23; Fig. 7A) and showed no discontinuity at 32cms—1.
The center of mass moved farther away from the ideal center of stability during a step at
faster speeds and attained val ues below zero, indicating static instability.

The longitudinal distance between the center of mass and the ideal center of stability
normalized by the maximum possible longitudinal distance increased with speed
(P=0.002, N=23; Fig. 7B). This resulted from the center of mass being located more
posteriorly within the tripod of support as speed increased. The center of mass moved
closer to the rear boundary of support and farther from the front boundary as speed
increased.
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Fig. 8. Moments about the center of mass as a function of time. Symbols on the gait diagram
represent legsin contact with the ground. The moments producing body rotation are shown for
a cockroach running at 28cms~1. The numbers shown correspond to periods in the stride
shown in Fig. 9. Open diamonds represent the yaw (2) axis, filled circles the pitch axis (x) and
open circlestheroll axis (y).

Moment of inertia

The average moments of inertia of the cockroaches were 2.1x10~7+0.2X 10~ " kgm?
(s.0.) about the yaw (2) axis, 3.1xX1078+0.4x10-8kgm? (s.0.) about the roll (y) axis
and 2.3X10~7+0.5X10~"kgm? (s.D.) about the pitch (x) axis. These values differ little
from those of arectangular prism of similar size to the cockroach that has the density of
water.

Moments about the center of mass

Moments about the center of mass calculated from averaged forces and applied to the
kinematic data sets were rather small relative to the absolute variation in moments.
Maximum moments about the center of mass generated by the average ground reaction
forces were approximately 60-80 mN mm. However, for individual data sets of ground
reaction force, the moments generated were quite large, approaching 500 mN mm about
the pitch or x-axis (Fig. 8). Asthe cockroach began each step, inertial moments due to the
angular rotation of the animal’s body tended to pitch the head downwards (clockwise
rotation when running from left to right). During the first half of a step, the inertia
moments of the body were opposed by the moments about the x-axis due to decelerating
ground reaction forces acting in front of the center of mass. The moments due to these
ground reaction forces slowed the downward pitching motion of the head and reversed it
to an upward pitching motion (counter-clockwise when running from left to right) by
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mid-step. In the second half of the step, the counter-clockwise inertial moments of the
body were opposed by the moments about the x-axis due to accelerating ground reaction
forces acting behind the center of mass. The moments due to these ground reaction forces
slowed the upward pitching motion of the head and reversed it to a downward pitching
motion by the end of the step. Over each step, the clockwise and counter-clockwise
pitching moments balanced one another.

In an analogous situation, theinitial inertial moments about the y-axis caused the body
to roll towards the side with two legs on the ground. As the moment due to the ground
reaction force increased, it slowed the rotation towards the side with two legs contacting
the ground and reversed the motion by mid-step, so that the animal finished the step
rolling towards the side with only one leg down. When the next tripod was set down, the
animal once again began the step rolling towards the side with two legs down, and the
cycle repeated. During rolling, large moments balanced each other over two steps, or one
stride. If the animal began a stride by rolling to the right, then at the end of the first step it
was rolling towards the |eft, and at the end of the second step it was rolling towards the
right again.

Center of pressure

The center of pressure of the ground reaction forces traced a loop about the center of
mass over two steps in each trial (Fig. 9). Since the moments generated by averaged
ground reaction forces were small, the center of pressure remained very close to the
center of mass (Fig. 9A). Over a complete stride, the center of pressure circled
symmetrically around the center of mass. For an individual kinematic data set, however,
the center of pressure was frequently far from the center of mass (Fig. 9B).

The trgjectories observed varied in size and shape, but al showed a very similar
pattern. At the beginning of a step, the center of pressure began anterior to the center of
mass when the ground reaction forces were small (Fig. 9B, 1-2). The moments were
large because the legs were maximally protracted (i.e. extended forward). As the stance
phase progressed, the center of pressure moved posterior to the center of mass (Fig. 9B,
2-4). The magnitude of the overall moment, which is proportiona to the distance from
the center of pressure to the center of mass, did not increase despite the increase in force
because the legs moved closer to the center of mass. The center of pressure moved rapidly
forwards again during the double support phase (Fig. 9B, 4-6) and then backwards again
as the next tripod proceeded through stance (Fig. 9B, 6-8). For each step, the position of
the center of pressure with respect to the center of mass was balanced in the
anterior—posterior direction (i.e. the pitch of the head downwards was balanced by the
subsequent pitch of the head upwards). The center of pressure was aso balanced in its
location lateral to the center of mass, but over two steps, or one stride. The center of
pressure was aways lateral to the center of mass during stance on the side of the body that
had two legsin contact with the ground. During the transition from one tripod to the next,
the center of pressure crossed sides so that it remained on the side opposite the middle leg
in contact with the ground. Thus, the destabilizing effects of the moments about the center
of masswere balanced over an entire stride.
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Fig. 9. The path of the center of pressure for several strides and asingle stride. The position of
the center of pressure (the equivalent of asingle ‘effective’ leg) was calculated from the total
moment about the center of mass by setting the z (vertical) component of the position equal to
the height of the center of mass and using the total ground reaction force vector (found by
summing the components of the three legs over time) to solve the moment equation for x,y
position. The resultant force and moment were replaced by a single force vector applied at a
point termed the center of pressure. At the beginning of each step, the center of pressure
started at a position anterior and lateral to the center of mass on the side opposite the second
leg of the tripod. The center of pressure moved posteriorly during stance, ending each step as
far posterior of the center of mass asit had been anterior to the center of mass at the beginning
of the step, but remaining on the same side lateral to the center of mass. During the transition
phase, the center of pressure returned quickly to aposition anterior and lateral to the center of
mass, but on the opposite side from the previous step. (A) Averaged strides. Trial for
cockroach running at 43cms~1. The center of pressure was close to the center of mass, as
expected in static stability. (B) Individual stride. Trial for cockroach running at 45cms~1. The
numbers shown correspond to periodsin the stride shown in Fig. 8. The center of pressurewas
variable and was often far from the center of mass. Over the complete stride, the cockroach
was dynamically stable (a push in one direction was compensated for by a push in another).

Discussion

Legs placed in a sprawled position around the body can provide a more stable posture
for resistance against disturbances such as wind (Alexander, 1971). Likewise, an
alternating tripod of support with a wide base offers a substantial stability advantage for
insects during locomation. However, using a quasi-static model to characterize insect
gaits at all except the slowest speeds is insufficient and can limit the discovery of
potential performance advantages of hexapeda designs that capitalize on dynamic
behavior.

Soeed, stride frequency and whole-body dynamics
The importance of static stability in arthropods can be exaggerated when they are
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compared with dynamically moving mammals at the same stride frequency (Alexander,
1982). Insects are small, operate their legs at higher cycling frequencies and have shorter
periods between footfals than do large mammals. Therefore, the fraction of a stride
period required to fall to the ground is not necessarily lower in insects. The American
cockroach Periplaneta americana actually requires a greater fraction of a stride to fall
(1.1, dlightly over astride period) than does atrotting dog (0.96) when they are compared
at stride frequencies normalized to maximum values. The American cockroach cyclesits
legsat 24 Hz (i.e. equal to itswing-beat frequency; Full and Tu, 1991), whereas dogs have
stride frequencies of about 3Hz (Heglund et al. 1974). At these high stride frequencies,
Periplaneta americana can run on two or four legs (Full and Tu, 1991). Bipedal running
contradictsthe hypothesisthat static stability isessential for locomotion ininsects, sincea
tripod of support is not used and aerial phases are present. Rapidly sideways-running
ghost crabs also show flight phases as they operate two legs on the trailing side of their
body (Burrows and Hoyle, 1973; Blickhan and Full, 1987). Maximum stride frequencies
used by galloping ghost crabs are similar to rates measured in galloping mice of the same
body mass (Blickhan et al. 1993).

Ghost crabs and American cockroaches are exceptionally rapid runners, but the
dynamics of their body or center of mass differ little from that of the cockroach in the
present study and from those of two- and four-legged mammals (Cavagna et al. 1977;
Full and Tu, 1990; Heglund et al. 1982). All can run with a bouncing gait defined by
similar ground reaction force patterns (Full, 1989). In B. discoidalis at all speedsand in
slower-trotting American cockroaches and ghost crabs, aerial phases are absent, but the
dynamics are unmistakably similar to a running gait, as potential and kinetic energy
fluctuate in phase. For B. discoidalis, the scaling function derived from dynamic gaits of
guadrupedal mammals (Heglund et al. 1974; Heglund and Taylor, 1988) predicts both
maximum stride frequency and the speed at which it will be attained if the function is
extrapolated to small masses (Full and Tu, 1990, 1991). Stepping pattern data alone could
never have reveaed this dynamic bouncing behavior. Gaits such as walking and running
are best defined by the dynamics of the whole body and not simply by an incomplete
kinematic data set (Full, 1993).

High-speed running in B. discoidalis resulted in stride frequencies of only 13Hz
(Fig. 2). At these frequencies, the fraction of a stride required to fall to the ground ismore
similar to that of a slowly walking dog (0.4 at 1.2Hz; Alexander, 1982). At frequencies
below 13Hz (i.e. speeds below 30cms™1), falling time is substantially reduced below
half a stride period. Although theserelative falling times are short compared with those of
the fastest arthropods, the dynamics of cockroach locomotion reduces the significance of
falling time even at these lower frequencies, because for half of the tripod stance phase
the cockroach is being propelled upwards against gravity asit uses a bouncing gait (Full
and Tu, 1990).

Duty factor and phase

To maintain static stability in an alternating tripod gait, the duty factor of the legs (B)
must be greater than or equal to 0.5 [i.e. longitudinal stability, S=(n/4)B—3/4, is greater
than zero if 8=0.5 and N=6; McGhee, 1976; Song, 1984; Sun, 1974]. Insects seldom use
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duty factors less than 0.5 (Delcomyn, 1971), even though their faster gaits can be
considered to be runs, not walks (Full, 1989; Full and Tu, 1990). We measured a mean
duty factor of 0.59+0.07 (s.n.) (Fig. 3), which represents an average double support of
20.5£8.0% (s.p.) for a stride (Fig. 4). The mean duty factor summed over al speeds
meets the criterion for static stability. Still, several trends point to the importance of
dynamic stability. Duty factors decreased with an increase in speed (Fig. 3). Therefore,
the duration of the double support phase also decreased significantly with an increasein
speed (Fig. 4). The duty factor in individual legs varied. The front leg had the greatest
declineto values equal to or less than 0.5 at high speed. All legs had similar touch-down
phases in the tripod. Asis typical of insects, the relative phases were generally about 0,
0.5and 0 for oneside and 0.5, 0 and 0.5 for the other (Delcomyn, 1971). However, lift-off
phase was significantly less for the front leg than for the other two legs and can explain
part of the change in duty factor (Fig. 5). The decreased time spent in contact with the
ground and the early lifting of the front leg relative to the others may result from the fact
that thefront leg isrelatively short. Itisonly about 15mmlong, soitisimpossibleforitto
be on the ground for the entire step at higher speeds, as stride length can be as great as
40 mm. We noticed periods during which only the middle and hind legs of the tripod were
on the ground, because the front leg had already been lifted. The present data are
consistent with alesser reliance on the front leg and a greater dependence on the middie
and hind legs, as in the American cockroach. Periplaneta americana run on their middle
and hind legs or only their hind legs with a‘nose up’ attitude at their highest speeds (Full
and Tu, 1991).

Per cent stability margin

With the decrease in double support phase, the transition between two steps of the
tripod became the least statically stable part of the stride (Fig. 6). If a small degree of
double support were not present, then the per cent stability margin would have dropped
substantially in all of thetrialsat theinstant before the next tripod was set down. A similar
pattern may even be present in slow-moving stick insects (Jander, 1985). As a change
occurs from one tripod to the next, the body may be supported by only ahind leg.

As the cockroach increased speed, the minimum per cent stability margin decreased
from 60 % of the distance from the edge of support to the most stable position possible at
slow speeds to less than zero at high speeds (Fig. 7A). Periods of static instability at the
transition from one tripod to the next were evident at high speed. These trends correspond
with an increasing significance of dynamics as speed increases. Though slow locomotion
could be considered quasi-static, as the dynamic effects at slow speeds were not
destabilizing because of the large tripod of support, it appears that adjustments may have
been made by the cockroach as speed increased to reduce the destabilizing effects of the
increased momentum. The center of mass moved posteriorly within the triangle of
support as speed increased (Fig. 7B). The dynamics may be interpreted as a shift which
makes the animal less likely to fall by being carried forwards and out of the base of
support by inertial forces, should it stop abruptly. The rearward shift of position in the
center of mass was also commensurate with the greater reliance on the middle and hind
legs at fast speeds suggested by the duty factor and phase data. Such adjustments in the
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position of the center of mass within the tripod of support would not be expected if
locomotion could be characterized completely by static measures.

Moments about the center of mass and the center of pressure

Moments about the center of mass of the cockroach provide further evidence for a
significant dynamic component in maintaining stability. Momentswere highly variablein
phase and magnitude (Fig. 8). Maximum moments (approximately 500mN mm) in the
roll axis were equivalent to aforce equal to body weight acting on the center of massat a
distance nearly equal to half the body length. If arolling moment with peak amplitude of
500mN mm is applied to a model of the cockroach with a fixed center of mass, the
cockroach would spin by more than 360° in the time it takes to complete one step. The
body would spin at an angular velocity of 26 rotationss~1 if no resistance to motion were
present. Because the body is not ssmply free to rotate, a more appropriate model for
comparison would be a stool with the same dimensions as the tripod formed by the
cockroach’ sthreelegs.

To this end, we constructed a simple, two-dimensional model of a‘stool’ the size of a
cockroach and introduced sinusoidal rolling moments with the same amplitude as the
rolling moments experienced by the animal. To determine the rotation of the body about
the middle leg of the tripod, we used a dynamic simulation program
(MATLAB/SIMLAB) to solve the following eguation of motion:

(Iz+ mli2)6 = M(t) + mglcose,

where |z is the inertia about the longitudinal axis, | is the distance from the middle leg
tarsusto the center of mass, 6 isthe angle of rotation of the body from horizontal, misthe
mass and M(t) is the moment modeled as half a sinusoid over one step. If the gait of the
cockroach were quasi-static, one would expect the moments generated about the middle
leg ground contact point not to be large enough to tip the stool against the opposing
moment generated by gravity. In the static case, the weight of the animal due to gravity
would generate large moments about each ground contact point, which would tend to
keep al of thelegs on the ground, thus maintai ning the center of mass within the tripod of
support when subjected to outside disturbances. The moments generated at slow speed,
and inthe averaged trials, were small and could not tip the ‘ stool” model of the cockroach.
However, if we applied the maximum moments found in the present study (i.e. average
peak moment plus two s.D.s), the stool rolled by up to 31° in one step. The legs of the
tripod could not easily remain on the ground with that degree of roll. The peak moment
caused by the ground reaction forces was about three times that due to gravity. Thus,
these moments would clearly be destabilizing to the cockroach during fast locomotion, if
there were no compensation for dynamic effects. Because the cockroach was able to run
stably at high speeds, it must be able to balance the dynamic effects of locomotion rather
than simply try to prevent the disturbances by providing high static stability. Moments
caused the body to roll towards the middle leg of each tripod at the end of each stride, so
that the animal was constantly rolling from side to side. Momentsin each step decel erated
the body in one direction and re-accelerated it in the opposite direction, maintaining
dynamic stability over each stride.
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Calculation of the center of pressure showed the dynamic nature of the moments
generated about the center of mass. The center of pressure provides the position of a
single effective leg in order to visualize better the effect of each tripod (Fig. 9). When the
ground reaction forces were averaged, the effective leg operated very near the center of
mass, as expected in static situations. When the kinematics of a given stride were
examined, then variation in the center of pressure was considerable. Forces acting away
from the center of mass generated angular motion in one direction, which was
compensated for in the subsequent step. Cockroaches began each step with an initial
angular velocity which was reversed during that step or the next.

The data from the present study, taken together with previous studies of insect
mechanics (Full and Tu, 1990, 1991; Full et al. 1991), support the contention that
dynamic stability is important in hexapedal locomotion, as is static stability. Because
cockroaches *bounce’, their position is lowest at midstance and highest at the transition
from one tripod to the next. Not only was the cockroach more stable at midstance, as a
result of the lower position of the center of mass, but the effective weight (i.e. the vertical
force) of the animal was greater as aresult of the downward accel eration of the center of
mass. Thus, the moments generated by the center of mass about the ground contact points
of the limbs were increased, providing greater stability against moments that tended to
flip the animal. This period of high stability in the locomotor cycle occurred at the same
time as the largest moments generated by the ground reaction forces. During the
transition from one tripod to the next, the moments generated by ground reaction forces
were lower and the center of mass also had maximal potential and kinetic energy.
Although the effective weight of the animal was lower than that due to gravity alone, and
the center of mass was in a less stable position, the momentum due to the increased
velocity gave the animal high dynamic stability against disturbances and carried it
through to the next step. The static stability at thistransition point in the stride was lowest
and the dynamic stability was the highest. Thus, dynamic stability complemented the
static stability provided by the alternating tripod support pattern.

In general, dynamic locomotor systems offer significant advantages over quasi-static
systems (Raibert and Hodgins, 1993). A dynamic system can move morerapidly and with
less effort over difficult terrain by using balance where only narrow foothol ds are present,
by using kinetic energy to travel where footholds are erratic and by using statically
unstable gaits to move over areas where there are no footholds. The kinetic energy of
tranglation and rotation cannot be ignored in the determination of stability in running
insects. Kinetic energy can act as a bridge from one step to the next (Raibert and Hodgins,
1993). Rules that govern leg placement can be relaxed in complex environments if
locomotion departs from static equilibrium. We predict that the study of the more
complex behaviors performed by hexapedal runners, such as climbing and moving over
irregular terrain, will require the incorporation of dynamic stability considerations. We
contend that robots can be built with six legs for high static stability at slow speeds
without necessarily foregoing the advantages of dynamic behavior at high speeds.

We thank Mike Tu very much for his initial effort on the stability calculations.
Supported by NSF Grant DCB 89-04586 and ONR Grant NOOO14-92-J-1250.
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