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Abstract

Atwo-dimensional numerical model of a horseispresented that pre-
dicts the locomotory behaviors of galloping horses, including how
stride frequency, stride length, and metabolic rate change from a
slow canter to a fast gallop. In galloping, each limb strikes the
ground sequentially, one after the other, with distinct time lags sep-
arating hind and forelimb footfalls. In the model, each stance limb
isrepresented as an ideal linear spring, and both feed-forward and
feedback control strategies determine when each limb should strike
the ground. In a feed-forward strategy, the first hindlimb and the
first forelimb to strike the ground are phase-locked such that the
time separating their adjacent footfallsis held constant by the con-
troller. Indistinction, in a feedback strategy, the footfalls of the sec-
ond hindlimb and the second forelimb begin when the first hindlimb
and thefirst forelimb are perpendicular to the model’strunk, respec-
tively. While any limb isin contact with the ground, the controller
also employs a feedback control to move each stance foot at a con-
stant tangential velocity relative to the model’s trunk. Wth these
control schemes, the galloping model remains balanced without sen-
sory knowledge of its postural orientation relative to vertical. This
work suggests that a robot will exhibit behavior that is mechanically
similar to that of a galloping horse if it employs spring-like limbs
and simple feed-forward and feedback control strategies for which
postural stabilization is an emergent property of the system.

A Galloping Horse
Model

1. Introduction

The scientific investigation into quadrupedal galloping first
began in 1899 when Eadweard Muybridge presented his
stop-motion photographs of galloping cats, dogs, camels,
and horses (Muybridge 1899). Although Muybridge’s pho-
tographs generated a great deal of interest for locomotion stud-
ies among scientists and inventors, galloping did not receive
a mathematical treatment until nearly a century after the pho-
tographs were first published.

To explain why galloping is a faster quadrupedal gait than
trotting, McMahon (1985) developed a simple mathematical
model in which the legs of a quadruped were represented by
a single massless spring and the body as a point mass. The
model predicted that galloping should be 2.8 times faster than
trotting. Later studies showed that this value is in reason-
able agreement with experimental dagleglund and Taylor
1988), suggesting that a resonant spring-mass model can de-
scribe some galloping behaviors.

After McMahon'’s (1985) work, Nanua (1992) developed a
two-dimensional galloping model using four massless spring-
damper limbs connected to a rectangular rigid body. Un-
like the passive spring-mass model of McMahon, Nanua'’s
quadrupedal limbs were actuated and could actively shorten
and lengthen as well as retract and protfacto stabilize

1. On average, the lowest galloping speed was determined to be 2.6 times

KEY WORDS—horse, galloping, control, stability, leggeckaster than the lowest trotting speed for 16 species of wild and domestic
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quadrupeds ranging in size from 30 gram mice to 200 Kg horses (Heglund
and Taylor 1988).

2. Throughout this papélimb retraction is defined as a backward displace-
ment of the foot toward the quadruped’s rump, by means of rotating a limb
about the hip or shoulder joint within the sagittal plane. In contiash
protraction is defined as a forward displacement of the foot toward the
quadruped’s head (Gray 1968).
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galloping in numerical simulation, he used two feedback coimb kinematic, stiffness, and morphological data. Quanti-

trol strategies to adjust actuator forces. In a first strategy, thetive predictions made by the model are then compared to

total mechanical energy of the model was computed each timeechanical and energetic data from galloping horses.

the model left the ground, and each leg was either shortened

or extended throughout the next ground contact period to keﬁp M ethods

the model’s total energy from diverging. In a second strategy,

the angular position of each model limb gt firstground contagt Horse Model Structure

was adjusted to control forward galloping speed. Although

Nanua’s controller did not directly stabilize model posturd he first research objective was to develop a horse model that

throughout a galloping step, his controller did require serwas detailed enough in structure to capture the significant

sory information of the model’s orientation with respect tanechanical characteristics of galloping. To model galloping,

vertical. Without absolute trunk position and velocity, thgour legs are required to show the footfall patterns of stance.

model’s total mechanical energy could not be computed arfghich leg must retract and protract in the sagittal plane about

therefore, he reasoned, could not be controlled. a shoulder or hip joint and change length about an elbow or
Ringrose (1997) challenged the feedback control paradigknee joint. Furthermore, the model's neck and back should

as a means of stabilizing galloping. He argued that the postuet be rigid. In slow-motion films of galloping horses, neck

ral stability of a galloping machine should be inherent to it&nd back flexion can easily be observed with the eye. Itis

structure, not to a feedback control strategy. To support thisasonable to ask whether these flexibilities are important to

idea, he developed a model that galloped in numerical sirthe overall mechanical behavior of a galloping horse.

ulation with only a feed-forward control commanding each The horse model is described in Figure 1. In a previous in-

model actuator. The model was stable without relying owestigation by Herr and McMahon (2000), a model of equiva-

sensory information of its postural orientation relative to vestent structure was developed to study the mechanics and ener-

tical. In fact, his model could gallop without any sensongetics of quadrupedal trotting. Although the structural details

information from its environment, but its stability was depenef this model are equivalent to the galloping model presented

dent on the shape of each supporting limb. Ringrose usbére, the control strategies are nonetheless distinct. As is de-

a curved foot roughly the shape of a hemisphere. When Beribed in Section 2.2, the footfall patterns of galloping differ

made the foot too flat or too small, the galloping model fefirom those of trotting, requiring that the control strategies

over. of a trotting model be distinct from those necessary for the
The mathematical models described thus far were netabilization of a galloping model.

formulated specifically to capture the dominant mechanical

behaviors of galloping animals. The models of McMahom 2. Jjustification of the Control Methods

(1985) and Nanua (1992) did not include limbs with mass or _ _

aflexible neck and back, structural features believed to be crf2-1. Footfall Patternsin Galloping

ical for realistic galloping dynamics (Alexander 1985). Theesearchers refer to galloping as an in-phase gait because the
model of Ringrose (1997) included large hemispherical fegl me footfall patternis repeated throughout every ground con-

not found in animals. Many mammals run on their toes, NQh¢t period in steady-state running, as opposed to trotting, an
relying on a foot platform to maintain their balance (Biewenegierate gait, in which diagonal limb pairs alternately strike

1989; Roberts etal. 1997). The purpose of this work is to bgse ground from one contact period to the next. In galloping,
gin to understand what control mechanisms quadrupeds might |imbs strike the ground in a sequential manner. For the
use to mamttam their speeq, helght, and pqstural orientatign nsverse gallop,the preferred gait of horses, the ground
while galloping. Do galloping animals continually measurgqniact phase begins when a first hindlimb strikes the ground,
their postural orientation relative to vertical and use this infotsn g then following this foot strike, a second hindlimb makes
mation in feedback control strategies to remain stable, or d@ntact before or atthe same time as a diagonal forelimb. And
they employ self-stabilizing feed-forward strategies to gallog;na”y, after the impact of the diagonal forelimb, the second
steadily without relying on sensory information from theirynq final forelimb makes contact.

environment? We hypothesize that a robot will exhibit me-  Ajthough this basic sequence of footfalls does not change
chanlcal behavior that is S|m|I_ar to fchat of a_galloplng hor_sWth galloping speed, the amount of time separating the foot
without the robot's postural orientation needing to be explicsyrikes of the second hindlimb and the first diagonal forelimb

itly controlled or measured, not because of foot shape bicreases with increasing speed (Muybridge 1899). At the
because of simple feed-forward and feedback control stratggvest galloping speed, a canter gait is used in which the
gies for which postural stabilization is an emergent property.
To test the hypothesis, a horse model is constructed usiﬁgSome animals use a rotary gallop when the sequence of footfalls goes

PR und in a circle. Here, the first forefoot to strike the ground is on the
body segment lengths and mass distributions measured fr(gaﬁ:ﬁme side of the animal as the second hindfoot. The transverse gallop is the

a horse. Control strategies are then formulated using horggsterred gait of horses and is therefore the gait modeled for this investigation.
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Fig. 1. The model is sketched with leg, neck, and back joints %‘)
noted. There are atotal of 10 degrees of freedom, 2 perlega =
well as a back joint and a neck joint. All joints are rotary, ex- E 20

cept for prismatic knee and elbow joints. Three separate rigic
shapes are used for the rump, body, and neck/head, and ea
leg is constructed with an upper rigid segment and a lower
rigid segment. Mass is distributed throughout the model in 0 —- : ; : : :

a realistic manner using horse morphological data. At the 0 20 40 60 80 100

d_istal end_of each leg is a single grou_nd contact point. The o/ aerial time

viscoelastic property of a natural running surface is modeled

using springs and dampers aligned in vertical and horizontal o .

directions. A compliant ground was required so that eadfi9- 2- The hindlimb angle of an actual galloping horse
model foot would not slip at first ground contact. The vertiiS Plotted against percent aerial time. At 0% aerial time,
cally aligned ground springs allowed each foot to penetratB® horse first loses contact with the ground, and at 100%,
the running surface, enabling the horizontal ground springs @0und contact is reestablished. Video images taken at 200
hold the foot in place. Ground stifiness was adjusted so thgmes/second were entered into the computer and then
the limbs only penetrated the ground by a small amount whé&igitized for limb angle measured with respect to vertical.
running (~0.3 cm). Damping was then adjusted to minimiz&t approximately 80% aerial time, the first hindlimb bggms
oscillations between the ground and foot. For a detailed gt retract toward the ground. Errors are standard deviations

scription of model structure, see Herr and McMahon (20009 the mean for five consecutive gait cycles taken from one
animal galloping at a steady velocity.

second hindlimb and the first diagonal forelimb contact the
ground at nearly the same moment. However, at faster speeds,

a t.|me dglay develop_s betwee.n these adja_cent foot St”,k‘?étracting limb movement, or is the movement triggered by a
This basic trend continues until, at the maximum galloplng|gck or central pattern generator?

speed, an aerial phase exists between hindlimb and forelim In Figure 3, the second hindlimb begins to retract ap-

ground contact phases. proximately when the first hindlimb is vertically aligned or
whenthe limbis approximately perpendicular with the horse’s
2.2.2. Early Limb Retraction trunk. Retractiqn of the .second forelimb, shown in Figure 5
seems to be triggered in the same manner. When the first
In galloping, a limb can begin to retract even before strikinprelimb of the horse is vertical (limb angte0.0), or when
the ground. This behavior is shown in Figure 2, in whiclihe limb is approximately perpendicular with the animal’s
the angle of the first hindlimb that will contact the ground igrunk, the second forelimb begins to retract toward the ground.
plotted against percent aerial time for a galloping horse (60f%ence, on the basis of these data, one hypothesis of the gal-
Kg). At approximately 80% aerial time, the hindlimb begindoping controller is that when the first contact limb of a hind-
to retract toward the ground. This same behavior, retractian forelimb pair is perpendicular with the trunk, retraction is
before striking the ground, can also be observed in the othigiggered in the second lintfb.
guadrupedal limbs. Figures 3, 4, and 5 show early limb re-

; ; oAl : ; . Alternately, a different method could be employed to trigger retraction
traction in the second hindlimb, first forelimb, and Seconlan the second hind- or forelimb. When the first contact limb of a hind or

f_orelimb to strike the grour_1d in a galloping sequence, reSPerelimb pair first begins to lengthen from a maximally compressed state,
tively. Does the mechanical state of the animal trigger thetraction could be triggered in the second limb.
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% Time ~0 % Time ~ 60 % Time ~ 100 % Time ~ 0 % Time ~ 70 % Time ~ 100
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% time between first hindlimb contact 0 20 40 60 20 100

and second hindlimb contact
% time between first hindlimb contact

Fig. 3. Both hindlimb angles are plotted against percent tinr and first forelimb contact

between the first and second hindlimb foot strikes. At zer_

percent, the first hindlimb first strikes the ground, and dfig. 4. The first hindlimb angle and the first forelimb angle are
100%, the second hindlimb strikes the ground. At approxplotted against percent time between the first hindlimb foot
imately 60%, the second hindlimb begins to retract towarstrike and the first forelimb foot strike. At approximately
the ground when the first hindlimb is approximately perpen#0%, the first forelimb begins to retract toward the ground.
dicular with the horse’s trunk (limb angte0.0).

little with speed. This is, in fact, what has been observed.
Limb retraction in the first hindlimb and in the first fore-In galloping animals, stride frequency typically changes by
limb does not seem to be triggered by the mechanical stdéss than 10%, even though speed doubles over the galloping
of the animal. As mentioned previously, in the canter gaitange (Heglund and Taylor 1988). Quadrupeds increase speed
used at the slowest galloping speeds, the first diagonal foie-galloping not by decreasing cycle time but by increasing
limb strikes the ground close to the same time as the secoii@ distance traveled during a cycle.
hindlimb (Muybridge 1899). For this to occur, retraction of
these limbs r'nust.nearly coincjde. prever, at fast galloping_z_s_ Elastic Sructuresin the Model
speeds, the first diagonal forelimb strikes the ground only after
the second hindlimb has left the ground, requiring that the seEhroughout ground contact in galloping, each stance limb
ond hindlimb has started its retraction toward the ground longpes through a period of shortening or compression followed
before the first diagonal forelimb even begins to retract (Muyby a period of lengthening. Experimental evidence suggests
bridge 1899). Hence, the mechanical state of the hindlimitisat the vertebrate limb behaves like a spring during this pe-
at the point when the first diagonal forelimb begins to retractod. Cavagna, Heglund, and Taylor (1977) discovered that
changes dramatically with galloping speed. during ground contact in running, fluctuations in forward ki-
What could trigger the retraction of both the first hindlimbnetic energy of the center of mass are in phase with changes
(Figure 2) and the first forelimb (Figure 4) that would workin gravitational potential energy. They hypothesized that
equally well at all galloping speeds? A critical hypothesis imuadrupeds most likely store elastic strain energy in tendon,
the galloping controller is that these limbs are phase-lockeliyament, and perhaps even bone to reduce fluctuations in total
This requires that the amount of time separating the initiatiamechanical energy during each running step.
ofretraction in the first hindlimb and the initiation of retraction ~ To represent these elastic structures in the galloping model,
in the first forelimb is held constant by a galloping horseideal linear springs were used to simulate limb, back, and neck
In turn, the time separating the initiation of retraction in thédehavior in stance. To model whole-limb compliance, springs
first forelimb (during a previous ground contact phase) andere placed at knee and elbow prismatic joints (Fig. 1) so that
the initiation of retraction in the first hindlimb is also heldeach stance limb would go through a period of compression
constant. This hypothesis requires a cycle time that changefiowed by a period of extension in a manner similar to a
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o6 Time ~0 %% Time ~ 70 %% Time ~ 100 2.3. Formulation of the Control Methods
The model is two-dimensional and therefore moves only
within the sagittal plane. During the aerial phase, the con-
troller moves the hips, shoulders, back, and neck to desired
angular positions relative to the model’s trunk. In addition, the
first hindlimb is lengthened to full leg extension for landing,
and the remaining limbs are shortened for foot clearance.
Just prior to ground contact, a model limb retracts toward
the ground. Depending on which limb is active, retraction be-
gins at a particular time or at a particular limb configuration.
After a fixed time interval from the initiation of retraction in
the first forelimb during a previous contact period, a hip torque
retracts the first hindlimb toward the ground. Retraction of
the second hindlimb begins when the first hindlimb is perpen-
dicular with the model’s trunk. In addition, after a fixed time
interval from the initiation of retraction in the first hindlimb,
40 ) . . . , a shoulder torque retracts the first forelimb. And finally, re-
0 20 40 60 80 100 t_ractlon in thg second fqrehmb pegms when,,once again, the
first forelimb is perpendicular with the model’s trunk.
% time between first forelimb contact All stance limbs behave as linear springs, and the tangen-
and second forelimb contact tial velocity component of each foot, measured relative to

Fig. 5. Both forelimb angles are plotted against perce@ch foot's proximal hip or shoulder joint, is controlled until

time between the first and second forelimb foot strikes. Ahe limb no longer contacts the ground. While at least one
approximately 70%, the second forelimb begins to retrafindlimb is on the ground, a linear spring acts at the model's
toward the ground when the first forelimb is approximatelfpack. Likewise, while at least one forelimb is on the ground,

perpendicular with the horse’s trunk (limb angte0.0). a linear spring acts at the neck.
During the aerial phase, conventional proportional-

derivative (PD) servos are employed to position the hips,

shoulders, back, and neck to desired angular positions relative

to the model’s trunk. PD servos are also used to lengthen the
vertebrate limb. Leg springs were also used in the ga”oﬂjfﬂbS for Ianding and to shorten the limbs for foot clearance.
ing models of McMahon (1985) and Nanua (1992) and the To control forward running speed, torques are applied

trotting models of McMahon and Cheng (1990) and Herr an@Pout the hip and shoulder such that the tangential veloc-
McMahon (2000). ity component of each foot, measured relative to each foot’s

proximal hip or shoulder joint, is sustained. Foot velocity is
computed by multiplying the leg length,by the angular ve-
locity of the proximal hip or shoulder joint measured relative
to the trunkg, or

Of course, if all quadrupedal joints behaved as passive springs

throughout stance, galloping could not be sustained, simply Viang = 16 1)

on the basis of energy conservation. Inspection of a horse’s

musculature supports the hypothesis that hip and shoulder

work may be important to the maintenance of forward morhe applied torque is then proportional to the difference be-
mentum in galloping. The preponderance of muscle masstieen a measured tangential velocity component and a target
the hindlimb is positioned about the hip joint, acting to retractelocity, or
the hindlimb and to power a running step (Gray 1968). In
distinction, a large fraction of forelimb muscle mass is posi-

tioned to protract the forelimb and to retard a running step. A

critical hypothesis in the galloping controller advanced here

is that even in constant-speed running, hip torques act as fiige proportionality constan&,, is a velocity gain defining
engine of quadrupedal galloping and shoulder torques as titre torque response to a given velocity error. In Figure 6, the
brake. This hypothesis is also central to the trotting horsntrol strategies are explained in more detail using model
model of Herr and McMahon (2000). images in a galloping sequence.

60

40

Second forelimb

20

First forelimb

Limb angle (degrees)

2.2.4. Hip Thrusting and Shoulder Braking

Torque = —Gy(Viang — Viarget)- (2)
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2.4. Simulation Experiments
2.4.1. Numerical Methods

Physically realistic computer simulations were used to study
the forces and motions of galloping. The simulations obeyed
the laws of Newtonian physics as applied to trees of rigid
bodies coupled together by joints. A commercially avail-
able modeling package called SD-Fast (Rosenthal and Sher-
man 1986) produced the simulation dynamics by generating
the equations of motion and then solving them numerically
using a fourth-order Runge-Kutta integration method. The
equations were integrated forward at a fixed time step of 0.4
ms, while another program called Creature Library (Ringrose
1992) communicated with the controller and SD-Fast to de-
termine the forces and torques commanded to the model’s
joints.

Fig. 6. The horse model is sketched in a galloping sequence.
In the model images, curved arrows about the hip and shodt4.2. Velocity Range for Galloping Smulations
der joints denote directions of torque application, and straig
arrows denote limb movement. During the aerial phase (
the controller positions each limb at a protracted angle relati\é

to the trunk. The back and neck are also positioned relative 2re used to define the full range of galloping (Heglund and

the trunk with the back flexed in a forward position. The qu lor 1 | gallopi lociti .
length of the first hindlimb is lengthened to full extension for aylor 1988). Several galioping velocities were examined,

. L ranging from a slow canter at 5.0 meters/second to afastgallo
landing, and the remaining limbs are shortened for foot cle ging gatiop

alt 7.8 meters/second.
ance. (b) A hip torque retracts the first hindlimb foot such

that its tangential velocity component, measured relative to .
the hip, is sustained. The limb retraction begins after a fixe#l4.3. Setting Parameter Values

t.|me mtqrval from th(_a initiation of retrgcuon n the flrs_t fore- Knee, elbow, back, and neck stiffnesses used during stance in
limb during the previous contact period. This velocity con:

trol i th hout d tact th trﬁ]je trotting horse model of Herr and McMahon (2000) were
rof continues throughout ground contact in ©) as the SECo, ysed for the galloping simulations of this paper, suggest-
hlnd!|mb _and_ the_ﬂrst forehr_nb Ieng_then for landing. Wheqng that joint stiffness may not change appreciably when a
the first hindlimb is perpendicular with the model’s trunk (d)horse transitions from a trot to a gallop. Stable galloping

the second hindlimb begins to retract and is stiffened in prepa- . e
ration for landing. (e) The first forelimb stiffens and beginst\zi\llaS found at each speed using rotary back and neck stif

retract after a fixed time interval from the initiation of retrac?“:}Sses equalto 1.7 kN-meter/rad and 1 kN-meter/rad, respec-
tion in the first hindlimb. (f) The second forelimb continues 'Y Stance leg stifnesses were selected from the range 7

. . : /meter to 15 kN/meter for the knee joint and 15 kN/meter
to lengthen while the contact limbs retract against the groung. J

Th d first forelimb i dicul th th 30 kN/meter for the elbow joint. These stiffness ranges
oo o et o e Slected becaus v s n e Herr and ckiaon
ground. At this time, the second forelimb also stiffens befor 000) trotting model, predictions were made of the total leg

o B , tiffness regionk;.; = 22 kN/meter to 40 kN/meter, where
striking the ground (h). When the hindlimbs or the first foreigftting horses of similar body size have been observed to op-

limb loses contact with the ground (i), the limbs are shortenee ate (Farley, Glasheen, and McMahon 1993). Here, total leg

for foot clearance and moved to protracted positions relativg. : :
. : ) stiffness k.., defined by McMahon and Cheng (1990), is the
to the body. All the limbs behave as linear springs througho Lok vertii:eél ground re)r;ction fOr@%,q, acting aq[ Enid-st)ance

ground contact, and t'hetangentlal vc?locny gompqnentofea ﬂring a trot when the leg springs are maximally compressed
foot, measured relative to each foot's proximal hip or shoul: di
L . istanceA/, or
der joint, is controlled until the model leaves the ground. I?
the target hindlimb velocity (V¢ in eq. (2)) is greater than Frmax
the forward model velocity, and the target forelimb velocity is kieg = INE ®3)
less than the forward velocity, thrusting torques are generally

applied at the hips and braking torques at the shoulders, eiehhe model was considered to be in astable limit cycle if galloping continued
for constant speed galloping for 20 running cycles without a significant change to maximum aerial height,

pitch, and forward velocity (least squares regressior, .05).

m”lalysis was not performed to determine whether galloping
s the better gait, by any criterion, at a particular running
eed. Rather, published observations of animal velocities
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Unlike joint stiffness parameters, aerial PD servo position
and velocity gains were not constant across the trot-gallc
transition speed. However, the aerial gains, once defined
the lowest galloping speed, were not adjusted across the en
span of galloping from 5.0 to 7.8 meters/second. The gail
were defined using the same methodology employed in tl
trotting horse model of Herr and McMahon (2000); value
were adjusted until the time required to position each joir
was equal to the aerial phase time, and each limb moved
its target position with zero overshoot.

Similar to the aerial gains, the hind- and forelimb gaifis (
in eq. (2)) required to sustain the tangential velocities of hinc
and forelimb stance feet and the two time durations separati 0.5 ——
limb retractions in the first hind- and forelimbs, once define 1 4 7 10
at the lowest galloping speed, were not adjusted across
entire span of galloping. The only parameters that require ..
adjustment were the four aerial hind- and forelimb target an-
gles and the two hind- and forelimb target velociti®gkg.r Fig. 7. The vertical height of the center of mass measured
in eq. (2)). For each galloping speed and set of joint stiffrom the undeflected ground surface is plotted against time
nesses, genetic algorithms were employed to systematicallyseconds for the horse model galloping at 6.8 m/sec. At
search the parameter space within specified numerical rangeseconds (denoted by arrow), when the galloping model
for the target limb angles and the target velocitieg,(¢;). Was off the ground, the stiffness of the running surface was
Those target angles and velocities that produced stable gallégduced by almost 30% from 964 kN/meter to 698 kN/meter.
ing were selected, and the resulting simulation was comparé88 seconds, or 10 galloping cycles after the ground stiffness
to biological data (see Section 3). had been reduced, the model found a new stable limit cycle.

0.8

0.7 :

o

Center of mass height (m)

Time (sec)

2.4.4. Disturbance Testing

Numerical experiments were conducted at each galloping

speed to evaluate model stability. Such an experiment did not,

in any way, serve as a proof of stability but merely suggestédhibited this same behavior in numerical simulation. The
model robustness to a particular external disturbance. In tHest hindlimb began to retract at a fixed time interval after
experiment, ground impedance was reduced but only after tfiraction began in the first forelimb during a previous contact
model had been galloping on a stiff running surface and inRgriod. Similarly, retraction of the first forelimb occurred at a
stable limit cycle. Once reduced, ground stiffness was né¥ed time interval after retraction began in the first hindlimb
changed for the remaining time of simulation. With a smalvithinthe same contact period. The same fixed time intervals
change to ground impedance, the model quickly recoverd¢ere used for each galloping speed. The total cycle time,
from the disturbance. However, when ground impedance waBProximately equal to the sum of the retraction times, there-
decreased beyond a critical level, the model could no long&te changed little with galloping speed. The time separating
remain upright on the soft surface. In each experiment, tigtractions of the first hindlimb and the first forelimb was 37
model was considered successful in overcoming a change'filiseconds, and the time separating retractions of the first
ground impedance if the model found a new stable limit C}I.Orelimb and the first hindlimb was 0.41 SeCOﬁd-ﬁhese re-

cle on the softer surface. At each galloping speed, groufi@ction times not only resulted in stable galloping but also
stiffness reductions of 20% and higher were achieved. ARd to good experimental predictions of total cycle time, the
example of how the model responded to a ground impedanié@e between consecutive foot strikes of the same foot, and
reduction of nearly 30% is shown in Figure 7. On the softetnimal stride frequency, the inverse of total cycle time (see
running surface, the model typically galloped with a highep€ction 3.2).

stride frequency compared to the more rigid surface.

3. Results
6. In this study, galloping velocity was not increased to the point where the
3.1. Limb Retraction model exhibited an aerial phase between hind and forelimb contact periods.
. . . . Perhaps a future study might show that the retraction times used at slow to
As shown in Figures 2 through 5, each limb of a galloping,oderate galloping speeds fail to work at the fastest speeds, when an extended

horse retracts just before striking the ground. The modetrial phase emerges.
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3.2. Overall Mechanics and Energetics
of the Model

Model stride frequency was compared to experimental data
taken by Heglund and Taylor (1988) on a small galloping
horse (140 Kg). The results, plotted in Figure 8(a), agre
with the animal data. Similar to a running horse, the modk
increased speed in galloping by increasing stride length, tl
distance traveled throughout a running cycle, not by increa
ing stride frequency.

Model stride length, normalized by leg length, was com
pared to experimental observations on horses, large cats, :
dogs presented by Alexander (1977) and Cavagnaetal. (19:
(Fig. 8b). The model’s relative stride length increased wit
forward Froude number, a dimensionless velocity, inamann
similar to the galloping quadrupeds.

In addition, the model’s cost of transport, the amount ¢

=]

Stride frequency (sec”)
—_ N W R W
T T

metabolic energy used in moving a unit of body weight a un 0 L L ' ' !
distance, was compared to the cost of transport of a sm 4 5 6 7 8 9
running horse (140 Kg) measured in the study of Hoyt an
Taylor (1981). Model predictions, shown in Figure 9, shov Velocity (m s™)
good agreement with experimental data. b 10 -

The Kram and Taylor (1990) rule was used to estimal ~ —~
the cost of transport using only the model’s forward runnin §
speed, the average limb contact time in steady-state runniit &
and a cost coefficient;,. The cost coefficient values,,, E‘J
used to estimate the energy consumption shown in Figure fn
are listed in Table 1. Cost coefficient values were adjuste 2
until the simulation data agreed with the experimental dat §n
In Table 2, experimental measurements of the cost coefficie  §
C,, made by Kram and Taylor (1990) are listed for three ga 5
loping speeds. The cost coefficient values in Table 1 agr & 1 R
well with the experimental values listed in Table 2. Acom ¢
plete description of how the cost of transport was compute 0.2 1
is presented in the appendix. Froude number (u/\/zl,)

. . Fig. 8. (a) Stride frequency, the inverse of total cycle time,
4. Discussion is plotted against forward speed. Open triangles are animal
data from a galloping horse (140 Kg), and closed symbols

4.1. Previously Developed Mathematical Models are simulation results. Animal data adapted with permission
of Galloping from Heglund and Taylor (1988). (b) The distance the horse

Two distinct control strategies have been employed to st : .
g pioy ength,s, is normalized by the leg length,, and plotted on

bilize galloping models in numerical simulation. In a firs LT . :

strategy, the postural orientation of a quadrupedal model w garlthmlc coordmate; against the forwarq Froud_e number,
U = u/+/gl,, whereu is the forward velocity ang is the
gravitational constant. The open symbols are animal data, and

Table 1. Cost Coefficient Values Used to Estimate the the closed symbols are simulation data. Animals represented

Model's Cost of Transport (Fig. 9), Listed at Three Gal- include horses, large cats, and dogs. Animal data adapted

iodel moved in one complete running cycle, or the stride

loping Speeds (G) with permission from Alexander (1977) and McMahon and
Forward Speed Cost Coefficient Cheng (1990).
(meters/second) (Joules/Newton)
5.2 (G) 0.174
6.8 (G) 0.183

7.4 (G) 0.186
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measured relative to vertical and used to modulate actuator
forces to actively stabilize galloping (Nanua 1992). In a sec-

ond strategy, a quadrupedal model relied on large curved feet
to ensure its balance, rather than an active control system
(Ringrose 1997). In this strategy, the galloping model was

stable simply because of the shape of its foot, requiring no

sensory information from the environment.

Although quadrupedal models have successfully galloped
in numerical simulation, their structures and movements have
not specifically resembled galloping animals. The manner
in which galloping animals stabilize their movement is still
unknown today. In the present study, we used a numerically
simulated horse model to test different control hypotheses.
For acceptance of a control strategy, we required an adequate
ability of the model to predict experimental observations on
galloping horses not only for mechanical variables but also
for the rate of energy metabolism as well.

4.2. Doesthe Galloping Model Haveto Measurelts Postural
Orientation Relative to Vertical to Remain Stable?

Our findings support the hypothesis that a horse-like robot
does not require sensory knowledge of its postural orienta-

Fig. 9. The cost of transport, or the metabolic energy comion relative to vertical to remain balanced during steady-state
sumed by a running horse in moving a unit of body weight galloping. The model remains stable without ever measuring
unit distance, is plotted versus speed for the galloping horge explicitly controlling absolute pitch or limb position. Sta-
model (135 Kg, filled symbols) and a galloping horse (14®ilization does not result from an inherently stable machine
Kg, open symbols). The experimental horse data were takettucture, such as large hemispherical feet or the like. Rather,
with permission from Hoyt and Taylor (1981). The Kramthe galloping model uses both feed-forward and feedback con-
and Taylor (1990) rule, defined in the appendix, was used t@l strategies in a distributed control scheme to stabilize pitch,

estimate the cost of transport for the model.

Table 2. Cost Coefficient ValuesListed at Three Galloping
Speeds (G)

Forward Speed Cost Coefficient

(meters/second) (Joules/Newton)
5.0 (G) 0.17440.015
6.0 (G) 0.1794+ 0.007
7.0 (G) 0.184+ 0.008

NOTE: Standard errors of the mean are included for four

speed, and height.

4.3. Why Does Controlling Relative Foot Speed Enhance
Model Stability?

By sustaining the tangential velocity component of each
stance foot measured relative to a proximal limb joint (see
ed. (2)), the controller sustains forward speed and at the same
time stabilizes body pitch. When the forelimb target velocity
is smaller than the forward velocity of the galloping model and
the hindlimb target velocity is greater, the shoulder generally
applies a braking torque during stance and the hip a thrust-
ing torque. This thrusting and braking behavior increases
model stability by decreasing angular fluctuations in body
pitch throughout stance, keeping the trunk more parallel to
the ground.
In moderate to fast galloping, both hindlimbs strike the

small horses (mean body mass = 141 Kg). Adapted fromground before the forelimbs touch down. Without a hip torque

Kram and Taylor (1990); reprinted with permission.

during early stance, an errorin body pitch would occur by mid-
stance, causing the shoulder to fall below the hip. This would
occur for the same reason that a four-legged table would not
remain upright if two of its legs were missing from one side.
Without a hip torque, gravitational and inertial forces would
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rotate the trunk about the hindlimbs, causing the model to nogaickly an animal changes speed from a slow canter to a fast
into the ground. When a thrusting torque is applied to the higallop may be an important control parameter for stabilization
such as in Figure 6(d), the shoulder does not fall below thef velocity transients. Another possibility is that vestibular
hip, and the trunk remains level. The thrusting torque appliésputs are necessary for irregular terrain or for the stabiliza-
an equal and opposite torque to the trunk tending to lift thiion of body roll and yaw. It is certainly the case that the
shoulder higher than the hip, countering the tendency of tivestibulo-ocular reflex is necessary to direct the eyes of an
model to nose into the ground. animal in any particular direction, and the vestibular appa-

The braking torque applied at the shoulder during latetus, somatic righting reflexes, and the visual system itself
stance, as shown in Figure 6, has an opposite affect on batyst be employed when an animal gets up from lying on its
pitch. Braking tendsto lift the hip above the shoulder, counteside or rights itself in a free fall (Eyzaguirre and Fidone 1975).
ing the gravitational and inertial forces pulling the hip down-
ward. If both the hip and shoulder exerted thrusting torques, ) ) )
the hip would fall lower and lower with respect to the shouldef+6- How Plausible Isthe Horse Model as a Biological
destabilizing model pitch. Representation?

Braking and thrusting are also stabilizing in cantering. | .
a pitch error causes the hindlimb to strike the ground befo eg_r _acceptance ofa control_ strategy_, we required an gdequate
the forelimb, the thrusting hip counters the gravitational and |I|ty.of the mode| t(.) p_redmt exp_erlmentgl observations on
inertial forces tending to nose the model into the ground. Og]allopmg horses of similar body size. In Flgu_res 8 anc_i 9, the
the contrary, if the forelimb strikes first, the braking shoulde’?'mm"’ltlon results show good a_gr.eeme'nt with experlmentgl
counters the gravitational and inertial forces tending to puéﬂgasurements on horses des_crlblng stride frequency, relative
the hip lower than the shoulder. By adjusting the hind- anﬁIrIOIe length, and the metabollc_ C.(.)St .Of transport.
forelimb target velocities, both forward velocity and body Another test of model plausibility is whether the control

pitch can be effectively stabilized, with the hips acting as thigPuts are consister}t with what is known abput biolc_)gical
engine of galloping and the shoulders as the brake. sensing. The model’s feedback control strategies require sen-

sory information reporting limb ground contact, the angle and
velocity of each limb with respect to the body, the length and
4.4. What Are the Advantages of Early rate of change of leg length, and back and neck joint angles.
Limb Retraction? A horse could determine which of its limbs are on the ground
by using either cutaneous receptors or muscle force receptors
When a horse gallops at high speed, each limb begins toretractendons. A horse could also determine a joint’s position
toward the ground before actually striking the ground (Figs. Zand velocity using sensory receptors at or around the joint
5). The obvious advantage of early retraction is that each foot in the muscle fiber that actuates the joint (Eyzaguirre and
moves at zero relative velocity with respect to the ground &idone 1975).
the moment of first ground contact. Consequently, each limb A final plausibility test is whether model stability is sen-
smoothly strikes the ground, thereby lowing energy lossestive to changes in ground impedance. The control scheme
associated with each foot collision. Another advantage giresented here could not be viewed as a realistic biological
early retraction is that cycle time is controlled. When theepresentation if the model were not able to overcome sig-
model bounces too high in the air, the first hindlimb retractsificant decreases in ground impedance. To test model ro-
toward the ground at a fixed time after retraction began in thmistness, the horizontal and vertical ground spring stiffnesses
first forelimb during a previous contact period. Without earlyvere changed in simulation experiments at three different gal-
retraction, the cycle time would have been increased simplgping speeds (5.2 m/sec, 6.8 m/sec, and 7.4 m/sec). Without
because the model would have spent too much time in the aisingle adjustment made to the controller, the model galloped
prior to striking the ground. robustly from a rigid running surface (964 kN/m) to a more
compliant surface (698 kN/m) at each galloping speed (see

Fig. 7).
4.5. What Might Vestibular Sensing Be Used for in 9-7)

Galloping Horses?

4.7. Applicationsto Legged Machine Structure and Control
The results of this study suggest that a horse may not have
to measure body pitch using its vestibular system to remairhe information from this study may lead to an improved
balanced in pitch for steady-state running. If vestibular senguadrupedal galloping machine. The most obvious advantage
ing is not critical to pitch stabilization in a steadily gallopingof the proposed method is that gyroscopic sensing may not be
horse, then what might its function be? One possibility isecessary for machine stabilization. In the proposed method,
that the vestibular system may measure an animal’s forwatttke absolute orientation of the model in space is not a required
acceleration during a gallop, not its spatial orientation. Howontrol input.
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Another advantage is that a machine’s legs, back, amtere,P,,., is the metabolic power required to rui, is body
neck would only have to behave as simple springs duringeight,z. is the average time a leg remains in contact with the
stance. The horse model used back, neck, and leg sprigmpund during a running cycle, ar@, is the proportionality
stiffnesses that did not change appreciably with changes éonstant or cost coefficient. For quadrupedal mammals, the
forward speed. Consequently, in a galloping machine, naiest coefficient has an approximate value of 0.2-3 Bicross
ther force nor impedance control may be necessary at thdsath speed and size.
joints.” The metabolic cost of transport, the energy to transport

During the aerial phase, the back, neck, and legs should notit weight a unit distance, can be found from eq. (A1) by
behave as passive springs, simply because these joints hsiveply dividing by the animal’s forward running speggdor
to be positioned in preparation for landing. But throughout
stance, the joints should behave as simple springs so that the Cost of Transport= Prree _ Co (A2)

machine may rebound from the ground with each step. This Wu  teu

J.Olm bghavpr could be achieved efficiently by using a spring, running simulations, the cost of transport is estimated by
in series with both a low-power clutch and a small motor,

During the aerial phase, the clutch would be disengaged, qr)redmtlng how much time, on average, each limb of the gal-

n
abling the small motor to position the joint in preparation for

oping model remains on the ground at a particular forward
landing. The clutch would then be engaged during stance

eeds. Hence, for this work, the Kram and Taylor (1990)
. - . L . I rv ri ween the mechani nd energeti
stiffen the joint with the motor exerting little to no force. With e serves as a bridge between the mechanics and energetics
this system, most of the motor mass would be in the machine’s

gf locomotion.
body to actuate the shoulders and hips during stance, resulting
in lightweight limbs that could easily be accelerated duringR efer ences
locomotion.

Using the control principles outlined in this paper, it MaYplexander, R. M. 1977. Mechanics and scaling of terrestrial

be possible to construct a horse-like galloping robot that Is locomotion. In Pedley, T. J. (ed.$cale Effects in Animal

dynamically stable in pitch, even without gyroscopic sensing Locomotion. London: Academic Press, pp. 93-110

e o et endp(ander, R M. 1985, Elasicsucures i e back an
P their role in galloping in some mammald. Zool., Lond

glider than to a helicopter in forward flight, which must be (A) 207:467-482.

flown” every minute to avoid a crash. Biewener, A. A. 1989. Scaling body support in mammals:
Limb posture and muscle mechani&sience 245:45-48.
Cavagna, G. A., Franzetti, P., Heglund, N. C., and Willems,
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