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SUMMARY
The gallop is the preferred gait by mammals for agile
traversal through terrain. This motion is intrinsically complex
as the feet are used individually and asymmetrically. Simple
models provide a conceptual framework for understanding
this gait. In this light, this paper considers the footfall
projections as suggested by an impulse model for
galloping as a measurement simplifying strategy. Instead
of concentrating on forces and inverse dynamics, this view
focuses observations on leg motion (footfalls and stance
periods) for subsequent gallop analysis and parameter
estimation. In practice, this eases experiments (particularly
for IR-based motion capture) by extending the experimental
workspace, removing the need for single-leg contact
force-plate measurements, and reducing the marker set. This
provides shorter setup times, and it reduces postprocessing
as data are less likely to suffer from occlusion, errant
correspondence, and tissue flexion. This approach is
tested using with three canine subjects (ranging from
8 to 24 kg) performing primarily rotary gallops down
a 15 m runway. Normalized results are in keeping with
insights from previous animal and legged robot studies and
are consistent with motions suggested by said impulse model.

KEYWORDS: Gallop; Locomotion; Impulse model; Gait
measurement; Canine.

1. Introduction
Legged platforms offer unparalleled adaptation and obstacle
traversal over rough terrain. Rapid field motion requires the
adoption of dynamic gaits that, unlike walking, are statically
unstable, but agile. For quadrupeds, this is manifest in the
trot and gallop, with the gallop achieving higher speeds
and greater energetic efficiency through the asymmetric
extension of the flight phase.1

The vast majority of mammals and many reptiles employ
gallops as their high-speed gait. While natural existence is
no argument for optimality, there are captivating reasons for
understanding and synthesizing this gait including evidence
that it is energetically preferred2 and that it minimizes drag.3

Despite the intimidating complexity, there are hidden
simplicities to the mechanics of galloping. Previous models
of the gallop have inherently been focused on the gallop
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transition.4 Kinematic models of the gallop,5 while useful for
clinical veterinary outcomes, do not capture the associated
dynamics. Simplifying the mechanics, of course, means that
some effects and subtle interactions are lost, and it is possible
to come to incorrect conclusions. Numerical models are
complex due to the need for impulsive contact modeling6 and
sensitivity to initial conditions. An alternative approach to
complex compliant multibody dynamic simulations is simple
models, as these can lead to deep design and control insights.
However, with any abstraction, there is a need to check the
loss of detail against experimental evidence.

A gallop is intrinsically different from the other dynamic
gaits in that the feet are used individually, and the
footfall timing lacks any apparent symmetry.7 Experimental
measurement is complex and requires large infrastructure.
Consequently, experimental data against which gallop
models can be validated are relatively limited. Prior efforts
have included both active and passive measurement. Active
measurement with instrumented subjects (such as with
horses8 or large dogs9) require a complex processing and
are limited to large subjects such that the dynamics of the
sensor payload are negligible. Passive measurement using
reflective markers and motion capture (such as that applied
to dogs10) generally focuses on motion kinetics and ground
reaction forces and is limited by the joint camera workspace,
camera resolution, and force plate dimensions.

This is in keeping with more general kinematic
relationships suggested by simple models in robotics, such as
those proposed most recently by the authors11 and by others
including Raibert;12 Herr and McMahon;13 Schmiedeler and
Waldron;3 Poulakakis et al.;14 and Hurst and Rizzi.15 These
models approximate away some effects and subtle interaction
to provide deep insights and approximate solutions that are
in keeping with the hierarchical controllers employed by
these robots. This paper suggests a simplification of the
experimental approach to align it to the overall insights
suggested by these models. That is a focus on the general
body motion and instead of the musculoskeletal forces central
to biomechanics analysis. This abstract details, but still
provides a mechanism to assess important assumptions used
by simple models. In particular, this paper makes comparison
against a dynamic impulse model11 through the measurement
of the galloping motion of three dogs (of varying size) by
tracking key leg and body locations using a 12 camera,
synchronized high-speed motion capture system optimized
for range.
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The measurements made in this paper are primarily
focused on leg kinematics, particularly, stride measurements
and foot placements. This complements, but is slightly
different than previous galloping locomotion studies, such
as the work by Walter and Carrier10 and Bryant et al.,16

that tend to focus on force plate experiments with large
galloping dogs (the subjects weighed between 23 and 34
kg). A focus on kinematic measurement addresses a main
difficulty and limiting factor of experimental data sets for
the gallop, namely, the need for single leg contact on a
force plate. It also helps address a second difficulty, namely,
the large workspace needed because of the gait’s speed and
long traversal, by allowing for laboratory (motion-capture)
systems to be placed more sparsely. This is a different
perspective than previous work that aimed for extended field
measurement of body motion via inertial measurements,9 in
that in this work, the measurements are primarily focused on
leg contacts and timings.

The paper briefly overviews the dynamic impulse model
developed previously.11 This motivated a stance period
approach for measuring kinematic aspects of galloping.
Section 4 describes an experimental study with three subjects.
Section 5 gives discusses the results of this study and
shows how it relates and provides additional validation
for the trends suggested by a simple impulse model of
galloping.

2. Simple Model for Approximating Galloping
Dynamics
As noted, it is possible to approximate bounding and
galloping dynamics using simple models in the impulse-
momentum domain in which the forces are considered as an
impulse balance over the entire stride period, τ . Performed
in reference to a body fixed frame, this does not imply that
the stance period is instantaneous; rather, it suggests that
the contact force is integrated during stance with respect to
time. This is a time-domain analog to replacing a spatially
distributed force system by its resultant in which forces are
integrated over the area of action. In the present view, the
temporally distributed forces are replaced by the product
of their time average with the duration of action. This is
advantageous as the complexity and timing of contact are
abstracted by considering an ensemble approach.

However, if the net impulse imparted to the system by the
front feet is 2JF and that imparted by the rear feet is 2JR , W
and D are the weight of the system and the drag, respectively,
the system becomes a three-force system. Therefore, the lines
of action of the front and rear impulses must be concurrent
with that of the impulse of the resultant of the weight and
drag as shown in Fig. 1.

The model shows that a vertical thrust of the front legs is
to pitch the system back, when viewed in the world reference
frame. This allows the rear legs to contact the ground in
a more nearly vertical position than they would have done
without the effect of the front legs. That, in turn, increases
the horizontal component that can be generated by the rear
feet without slipping. The rear legs are free to extend to their
limit, in order to generate as much thrust as possible, without
any risk of interference with the fronts.
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Fig. 1. Free body diagram. The center of mass is assumed to be
coplanar with the shoulder and hip joints. It can be argued that
location of the center of mass a small distance above or below the
plane of the joints makes little difference to the dynamics. The
shoulder and hip joints are assumed to be pairs of intersecting
revolutes that are, respectively, parallel to the x-axis of the body
and orthogonal to the plane of the leg. The body reference frame is
centered on the center of mass and aligned as shown. The principal
axes of inertia are assumed to coincide with the x-, y-, z-axes.

As noted, the assumption of small roll and pitch deviations
and negligible leg mass taken are approximate.11 However,
this view allows for some notable conclusions about the
gallop, which include the following: (1) that the two durations
of gathered and spread double support/flight phase are the
same; (2) that changes in angular velocity occur in two steps
instead of one; (3) that body motion is independent of the
distribution of forces during contact and hence that these
forces can be integrated over time and treated as a resultant;
and (4) that speed at which the first foot impacts the ground is
equal to the speed at which the second foot leaves the ground.

This view suggests that the gallop’s motion has some
signature kinematic characteristics. This is not to suggest
that the gallop is not a dynamic gait (it is!); but rather that a
strategy focusing on stride period measurements would allow
for a stretching of limited experimental resources and subject
access.

3. Simplifying Measurement
The aforementioned simple model suggests an avenue for
simplifying gait measurement procedures for gallop analysis
(albeit at a loss of generalization for other gaits). For instance,
force plate data could be replaced with overall weight since
the body motion is independent of the particulars of force
distribution on contact.

More generally, certain states (and/or combinations) are
more informative for gallop analysis (and conversely that
certain states might not be needed). Some of the key
measures suggested by this view include the following: (1)
stance periods (τij ) and distance (x)—so as to measure the
durations of flight phases (which should be approximately
similar between strides of constant speed); (2) angular rates
(θ̇roll, θ̇pitch, θ̇yaw)—particularly their variation over multiple
steps; (3) body center location—the kinematic property,
as compared to the center of mass location; and (4) leg
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Fig. 2. Stride Cycle Impulse Balance. The relationship between
resultant leg impulses and Weight (W ) and Drag (D) forces, as
viewed from the side in a reference frame fixed to the body. ς is
the total stride cycle. The leg impulses must be concurrent with the
resultant of weight and drag at point A.

kinematics (φ1...4)—particularly leg orientation with regards
to the ground plane as the rear legs should be in a more
vertical position.

Of particular importance, and the point of focus for
the paper, is the stance period measurement. This view is
supported by the assumption that the left and right legs of a
pair generate identical impulses since they are constructed
identically. Although there are differences between the
magnitudes of the force components and in the durations of
the stances of the legs of each pair, force plate data10 indicate
that the resultant impulses of each lateral pair of legs are very
nearly identical, supporting the above assumption. Their data
also indicate that the impulse from a leg has no significant
lateral component, consistent with the representation of
Fig. 1.

Figure 2 shows the relationship, viewed in a body fixed
reference frame, between the front and rear leg impulses, and
the weight, W , and effective drag, D. τ is the time duration
of one complete stride cycle (τ = �τij ). The Walter and
Carrier data10 also indicate that the net impulses delivered
by the two legs in a contra-lateral pair are identical, even if the
force–time curves are slightly different. Since the impulses in
Fig. 2 represent a three-force system equilibrium require that
their lines of action be concurrent at point A. Importantly,
the tangents of the angles φF and φR can be calculated
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Fig. 3. Footfall pattern used in derivation of equations for
expressions on intervals between points of application of resultant
impulses. Note that the foot numbers represent leg position, not
footfall order (which in this case is 1-2-4-3).

by dividing the net horizontal impulse by the net vertical
impulse. The values for one of our subjects are shown in the
figure. It is also necessary to estimate the heights of the hip
and shoulder joints when the animal is running. For dogs,
these heights are very similar so we choose to use the same
value, h, estimated from the marker data, for both.

The footfall locations can be accurately plotted from the
marker data since the foot remains at the same location
throughout the stance the footfalls are very visible in the
data set. We can adopting a convention with the left-front leg
designated as leg 1 and the left-rear leg as leg 3 as shown
in Fig. 3. In this case, a rotary gallop has footfall order 1-
2-4-3. For this reduced case, the core interest is to estimate
footfall. This is estimated using through an adaptive filter
considering both travel and speed in the vertical direction
(for an experimental result, see Fig. 9).

If we take the origin of a fixed reference frame as
being coincident with the system center of mass, with the
x-direction being the direction of motion we have

x1 = a − h tan φF , (1)

where a is the distance in the direction of motion from the
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center of mass to the shoulder centers

x2 = V τ12 + a − h tan φF , (2)

where τij is the duration between the time of application of
resultant impulse i and that of impulse j .11 Hence,

x4 = V (τ12 + τ24) − b − h tan φR + �l. (3)

Here, b is the distance in the direction of motion from the
hip joint centers to the center of mass. �l is the reduction of
the shoulder-hip center distance due to spine flexion. Some
fast running animals use significant amounts of spinal flexion,
a cheetah being the classic example. While dogs do not use
as much spinal flexion as is observed in cats, nevertheless
some dogs do use significant levels of spinal flexion, notably
greyhounds.17In our data set, the value of �l was observed to
be small, and not accurately measurable. We have, therefore,
chosen to neglect �l

x3 = V (τ12 + τ24 + τ43) − b − h tan φR + �l, (4)

x ′
1 = V (τ12 + τ24 + τ43 + τ31) + a − h tan φF . (5)

This completes the stride cycle. The relative positions of
the footfalls, again in the direction of motion are

x12 = x2 − x1 = V τ12, (6)

x24 = x4 − x2 = V τ24 − l + �l − h (tan φR − tan φF ) .

(7)

Here, l = a + b is the shoulder:hip center distance. Thus,

x43 = x3 − x4 = V τ43, (8)

x31 = x ′
1 − x3 = V τ31 + l + h (tan φR − tan φF ) , (9)

s = x ′
1 − x1 = V τ, (10)

where s is the stride length. Hence,

V = s

τ
, (11)

and

τ12 = x12

V
, (12)

τ24 = (x24 + l − �l + h (tan φR − tan φF ))

V
, (13)

τ43 = x43

V
, (14)

τ31 = (x31 − l − h (tan φR − tan φF ))

V
(15)

These expressions allow estimation of the durations of the
flight phases τ24 and τ31, and also the “skip” intervals τ12

and τ43.
Along with footfall analysis, noting the values of φF , φR ,

and h can additionally test theoretical predictions11 made

Knee

Ankle

Toe

Collar (4)

Top of head

Fig. 4. A reduced kinematic marker set that focuses on footfalls and
leg positions.

by the impulse model. This is not a tautology. While an
impulse view is used to justify a kinematic focus, it does
not automatically result that the data generated will support
all its conclusions. For instance, the model suggests that the
time durations of the flight phases of the gallop, as measured
between the times of application of the resultant impulses
that bound them, must be equal. This is a counterintuitive
result in that the “gathered” flight phase always appears to
be of longer duration than the “spread” flight phase when
viewed in the fixed frame.

4. Experiments
A series of leg-contact timing focused motion capture experi-
ments was conducted to experimentally validate the assump-
tions underlying the impulse model approach. In particular,
the impulse model gives general predictions for the center of
mass motion. Thus, it is not necessary to compute inverse dy-
namics, and hence, motion analysis can focus on kinematics.

4.1. A simplified marker set
Motion capture based on passive infrared markers is a
popular measurement system for gait analysis. Its operation
is dependent on the marker set used. For subjects with thick
hair, exact marker placement is difficult and, particularly, for
points on the body, colored by tissue flexion. As illustrated in
Figs. 4 and 6, a simplified marker set is adopted. To measure
footfalls, a marker is placed at the top of the toe, so as to
be visible and secure. While it is possible to have a marker
at the very edge of the toe, its placement is a compromise
(particularly for smaller canine subjects) between stronger
adhesives and the subject “playing” with marker. Leg angles
were estimate using two additional markers per leg one at the
ankle and the knee (sometimes at the upper part of the lower
leg near the knee due to tissue flexion). Finally, markers are
placed on the head and around the color (via a four marker
collar) to identify the head and help estimate body motions
(as distinct from leg motions).

Since there is less chance of self-occlusion and marker
observation loss, an additional advantage of this approach is
greater range and a larger workspace because the cameras can
thus be placed further apart and yet maintain the necessary
three camera views per marker throughout the workspace.
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Fig. 5. Gait lab schematic showing the general layout for
experiments. The runway was designed with a wide corridor for
experimental simplification as the subject does not need to land
with a single contact on the force plate.

Fig. 6. (Colour online) A subject as outfitted with a simplified
passive reflective markers set with three on each leg, four around
the collar, and one on the head.

4.2. Galloping motion capture trials
A Vicon MX high-speed (400-fps) video motion capture
system using 12 cameras was setup with a 6m long by
6m wide by 2.5m high reconstruction volume as verified
through system software and validation during calibration.
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Fig. 8. (Colour online) Example traces for foot positions measured
by capture for a rotary gallop at an average speed of 4.4 m/s for a
7.6 kg subject.

Four markers were placed in a rectangular perimeter around
the force plate to define a 5.4m by 3.3m principal region (in
which four or more cameras could see the marker). A 15m
long runway was outlined to pass through this region (see
also Fig. 5).

Three canine subjects weighing 7.6 kg, 19.2 kg, and 24
kg, respectively, were tested. The subjects were fitted with
passive spherical motion markers around key joints in the leg
(i.e., on the toe, the foot [near the ankle], and the lower leg
[next to the knee]), around the collar, and on the head (see
also Fig. 6). All of the subjects were given plenty of time to
warm up and practice before being instructed by their owner
to gallop down the runway as quickly as possible. Trials were
repeated between 8 to 10 times (see also Fig. 7).

5. Discussion and Results
A total of 30 trials were conducted on the three subjects.
The locations of the feet were manually labeled using the
automatic tracking from motion capture as noted above (See
Fig. 8). The velocity traces were then analyzed to find
inflection regions of nearly zero vertical velocity (due to
noise the velocity is never exactly zero) and minimum height
(to give bottom-of-flight), and hence, automatically classify
foot contacts (see example in Fig. 9).

These time estimates of contact can be extended to
give gait stride diagrams in time and position (see, e.g.,
Figs. 10 and 11). The later is particularly interesting as in
keeping with the analysis of the kinematics of the Impulse
Model.

Fig. 7. (Colour online) In this picture, a subject is galloping down the runway at 6.2 m/s. The gathered flight phase is visible. Note that the
location of the marker poles for the convenience of the owner to have the subject gallop down the principal region of interest.
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Fig. 9. (Colour online) Automatic leg contact estimation based
on velocity along the vertical (gravity normal). The automatic
classification is indicated by the binary value of the dashed-red line
(positive value indicating foot contact). The apparent drift (∼ 5 cm)
is due to an approximately ∼ 1◦ camera vertical misalignment.
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Fig. 10. (Colour online) Example foot contact timings during a
rotary gallop.
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Fig. 11. (Colour online) Example foot contacts positions during
a rotary gallop for a run down a corridor. The direction of travel
is from left (0 m) to right (3 m). The numbers indicate the legs
associated with the footfalls.

The experimental measurements show supporting
evidence for some of the main assumptions. For example,
the duration equal to the duration of flight phases is evident
in both translational and rotational measurements. The data
also show a slight variation in upward vertical velocity

components before and after stance, which is more consistent
with the impulse model than the SLIP model.

Noise, soft-tissue flexure, and approximations in
determining difficulty the center of mass location remain
evident as seen by the small discrepancies present in the
results. For example, the measurements of minimum position
(zmin) do not exactly align with the zero of the vertical
velocity (u) as is obviously the case in true nature. There
is variance beyond that of the motion capture system. As
detailed in ref. [7], efforts are being investigated to address
this matter. Also, the current process of averaging gait cycles
with their stochastic nature and noise could be biasing the
result, in particular, the rapid change in angular during
gathered flight might be due to other effects, such as cross-
coupling and gait variation.

6. Conclusions
The impulse model suggests that the stance periods are
central to characterizing galloping motion. With this as a
guiding premise, a reduced marker set and subsequently
simplified observation processes are formed that concentrate
on leg kinematics.

Simplifying the experimental procedure allows more trails,
and thus, a better understanding of the gait’s mechanics. It
also suggests that robots with dynamic legged locomotion
may not need such complex sensing systems. That is for
robotic experiments, a kinematic sensing solution may be
sufficient for observing overall gait performance and for
parameter tuning operations.

Any simplified model, including the impulse model, must
make assumptions that are approximately valid at best.
Though, for the somewhat discrete design task of ranking
states for gait observation, “near enough, maybe good
enough.” Further, the results of this approach are to again hint
at the importance of comprehensive empirical observation of
dynamic biological systems.

7. Future Work
A limiting issue with this work is the need for a structured gait
laboratory with extensive experimental infrastructure. Even
considering that one of the largest and most advanced rooms
available was used for these experiments, strides could only
be analyzed over short distances (6 m). Thus, as an alternative
to use of force-plate data, inertial sensors mounted on the
body are be used to estimate the changes in momentum, and
angular momentum resulting from the leg impulses.9 This
is similar to localization of a dynamic robot using inertial
sensing. It has the advantage of providing data continuously
over an indefinite number of strides, and does not require
placement of the feet in specific locations, as is necessary for
force-plate readings, and can be operated in less structured
environments. This would also allow for measurements of
the lateral forces associated with agile operations, such as
turning and weaving.

Future work is investigating mechanisms for extended
measurement by both field vision systems and treadmill
study. The former tends to be limited by camera resolution.
The later is limited by evidence that suggests a variation
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between overground and treadmill ground reaction forces;18

however, such experiments might have reduced levels of
experimental noise and variation.
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