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Abstract This manuscript proposes a method to di-
rectly transfer the features of horse walking, trotting,
and galloping to a quadruped robot, with the aim of cre-
ating a much more natural (horse-like) locomotion pro-
file. A Principal Component Analysis (PCA) on horse
joint trajectories shows that walk, trot, and gallop can
be described by a set of four kinematic Motion Primi-
tives (kMPs). These kMPs are used to generate valid,
stable gaits that are tested on a compliant quadruped
robot. Tests on the effects of gait frequency scaling fol-
low: results indicate a speed-optimal walking frequency
around 3.4 Hz, and an optimal trotting frequency around
4 Hz. Following, a criterion to synthesize gait transitions
is proposed, and the walk/trot transitions are success-
fully tested on the robot. The performance of the robot
when the transitions are scaled in frequency is evalu-
ated by means of roll and pitch angle phase plots.
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1 Introduction

In most scenarios where the terrain is smooth (roads)
or comparatively smooth (open fields) wheeled vehicles,
often in the form of four wheel drive, can cope extremely
well. However, where the landscape is extremely steep,
littered with rocks, boulders, etc., either occurring nat-
urally or as rubble after some form of devastation (e.g.,
earthquake, war), then wheeled vehicles can have diffi-
culties operating, particularly if there is a need for com-
plex maneuvering in relatively confined space. Under
such circumstances legged systems may have distinct
operational advantages, due to the versatility and flex-
ibility they provide, and the resultant ability to adapt
much more easily to complex environments within ir-
regular terrain (Raibert et al, 2008). For this reason,
interest in legged robots has steadily grown within the
robotics community in the past two decades.
Quadrupeds, in particular, are more stable and typ-
ically more powerful than bipeds, and these charac-
teristics can make them well suited for outdoor tasks,
such as assisting humans transporting heavy loads for
them, or even operating autonomously in a hostile en-
vironment. To try to exploit the potential of legged lo-
comotion a number of solutions have been developed
for robots of varying size, powered by diverse energy
sources. Among these, notable examples include Fujita
and Kitano (1998); Berns et al (1998); Canderle and
Caldwell (2000); Nichol et al (2004); Poulakakis et al
(2005); Buehler et al (2005); Zhang et al (2005); Kimura
et al (2007); Raibert et al (2008); Hirose et al (2009);
Semini et al (2011).

Quadrupedal locomotion presents good intrinsic stabil-
ity features, but the coordination of the motion of four
legs is non-trivial to control. Different trajectory gen-
eration techniques have been adopted (Kimura et al,



Federico L. Moro et al.

1989; Raibert, 1990; Sakakibara et al, 1990; Kramy and
Orin, 2003; Golubovic and Hu, 2003a,b; Tsujita et al,
2005; Hu and Gu, 2005; Iida et al, 2005; Kim et al,
2006; Rebula et al, 2007; Pongas et al, 2007; Hebbel
et al, 2007; Chae and Park, 2008; Kim et al, 2008), and
the efforts in this field of research led to proficient re-
sults in the development of different gaits, from the slow
walk to gallop. Raibert (1986) provides a good overview
of legged locomotion, with particular attention given to
quadrupeds.

The results achieved, however, are still far from the pro-
ficient, efficient, and fluid motion of animal locomotion.
For this reason many researchers have sought to analyze
animal gait (Hoyt and Taylor, 1981), with the aim of re-
producing this on robots. Different methods for biolog-
ical inspirations have been proposed: Collins and Rich-
mond (1994); Fukuoka et al (1999, 2003); Billard and
Ijspeert (2000); Fujii et al (2002); Witte et al (2003);
Ishii et al (2004); Son et al (2006); Cappelletto et al
(2006, 2007); Righetti and Ijspeert (2008); Rutishauser
et al (2008); Liu et al (2009), with the well known
theory of Central Pattern Generators (CPG) forming
a common theme. According to the theory of CPG,
open-loop signals are produced in the spinal cord and
sent to the limbs to produce the motion, reducing sig-
nificantly the complexity of controlling a vast variety
of motions. Sensor information is then used to correct
the error and adapt the motion to the peculiar situa-
tion. Ijspeert (2008) and Dégallier Rochat and Ijspeert
(2010) provide a comprehensive overview on the bio-
logically inspired methods, particularly CPG-based, for
robot locomotion. The effects of CPG can be noticed at
different levels in the form of Primitives: at the level of
muscles, with EMGs, or at the level of the kinematics,
from the joint trajectories. The Primitives are basic ele-
ments (signals, stimuli, etc.) underlying human/animal
motion, and can be used as open-loop modules to gen-
erate motion for robots (Degallier et al, 2008). Moro
et al (2011, 2012a,b) proposed a method to extract the
kinematic Motion Primitives (kMPs) from human data
(joint angle trajectories). A set of kMPs, defined as
invariant waveforms [...] sufficient to explain a wide
variety of complex coordinated motions” (Moro et al,
2012b, page 1), is identified, and then used to generate
a human-like walking for the biped robot COMAN.
The research described in this paper aimed to identify
the kMPs of horse locomotion, and use them to directly
transfer the biological features of horse locomotion to a
quadruped robot. In Section 2 the kMPs extracted from
walking, trotting, and galloping are analyzed. The com-
pliant quadruped robot (Sprowitz et al, 2012) that was
used to test the horse-like trajectories synthesized is in-
troduced in Section 3. Next, in Section 4, the method

(¢) The horse galloping on a treadmill

Fig. 1 The source data (visualization at 12 Hz) of the horse
a) walking, b) trotting, and c¢) galloping on a treadmill.
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used to generate these trajectories by reconstruction
from kMPs is presented. Subsequently, the trajectories
were scaled in frequency to evaluate the performance
of locomotion at different gait frequencies. This analy-
sis was triggered by the research presented in Heglund
and Taylor (1988). Finally, Section 5 proposes a gait
transition strategy. Developing an effective gait transi-
tion is fundamental for achieving a good performance in
quadrupedal locomotion. Vilensky et al (1991); Inagaki
and Kobayashi (1993); Lin and Song (2002); Griffin et al
(2004) proposed interesting research on this topic. Walk
to trot and trot to walk transitions generated according
to the proposed strategy were successfully tested on the
quadruped robot.

2 Extraction of the horse kinematic Motion
Primitives (kMPs)

The source data used in these experiments were pur-
chased from the U.K. based commercial company Ki-
netic Impulse. These data consist of the joint trajecto-
ries of a horse (Figure 1) performing a walking gait, a
trotting gait, and a galloping gait on a treadmill (horse
dimensions: hips to the ground at rest position: 1.472m;
hips to shoulders distance: 1.197m; right hip to left hip
distance: 0.269m; right shoulder to left shoulder dis-
tance: 0.205m. These last two data refer to the distance
between joints that are internal to the horse body, and
are the first joints of the limbs from the spine). For
each of the three gaits, three sequential gait cycles were
arbitrarily selected, and the respective full-body joint
angle trajectories (only those with a range of motion of
at least 10° were considered) were averaged to reduce
the peculiarity of the single cycle.

On these trajectories a Principal Component Analy-
sis (PCA) was subsequently applied. For each of the
three gaits the first four components were selected. In
the case of the walk gait these components together ac-
counted for 97% of the variance. Similar values were
observed also in the case of the trot gait, and in the
case of the gallop gait, with a cumulative percentage
of variance accounted for 96% and 97%, respectively.
These four components, normalized in time (from 0%
to 100% of gait cycle) and amplitude (such that the
maximum absolute value was 1) form the four kine-
matic Motion Primitives (kMPs) of walking, trotting,
and galloping (Figure 2). Further details on the extrac-
tion of the kinematic Motion Primitives (kMPs) can be
found in Moro et al (2011, 2012a,b).
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(c) The four kMPs extracted from gallop

Fig. 2 The kinematic Motion Primitives

2.1 Comparison of the different gaits and statistical
analysis of similarity

A similarity among the kMPs extracted from the three
gaits can be already noticed by observation of Figure 2.
If in the walk and the trot gaits the order of the kMPs
remains the same, the first and the second kMPs of gal-
lop have an inverted order with respect to the other two
gaits. The third and the fourth kMPs, instead, main-
tain the same order in all the gaits analyzed. In Figure
3 the corresponding four kMPs from the walk, trot, and
gallop gaits are superimposed to facilitate a compari-
son.

Fig. 3 Comparison among the corresponding kMPs ex-
tracted from the walk, trot, and gallop gaits

The similarity in terms of shape and phase observed
by visualization in Figure 3 was confirmed by means of a
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statistical analysis that provided a quantification of the
degree of similarity between gaits. To quantify the sim-
ilarity between two sets of kMPs the maximum cross-
covariance between each corresponding kMP (sliding in
time) was calculated, and normalized so that the auto-
covariance is 1. The delay between any two compared
kMPs is also returned. This value indicates how much
time-slip is needed in a signal to maximize the cross-
covariance. Again this is normalized so that a slip of an
entire cycle has a value of 1. An indication of the sim-
ilarity (and delay) between the two entire sets is pro-
vided as the weighted average of the cross-covariance of
the different kMPs. The weights used are the average
of the corresponding variance explained by the kMPs
compared. More details on the methodology adopted
to derive the degree of similarity between two gaits can
be found in Moro et al (2012b). The following tables
summarize the results of the analysis:

Table 1 Statistical analysis of similarity among kMPs ex-
tracted from walk (W), trot (T), and gallop (G) - Cross-
covariance

‘ H 1st ‘ 2nd ‘ 3rd ‘ 4th H Average H Weighted ‘
W_T || 0.9844 | 0.9783 | 0.9207 | 0.9141 0.9494 0.9722
TG 0.9934 | 0.9170 | 0.7282 | 0.9674 0.9015 0.9277
W_G || 0.9876 | 0.9713 | 0.8120 | 0.9418 0.9282 0.9560

Table 2 Statistical analysis of similarity among kMPs ex-
tracted from walk (W), trot (T), and gallop (G) - Delay

‘ H 1st ‘ 2nd ‘ 3rd ‘ 4th H Average H Weighted‘

W_T || 0.03 0 0.03 | -0.04 0.005 0.0227
TG 0.03 0 -0.01 | -0.01 0.0025 0.0144
W.G || 0.06 | -0.02 | -0.06 | -0.06 -0.02 0.0482

The kMPs of the three gaits have a similarity that
is in all cases significant (Table 1). This led to an over-
all similarity between walk and trot gait of 97%. This
value reduced to 93% in the case of trot and gallop. The
last comparison, between walk and gallop, have a de-
gree of similarity of 96%. In Table 2 the delay between
kMPs is reported: it can be noticed that the weighted
average delay is smaller than 5% in all three compar-
isons between gaits. This result indicates an evident
correlation between the kMPs of the different gaits. A
possible interpretation is that the kMPs extracted from
walk, trot, and gallop are in fact the same set of kMPs,
that together are sufficient to describe the three dif-
ferent gaits. In the next section the inverse process to
reconstruct the joint trajectories from this set of kMPs
will be presented.

2.2 Trajectories reconstruction

The analysis reported in the previous section shows
that a small set of kMPs can describe the kinematics
of different horse gaits. The following formula describes
how to reconstruct the joint trajectories from the kMPs
identified:

q1 S1,1 - -- Sl,j P1 Z1

q; Si1 .- Sigj Pj Zz

where [q; . ..q;] € R represents the vector of the joint
trajectories, [Py ... P;] € R/ is the vector of the kine-
matic Motion Primitives (kMPs), [Z1...Z;] € R is a
zero offset mean vector. Z; is added back to the i** joint
trajectory (PCA was applied on the zero-mean normal-
ized trajectories). The matrix [si1...s;;] € R"/ rep-
resents the motion primitives synergy map. The joint
trajectories are therefore a linear combination of the
kMPs through the motion primitives synergetic coeffi-
cients in matrix S. The columns of this matrix map the
contribution of each primitive to the joint space.

Since horse walk, trot, and gallop can be represented
by the same 4 components, it is possible to reconstruct
different gaits from the same kMPs, reproducing the
features of the horse gait, by means of a proper selec-
tion of the values of the matrix S. The choice of these
values, however, is not trivial. In Section 4 the method
adopted to reconstruct horse-like trajectories for a com-
pliant quadruped robot (presented in the next section)
will be reported.

3 The experimental compliant quadruped robot

The quadruped robot used for experimentation (Fig-
ure 4) was designed at the Biorobotics laboratory at
EPFL, Switzerland. Its leg design was roughly based
on the pantograph leg design proposed by Witte et al
(2003). A three-segmented, panthograph mechanism was
implemented for both forelimbs and hind limbs. The
leg mechanism is a passively spring loaded (diagonal
spring) and gravity compensating mechanism with par-
allel cable actuation. The parallel spring (Figure 4)
enables the robot’s lower leg segment to leave the par-
allel orientation relative to the leg’s upper segment, if
an external force is present. Each leg is actuated by two
RC servo motors. Motor axes were mounted perpendic-
ular to the parasaggital robot plane. The hip (hind)
or (shoulder) RC servo motors are protracting (swing
forward) and retracting (swing backward) the leg. RC
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Fig. 4 The compliant quadruped robot used for experimen-
tation (rendered image), developed at Biorobotics laboratory,
EPFL, Switzerland (Sprowitz et al, 2012). Snapshots of the
real robot during walking and trotting are provided in Fig. 9.
This robot configuration weights m = 1.1 kg, and has the size
of a small house cat. Power to the robot was provided through
a tether. During experiments, the tether was carefully kept
slack.

Table 3 Robot characteristics and comparison with the
horse dimensions. Distances for the horse present distances
of the tracking markers, distances of functional joints might
differ slightly.

Characteristic Value Horse
Mass myobot 1.1kg

Standing hip height hy;p 0.158 m 1.472m
Distance dgn—sh 0.1m 0.205 m
Distance dnip—nhip 0.1m 0.269 m
Distance dnip—sh 0.205m 1.197m

Kondo Krs2350 ics
Roboard RB110
Linux Xenomai

Wifi Via VT6655

RC servo motors (8x)
Control board
Operation system
Communication

Power supply (tethered) 10.5V
Stall torque RC servo 2Nm (6V)
Speed max RC servo 0.16°/60° (6'V)
Spr. stiffness kaiagonal 2300 N/m
Spr. stiffness kparal, front 4800 N/m

servo motors at the knee provide flexion-extension mo-
tion. Both motors are mounted directly at the trunk,
this reduces moving leg masses. The cable mechanism
is also acting as an automatic clutch, for external forces
applying a flexing torque to the leg. Robot feet (length
14mm) are mounted at the distal end of the leg. In-
stead of choosing simpler cylinder shaped surfaces, the
robot’s feet are separate segments, mounted at the L3-
segment by small torsion springs. During earlier ex-
periments we found this construction was more robust
against sliding, at e.g. different ground surfaces and
more independent from the foot material used. Feet
were covered with standard Duct tape in all experi-
ments. The system specifications are show in Table 3.
To calculate the leg’s inverse kinematics (IK) we ne-
glect the effect of the in-series leg spring element (“par-
allel spring”), which only acts when leg-external force
are applied. With this simplification, the inverse kine-

Cable mechanism

Fig. 5 Schematic presentation of the pantograph leg mech-
anism, forward is to the left. Leg parameters (I1, l2, I3, [) are
given, as well as IK control parameters (q1, g2, d). Task space
is presented as the heel point ((z,y)), and « as the leg angle.
The half-disc presents the knee RC servo motor.

matics mechanics of the pantograph mechanism can be
reduced to that of a two-link mechanism. Leg-IK are
provided in Equations 2-5, and a schematic presenta-
tion with leg parameters is given in Fig. 5.

2?4+ y?— (L +13)%—13

= 2
G2 = arccos B (2)

« = arctan 2 <%> (3)
I si
arcsin | —22092 ) 4 arctan?2 (Q) (4)
Va2 +y? z

The cable mechanism is acting on distance d, not di-
rectly on joint angle go. d is calculated through:

q1

d= /B + 13+ 20y cosgo (5)

4 Walking, trotting, and galloping with a
compliant quadruped robot

The procedure to generate joint trajectories by recon-
struction from kMPs was presented in Section 2.2. As
anticipated, however, the values of matrix S (in Equa-
tion 1) are generally not known. In the next section
the method adopted to overcome this issue and recon-
struct a valid gait for a quadruped robot from kMPs
is described. Results applying joint trajectories and ex-
periments with walk, trot and gallop gaits at the quad-
ruped robot are reported in Section 4.3. Stability is not
directly being controlled. The proposed method deals
exclusively with kinematic quantities. The gaits gen-
erated, though, were observed to be stable, i.e., the
robot could successfully perform the tested gaits with-
out falling.

4.1 Reconstruction of the foot trajectories

The similarity between kMPs of different horse gaits,
observed in the comparative analysis described in Sec-
tion 2.1, suggests that a unique set of four kMPs is at
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the basis of walk, trot, and gallop gaits. Hence, these
kMPs can ideally be used to reconstruct any of the three
gaits considered, just by varying the values of matrix S
(Equation 1).

Since the values required to reconstruct a specific gait
are not known, however, it was not possible to follow
this procedure. The kMPs extracted from each gait, in-
stead, were used to reconstruct the corresponding gait
for the quadruped robot. PCA was applied on an en-
riched set of trajectories, that includes not only the
joint trajectories, but also the four Cartesian feet tra-
jectories with respect to a frame located in the middle
of the spine. These trajectories are coupled with the
joint trajectories, and it was verified that the kMPs ex-
tracted do not change when this information is added.
In this way, though, the coefficients to reconstruct the
Cartesian feet trajectories of the horse are known. The
reconstructed feet trajectories are then proportionally
scaled down according to the dimensions of the robot.
These trajectories had to be slightly modified to satisfy
the mechanical constraints of the robot. They are first
projected on the sagittal plane, since there is no ad-
duction/abduction degree of freedom in the legs of the
robot. Then their range of motion is further scaled down
to ensure they do not exceed the joint limits. The range
of motion of the legs of the robot, in fact, is smaller than
it is for a horse, and this is mainly because the robot
does not have a flexible spine. The reference positions
for the motors of the robot are then derived from the
foot trajectories with inverse kinematics, as described
in Section 3. In our approach the differences between
the kinematics of the horse and the kinematics of the
robot are not a limitation. What is maintained is the
end-effector (foot) shape. Our method do not require
the robot to have the same kinematics as the horse.
The robot could successfully perform a valid, stable lo-
comotion in all three cases (Figure 9).

4.1.1 Walk gait

Figure 6 shows the foot trajectories for a walk gait
reconstructed from kMPs. It is possible to notice the
symmetry between left and right foot trajectories. The
hindleg foot trajectories, in both cases, have the shape
of a triangle with two rounded angles on the left and
a spike on the right. The foreleg trajectories, instead,
have a shape that reminds of a bean. The range of mo-
tion is also very similar. The gait frequency is main-
tained the same as the original one of the horse walking
at 0.97 Hz.
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Fig. 6 The foot trajectories of the walk gait reconstructed
from kMPs

4.1.2 Trot gait

The foot trajectories for the trot gait reconstructed
from kMPs are shown in Figure 7. The vertical dis-
placement in the forelegs is wider than in the case of
walking. The gait frequency is also higher at 1.59 Hz,
and is the same as that of the horse trotting.
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Fig. 7 The foot trajectories of the trot gait reconstructed
from kMPs

4.1.8 Gallop gait

Figure 8 shows the foot trajectories of a gallop gait
reconstructed from kMPs. The trajectories are less reg-
ular than in the other cases, and the displacement is
wider in both directions. The gait frequency has in-
creased further up to 2.01 Hz, the same frequency of
the horse galloping.
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Fig. 8 The foot trajectories of the gallop gait reconstructed
from kMPs

4.2 Scaling the gaits in frequency

The quadruped robot could successfully perform stable
walk, trot, and gallop gaits at the original frequency.
The performance of gallop though was not satisfac-
tory. High speed video footage indicates that this was
caused by the missing spine movement: while horses
and other mammalian quadrupeds extensively use their
spine at high speed gaits, the robot has a stiff trunk.
The method proposed matches the kinematic features
of both legs and spine motion of the horse with the legs
motion of the robot. The resulting trajectories required
high torques to be tracked, and this led to massive inter-
limb and contact forces that, consequently, caused ma-
jor foot slippage. For this reason experiments described
in this section focused on the walk and trot gaits.

In the gaits reconstructed from kMPs, the decision
had been taken to maintain the same gait frequency as
the original one. The dimensions of the robot, though,
are different from those of the horse whose gait was
used as source data. In the literature Heglund and Tay-
lor (1988) reported on animal locomotion and body size
scaling. They showed that gait frequency is inversely
proportional to the dimensions of the animal itself. For
this reason in following experiments gait frequencies of
walk and trot gaits were increased systematically by
a multiplication factor m = [1 : 0.5 : 3.5]. In case of
trot gait, this resulted in locomotion frequencies be-
tween f = 1.6 Hz — 5.6 Hz. Heglund and Taylor (1988,
page 306, Figure 1F) reported that an animal of approx-
imately equal size (dog, m = 0.96 kg) as the quadruped
robot reached its maximum trot-gait speed at a gait fre-
quency of f = 4.5Hz. We expected a speed maximum
roughly in the same frequency domain.

Right Hindleg Hip
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Fig. 10 The joint trajectory of the right hindleg hip (walk
gait): comparison between horse and robot (reference and
tracked) trajectories. It can be noticed that the robot tra-
jectories have a wider displacement: this is because the robot
does not have a flexible spine. The robot has to compensate
the motion of the spine in the horse with the joints in its legs.

4.3 Results for walk and trot gaits

This section describes results from applying kMPs to
the quadruped, compliant robot. We transferred walk,
trot and gallop gait patterns to the robot, at their ex-
tracted base frequency. Base gait patterns were then
scaled up in frequency, according to the robot dimen-
sions with respect to the size of the horse (Section 4.2).
Extracted kMPs were used to calculate servo trajecto-
ries, by applying inverse kinematics of the correspond-
ing leg, front or hind. Control trajectories for proximal
and distal joints were treated as position control signal,
and sent as such to the position controlled RC servo mo-
tors. Figure 10 shows a comparison between the horse
right hindleg hip joint trajectory, and the same joint
for the robot (both reference and tracked trajectories
are included) for the walk gait. As explained in Section
4.1, the kinematics of the horse and that of the robot
are significantly different, and this results in different
joint trajectories to produce similar foot trajectories. In
particular in can be noticed that the hip trajectory has
a wider displacement robot than in the horse, and this
is because the robot does not have a flexible spine. It
has to compensate the motion of the spine in the horse
with the joints in its legs.

The applied base frequencies for walk and trot were
Jwalk = 0.97Hz and firot = 1.59 Hz, respectively (Ta-
ble 4). We linearly scaled the base frequencies with a
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Fig. 9 Snapshots of walk (top), trot (center), and gallop (bottom) gait on the compliant quadruped robot.
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Fig. 11 Speed versus frequency of three different gaits, run
on the compliant quadruped robot platform. Walking speed
ranged from 0.14 m/s to 0.42m/s, with a speed-maximum at
f = 2.9 Hz. Trotting speed ranged from 0.29 m/s to 0.62m/s,
with its speed maximum at f = 3.8 Hz. For gallop, only the
base-frequency of f ~ 2 Hz lead to a stable gait, with a speed
of v =0.2m/s.

multiplication factor m = [1 : 0.5 : 3.5], and measured
the resulting instantaneous robot speed for all the gaits.

Table 4 Cartesian speed of the robot walking, and trotting

m Swalk ftrot VUwalk Vtrot
1.0 0.97 1.59 0.13 0.28
1.5 1.45 2.39 0.24 0.39
2.0 1.94 3.18 0.29 0.53
2.5 2.42 3.98 0.36 0.59
3.0 290 4.77 040 0.56
3.5 3.39 5.57 0.41 0.42

Walk gait speed Results in Figure 11 indicate that speed
of the robot scaled almost linearly, with the base fre-
quency being scaled up to a locomotion frequency of
f = 2.42Hz. The average robot speed at f = 2.42Hz
was v = 0.35m/s. For two higher frequencies (2.9 Hz
and 3.39 Hz), robot speed still increased. Plots in Fig-
ure 11 indicate that the maximum walking speed was
reached close to the highest applied locomotion fre-
quency of f = 3.39Hz, with v = 0.43m/s, or roughly
2BL/s (body lengths per second).

Trot gait speed The base trot frequency applied (f =
1.59Hz) resulted in an average robot speed of v =
0.26 m/s, or 1.2BL/s. The fastest trot gait frequency
was found at 3.98 Hz, with v = 0.59m/s, or 2.8 BL/s.
Speed of the robot increased mostly steadily until the
maximum speed. The robot speed decreased for any
higher control frequency, down to v = 0.41m/s at f =
5.58 Hz.

Pitch and roll angle phase plots Walk and trot gaits
could be identified by their corresponding phase plots
(e.g. Figure 16b, orange and blue), which changed with
the applied locomotion frequency. Typically, walking
patterns presented themselves with a higher roll than
pitch angle range, compared to those of the correspond-
ing trot gait patterns. This was likely due to the higher
symmetry in trot footfall patterns, compared to walk
footfall patterns. With increasing robot speed, roll and
pitch angles range decreased (Figure 12). As only the
system’s frequency was increased, and no other parame-
ter was altered, it is assumed that this stabilizing effect
is mechanical.
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Fig. 12 Decreasing roll and pitch angle ranges, for increas-
ing robot speed. All combinations for walk and trot, and roll
and pitch are shown. Decreasing roll and pitch angles with
increasing gait frequency indicate self-stabilizing properties
of the applied gait.

5 Transitions between walking and trotting

The walk and trot gaits reconstructed from horse kMPs
were the base gaits for the gait transition experiments
conducted on the robot and reported in this section.
Both the transition from walking to trotting and the
transition from trotting to walking were generated ac-
cording to the method described in Section 5.1. Tra-
jectories obtained were applied on the compliant quad-
ruped robot, and the results are documented in (Sec-
tion 5.2).

5.1 Methodology

The foot trajectories of the four legs (Right Forelimb
- RF, Left Forelimb - LF, Right Hindlimb - RH, Left
Hindlimb - LH) for the walk and the trot gaits, derived
as described in Section 4.1, are resampled to obtain 100
points per gait cycle. For each of the two gaits a ” pivot”
for the transition is identified using Equation (6):

[7.3] = min (d (RFwaie(i), RPrvo (7)) +

+d(LFWalk(i)7LFTTOt(j))+ (6)
+d (RHWalk(i)a RHTrot(j)) +
+d (LHWalk'(i)7 LHTrot(j)))

Pivots indicate those points in the walk and the trot
gaits, respectively, such that the cumulative distance
(among the four legs) between walk trajectory and trot
trajectory is minimal. In Figure 13, foot trajectories
for walking and trotting are plotted together, and the
pivot points of each gait are indicated with a dot. The
transition period was set to take 3/4 of a gait cycle to
be completed: 3/8 of trajectory before the pivot point,
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Fig. 13 The foot trajectories of walking and trotting. The
dot indicates the pivot for the walk/trot transition.
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Fig. 14 The foot trajectories of walk, transition from walk-
ing to trotting, and trot
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Fig. 15 The foot trajectories of trot, transition from trotting
to walking, and walk

and 3/8 of trajectory after the pivot point of each gait
are considered. The walk to trot transition trajectory is
a weighted average of the walk trajectory and the trot
trajectory, with the weight of trot growing linearly from
0 to 1, and the weight of walk decreasing linearly from
1 to 0.
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Fig. 16 Robot gait transition experiments with the three-quarter strategy (Table 5, plots of forward speed versus time and
phase plots of roll and pitch angles. Rows from top to down: frequency multiplier m = [1: 1 : 3]. Left two columns: walk-trot
transition (w-t), right two columns: trot-walk transition (t-w). For each run, instantaneous robot speed and roll-pitch data
are plotted. Data was recored with the help of a motion capture system, which tracked three markers at the robot’s trunk
at f = 240 Hz. Orange trajectories refer to walking gait patterns, green trajectories to gait transition, and blue trajectories
to trot-gait patterns. Visible is a general decrease of pitching and rolling angles at increased robot speed. For low speed gait
transition, instantaneous robot speed briefly drops to zero, less than 200 ms, before it recovers. At higher speed, gait transition
caused less prominent speed drops. In ideal cases (e.g. Fig. 16g and Fig. 16k) no speed drop is visible, gaits were switched with

no speed perturbation to the system.

Walk and trot also have a different gait frequency
that results in a different sampling rate for the respec-
tive trajectories. The transition trajectory, hence, has
a variable sampling rate: in the case of the walk to trot
transition this rate changes linearly from the sampling
rate of the walk to that of the trot. Figure 14 shows the
four foot trajectories during three different locomotion
phases: a complete walk gait cycle, the transition from
walk to trot, and a complete trot cycle. The samples
are also shown. The reference motor positions derived
from these data through inverse kinematics are sent to
the robot at f = 50Hz.

The foot trajectories for the trot to walk transition
are defined in a similar manner, just with the weight of
the walk increasing linearly from 0 to 1 and the one of
trot decreasing linearly from 1 to 0, and the sampling
rate going linearly from the sampling rate of trot to the

sampling rate of walk, i.e., inverting the roles of walk
and trot (Figure 15).

Both types, walk/trot and trot/walk transitions were
tested on the compliant quadruped robot. Experiments
on scaling the gait in frequency were held as well (scal-
ing factor m = [1 : 0.5 : 3.5]). The results of these
experiments are reported in the next section.

5.2 Results robot gait transition

The gait transition characteristics of the robot are an-
alyzed by measuring the range of pitch and roll move-
ments for each gait after reaching steady state, and
during the transition phase. In addition, instantaneous
speed was recorded before, during, and after each tran-
sition. Roll and pitch angle phase plots are shown in
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Table 5 Average transition times (in sec) for three transition
strategies: Our method, No transition, and Not optimal pivot
points. Average was taken over transition times of all multipli-
ers. In average, our proposed method showed shortest transi-
tion times. Trot-walk transitions of the no-transition strategy
had a tendency to produce non-stable walking gait patterns,
with increasing pitch and roll angles (transition times only
shown for stable runs).

Strategy Walk-Trot  Trot-Walk
Our method 1.2 1.3
No transition 1.7 1.5
Not optimal pivot points 14 1.3

Figure 16. Phase plots in Figure 16 are colored accord-
ing to the commanded gait patterns, blue for trot gaits,
orange for walking gait patterns, whilst green lines in-
dicate transition times. The identical color coding was
chosen for speed plots. Gait transitions were identified
and marked manually by placing start and end with the
help of the speed plots, as a first rough approximation.
We then used phase plots and characteristic shapes of
walk and trot phase patterns to more precisely separate
transition times from steady gait locomotion. Qualita-
tive plots are shown in Figure 16.

Frequency multiplication resulted typically in an in-
crease in robot speed from walk to trot. All walk-trot
and trot-walk gait transitions on flat ground were run
successfully: the robot never stumbled nor fell. How-
ever, not all gait transitions worked equally well. One
can see this by observing transition times and instan-
taneous transition robot speed (Figure 16). Typically,

transitions went more smoothly with higher robot speed.

In those cases transition happened more swiftly, and
with less speed drop. Independently from the “direc-
tion” of the gait transition, stable patterns typically
emerged after a transition time of roughly ¢t = 1.2/1.3s.

A supplemental analysis was then performed to ver-
ify the effectiveness of our proposed method. The per-
formance of the transitions (for both walk to trot and
trot to walk, with frequency scaling factor from 1 to
3.5) as described in Section 5.1 in terms of transition
time was compared to i) the “no transition” case, with
a sudden switch from one gait to the other, and to ii)
the case with a transition that happens around pivot
points that are not optimal. For the latter we set as
transition pivots those points in the walk and trot gaits
such that the cumulative distance among the four legs
between walk trajectory and trot trajectory is maximal,
i.e., in this case Equation (6) is modified substituting
min with maz.

The gait transition took 26 % longer for the “no tran-
sition” strategy, compared to our proposed transition
method. In the second case (non-optimal pivot points),

the transition time was 9 % longer. This indicates that
the choice of good pivot points improves the quality of
the gait transition (Table 5).

6 Conclusions

Horse kinematic Motion Primitives (kMPs) were ex-
tracted by applying PCA to the joint trajectories de-
rived from motion capture data of horse locomotion. A
comparative analysis, whose results are reported in Sec-
tion 2, showed that a set of four kMPs, that together
account for about 97% of variance, underlie the different
horse gaits considered: walking, trotting, and galloping.
This suggests that horses are capable of generating a
vast variety of complex motions that are in fact based
on a low dimensionality set of open-loop control signals,
hence reducing the complexity of the coordination and
control of the four limbs during locomotion.
The kMPs extracted were then used to generate horse-
like trajectories that were tested on a small quadruped.
Using these gait profiles it was shown that the robot
could successfully walk, trot, and gallop. The walk and
trot gaits generated by reconstruction from kMPs were
scaled in frequency (up to factor 3.5) to account for the
smaller size of the robot compared to a horse, and the
results of walking/trotting at higher frequencies were
collected. In particular, the performance of the robot
in terms of Cartesian velocity was evaluated in the dif-
ferent cases.
Finally, a gait transition strategy was proposed. The
walk to trot transition and the trot to walk transition
were successfully tested on the quadruped robot.

The main aims of the research presented in this pa-
per were:

1. Get a better understanding of horse locomotion.
The extraction of the kinematic Motion Primitives
(kMPs) and the considerations on their nature are
the results of this analysis.

2. Apply what has been learned from the analysis of
horse locomotion to synthesize horse-like trajecto-
ries for quadruped robots. Walk, trot, and gallop
gaits were generated and tested, and a transition
strategy was proposed and tested, as well.

This research can be classified with the works in the lit-
erature that take inspiration from biology to generate
motion for robots. Primitives are a possible solution.
Another method that is widely adopted, and that is re-
lated to Primitives, is to use CPG. Primitives can be
considered as the effect of CPG, observed at the level of
muscles (Motor Primitives (MPs) extracted from EMG
signals), or at the level of the kinematics (kinematic
Motion Primitives (kMPs) extracted from joint angle
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trajectories). The method proposed in this paper uses
kMPs to directly transfer the biological features of horse
locomotion to the robot, that could successfully per-
form the gaits tested.

As a possible extension to this work, other transi-
tion criteria will be verified, and their performance will
be compared to the results achieved with the method
proposed in this paper. New tests of gallop will be per-
formed, as well, with an increased friction between the
feet and the ground to try to reduce the slippage ob-
served when the robot is reproducing fast motions.
The nature of matrix S (Equation 1) will be further in-
vestigated, in order to allow a direct joint trajectories
generation from kMPs.
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