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On the role of the leading limb in quadrupedal turning
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1 Introduction

Frequent and rapid directional changes are crucial for
quadrupeds exposed to predator-prey relationships. Preys
evade by frequently altering their direction when being pur-
sued by predators. Predators also adjust their direction in
response to the maneuvers of the prey [1]. A comprehensive
understanding of the mechanisms that underlie directional
changes at such high speeds would not only contribute to
the understanding of the biology of quadrupeds, but also aid
in the development of legged robots that can perform rapid
changes in direction.

Many quadrupedal mammals use a four-beat asymmet-
ric gait called gallop to move at the highest speed. Interest-
ingly, the galloping quadrupeds exhibit a specific limb co-
ordination of the forelimb pair along the direction of turn-
ing(Fig. 1(a)) [2]. The external forelimb first touches the
ground (trailing limb), followed by the internal forelimb
(leading limb). The pattern of forelimb coordination ac-
cording to the direction of turning is commonly observed
in various galloping patterns, such as transverse and rotary
galloping [3]. In addition, the “lead change” is the transition
between the footfall sequences of the right and left leads
(Fig. 1(b)), which occurs when the direction of movement
is changed [4].

Despite the findings of the “lead change” phenomenon,
the underlying control mechanisms remain unexplored.
Smith et al. developed a quadruped robot with no external
sensors and demonstrated that the robot rotated in an asym-
metric gait with a rotary gallop [5]. However, the mecha-
nism that causes the directional change remains unclear.

This study aims to present a better understanding of the
control mechanism of adaptive lead changes and directional
turns. As an initial step, we developed a simulation platform
and validated our hypothesis. The hypothesis is that the
quadrupeds automatically turn in the direction of the leading
foot without any presumed directive from a higher level in
the asymmetric gait similar to the gallop. As a result, when
the lead change was made with no feedback, the direction
was changed to the side with the leading limb.

2 Model
2.1 Mechanical system

Figure 2 illustrates the overall configuration of the
model, which consists of four legs with an identical structure
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Figure 1: Behavior of quadrupeds in turning. (a) Both
horses and cheetahs use the internal forefoot as a lead when
turning in a canter or gallop. (b) "Lead change” indicates
switching the leading foot from left to right.
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Figure 2: Schematic of the model.

and a rigid trunk without degrees of freedom. The model
was assumed to be a small mammal with a body length of
0.35 m, leg length of 0.21 m, and a total mass of 2 kg. Each
limb has two actuators: one prismatic actuator at the knee
joint and one rotary actuator at the hip joint. A passive
spring was positioned between the limb basis and trunk.

2.2 Control system

Each limb has a phase oscillator; the phase of oscillator
¢; describes the periodic stride motion of the ith limb (i=LF:
left forelimb, RF: right forelimb, LH: left hindlimb, RH:
right hindlimb) (Fig.2). The time evolution of the oscillator
phases at the ith leg are described as follows:

(i)' _ {wswing (if
(A .

a)stance (lf
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where @ying and Oy ance are positive values in the swing and
stance phases, respectively. The target angle of the hip joint
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6, and the target length of the knee joint L; are described as
follows:

6; = 677 + 6™Psingy, )

Li = Lt 4 [P cosg;, 3)

where Olf’ﬂ S and @9 are the offset angles of the trajectory
and amplitude angle, respectively. L%%¢’and L“"P are the

offset and amplitude length, respectively.

The phase relationship between each foot was estab-
lished assuming that the left and right feet of both the front
and rear pairs were in phase. Furthermore, the phase differ-
ence between the front and rear pairs was determined based
on the observed behavior of actual animals.

2.3 Gait pattern

We used a symmetrical bound gait as a basis, where the
left and right limbs were in phase, instead of a transverse
or rotary gallop. Subsequently, we examined the effect of
implementing left-right asymmetry in the phase or trajectory
of the forelimbs upon movement.

In this study, we assumed a symmetrical phase relation-
ship between the left and right limbs and introduced asym-
metry in the leg movement. Specifically, we set different
trajectories by providing varying offset angles for the right
forelimb (RF) and left forelimb (LF), considering the fol-
lowing two control modes: left-lead and right-lead. For the
left-lead mode, we set the offset angles as (872", 92"y =
(@lead grraily glead gtrail are the offset angles intended for
the leading and trailing feet, respectively. In contrast, for the
right-lead mode, we set the offset angles as (620" 92"y
= (9"l glead)  As @'eed is greater than 60" the leading
limb extends farther forward than the trailing limb. In both
modes, the hindlimbs are set to the same offset angle, that
is, Ogy = O,y = 6" In this study, glead  gtrail anq ghind
were set as 15.0, 0.49, and -15.0 degrees, respectively.

3 Result

This study aims to investigate the effect of the leading
limb on the direction of turning. We conducted a 3D simula-
tion using the open dynamics engine [6]. First, we created a
bound gait without feedback by fixing the initial phase. We
then created a half-bound gait by separating the forelimbs
into the leading and trailing limbs; the left- and right-lead
modes were switched periodically.

Figure 3 demonstrates where the offset angle of the fore-
limbs alternates between left and right over time. The direc-
tion of movement turns toward the leading limb, resulting in
a trajectory resembling a slalom.

4 Conclusion

In this study, we created a platform as the first step to-
ward understanding the control mechanism of the leading
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Figure 3: Trajectory of the center of mass of the robot trunk
during the running simulation. Depending on changes in
the offset angles Blfﬂse', the robot changes the direction of
motion between left and right.

limb and turning. We observed that during a half-bound
gait with the leading limb created by changing the offset an-
gle of the forelimbs, the movement turns toward the leading
limb. In the future, we plan to investigate why the movement
turns toward the leading limb and verify the conditions un-
der which the lead change can be smoothly performed with-
out crashing.
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