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1 Introduction

Quadrupeds have obtained an asymmetrical body shape
along the cephalocaudal (head—to—tail) direction through
evolution; this has helped them achieve adaptive and effi-
cient locomotion. For example, cursorial quadrupeds, such
as cats and horses, have different connectivities to the trunk
between the fore and hindlimbs. The hindlimbs connect to
the pelvis through deep ball-and-socket joints, and these se-
cure connections can efficiently translate the reaction force
from the ground to the entire body. In contrast, forelimbs
connect to the chest through several muscles, and these flex-
ible connections allow the quadruped to immediately adapt
to changes in the environment. Understanding the function-
ality of these asymmetrical morphologies can aid in the es-
tablishment of a new robot design that differs from modern-
day quadruped robots [1].

Biological studies have measured the flexibility of
quadruped forelimbs during various tasks. Carrier et al.
elucidated that the shoulder region muscles allow a dog to
conserve the forelimb’s motion despite various perturba-
tions, for example, additional body weights, external forces,
and ground level inclinations [2]. Zhang et al. measured
the landing of cats from elevated places and showed that
their forelimbs play an essential role in absorbing the im-
pact at the landing moment [3]. Although the aforemen-
tioned studies suggest that the flexibility of the shoulder
region contributes to the adaptive locomotion of the curso-
rial quadruped, it is challenging to extract useful anatomical
characteristics owing to the complexity of the quadruped’s
musculoskeletal system.

To understand the functionality of a quadruped’s fore-
limbs, we developed a simple robot model inspired by the
flexible connections in proximal joints. The developed robot
showed that the flexibility in the forelimb’s base reduced the
mechanical load upon landing from an elevated location [4].
Furthermore, the robot in the simulation demonstrated that
the passive translational motion of the forelimb base recon-
ciles the conflicts between the fore and hindlimb motions
through the trunk, resulting in efficient walking [5]. We
also conducted simulation experiments to assess the con-
tribution of the robot’s flexible shoulder during a galloping
gait, which has a typical asymmetrical running pattern.
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Figure 1: Mass-spring-damper system of a quadruped robot
with a hammock structure

2 Model

In the shoulder of the cursorial quadruped robot, the
forelimbs sling up the chest through the use of several mus-
cles to support the body weight, similar to a hammock; this
robot therefore has a shoulder hammock structure. For ex-
ample, the ventral serratus muscles sling up the trunk from
the forelimb’s basement, that is, the scapula. Furthermore,
the trapezius muscle modulate the horizontal motion of the
forelimbs in response to perturbations. These flexible con-
nections in the shoulder allow the forelimb base to move
rotationally and translationally in the sagittal plane [6].

Based on the anatomical structure of the proximal joints
of quadrupeds, a simple quadruped robot model is herein
proposed as a mass-spring-damper system in the sagittal
plane (Fig.1). The robot consists of a rigid trunk, two fore-
limbs, and two hindlimbs. Each limb connects with the
trunk through a hammock structure using vertical and hor-
izontal springss and dampers connect the limb’s base and
trunk. The base of the limb can move passively in the sagit-
tal plane. By changing the spring and damper coefficients,
K\f(()}r‘e;(hlnd) and D\f/(z;e)(hmd)
and rigid connections, such as those in the shoulder and hip
regions of quadrupeds. Here, the indexes fore and hind rep-
resent the fore and hind limbs. The indexes v and h, rep-
resent the spring and damper located along the vertical and
horizontal directions, respectively.

, the limb base can realize flexible
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Figure 2: Deformation of the forelimb’s base of the galloping quadruped robot with a flexible shoulder hammock structure.

In this study, the galloping motion of a robot with intra
and inter-limb coordination was designed. Regarding intral-
imb coordination, a rotary actuator in the shoulder(hip) joint
and a prismatic actuator in the ith limb coordinate such that
the limb under consideration could follow a specific foot tra-
jectory, which was an ellipse. Here, the index i identifies the
limbs: i = 0,1 for forelimbs and i = 2,3 for hindlimbs. To
generate the running patterns of the galloping gait, interlimb
coordination with phase differences between the limbs was
designed. The details of the model involving the interaction
between the robot and the ground are described in a previous
study [5].

3 Simulation

To evaluate the effects of the flexible shoulder, a run-
ning simulation of the robot with a galloping gait was con-
ducted. To realize the galloping gait, a specific phase differ-
ence was set between the limbs: ¢; — @p = 0.3, ¢ — ¢pg =
0.5, ¢35 — ¢p = 0.8, where the phase of the ith limb described
one stride motion from 0.0 to 1.0. The locomotor frequency
was set at 2.3 [Hz]. To realize a flexible connection in the
shoulder and a rigid connection in the hip, a low spring con-
stant was set for the forelimb base (K[ = Ko = 102),
and a high spring constant was set for the hindlimb base
(Kilind = Klﬁ‘i“d = 10°%). The other parameters were set
heuristically.

The running robot showed different behaviors of the
flexible shoulder during the stance phase of the trailing fore-
limb (the first touchdown forelimb) and the leading forelimb
(the second touchdown forelimb). The base of the forelimb
showed a large deformation during the trailing forelimb’s
stance phase and a smaller deformation during the stance
phase of the leading forelimb (Fig.2). This was because
the height of the chest was lower during the stance phase
of the trailing forelimb than that of the leading forelimb dur-
ing the same phase(Fig.3), and a large ground reaction force
(GRF) was observed with the trailing forelimb. In contrast,
the bases of the hindlimbs did not exhibit any deformations
due to the rigid proximal connection, and a larger gap in the
GREF occurred in the hindlimbs than in the forelimbs. These
results suggest that the flexible connection in the forelimbs
may reduce the load discrepancy due to the asymmetrical
ground contact.

4 Conclusion and future work

In this study, multiple simulations of the galloping of a
quadruped robot with a flexible shoulder hammock structure
were conducted. The results suggested that the flexibility
in the shoulder region may reconcile the differences in the
load between the trailing and leading forelimbs in the case
of asymmetrical quadruped running.
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Figure 3: Ground reaction force of (a) forelimbs and (b)
hindlimbs. (c) Vertical displacement of the body parts and
the center of mass(COM).

For future studies, the effect of asymmetrical and sym-
metrical stiffness properties on the shoulder and hip joints
will be evaluated in various real world locomotor tasks,
such as, walking, running, and jumping by using a devel-
oped robot [4]. In addition, a control mechanism will be
developed to adjust the stiffness of the shoulder according
to the physical condition of the robot.
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