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1 Introduction

Many-legged animals, such as centipedes and milli-
pedes, can walk effectively by coordinating their body and
limb motions. Such body-limb coordination patterns dif-
fer depending on the species and locomotor speed [1]. For
example, house centipedes and millipedes move by propa-
gating a posterior—anterior wave of leg movements, called
a direct-wave gait, with little body undulation. By con-
trast, certain species of centipedes (e.g., Scolopendra sub-
spinipes mutilans) locomote by propagating an anterior-
posterior wave of leg movements, called a retrograde-wave
gait, and they additionally employ a wave of trunk move-
ment coordinated with the leg movements as their locomo-
tion speed increases [2].

Thus, it is essential to determine whether certain com-
mon control principles underly the various body—limb coor-
dination patterns in many-legged locomotion. Understand-
ing such control principles would facilitate the design of
simple and functional controllers for multi-legged robots
and deepen our understanding of biological locomotor cir-
cuits in animals. Previous studies that focused on the coor-
dination patterns between legs proposed mathematical mod-
els that could reproduce one or multiple specific gaits of
myriapods in simulations and robots [3-5]. However, the
essential control principle that explains the versatile loco-
motor patterns, including body-limb coordination, remains
unclear.

To address this issue, we reconsidered the coordination
mechanism of the trunk and limbs for effective propulsion
from a physical viewpoint and proposed simple decentral-
ized control mechanisms for the local body segment. Pre-
liminary simulation results indicated that our single control
principle could explain two distinct body—limb coordina-
tion patterns: direct-wave gait without body undulation and
retrograde-wave gait with body undulation.

2 Model

2.1 Overview of the mechanical system

We  constructed a  two-dimensional  physical
model of myriapods on a horizontal plane using a
mass—spring—damper system (Fig. 1a). Each body segment
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Figure 1: Schematic of the physical model: (a) overview of the
body structure, (b) magnified view of a single body seg-
ment, and (c) linear actuators for body bending move-
ment.

has a pair of legs, and the base is connected to the trunk with

a rotational actuator to generate leg movement (Fig. 1b).

The trunk is connected to the adjacent body segments via

linear actuators implemented at the left and right sides of

the body; this mechanism replicates the bending movement
of the body (Fig. 1c).

The leg and body actuators generate torques and forces
to achieve the target positions based on proportional-
derivative control. Specifically, a phase oscillator was used
for each leg (Fig. 1b), and the leg position was controlled
according to the oscillator phase. The leg was assumed to
be in the swing or stance phase when the oscillator phase
was between 0 and 7 or between 7 and 2. Dynamic fric-
tional forces from the ground acted on the leg tips during the
stance phase.

2.2 Proposed control principles

To understand the common control principle underly-
ing the versatile body—limb coordination patterns in many-
legged locomotion, we hypothesized the following: (1) Dur-
ing any gait, the trunk and limbs are in a coordinated mo-
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Figure 2: Schematic of the sensory feedback from body to limb.
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Figure 3: Schematic of the sensory feedback from limb to body.

tion to avoid losing the propulsive force obtained by the leg
movement from the environment. (2) The body—limb coor-
dination is established through bidirectional sensory feed-
back between the trunk and limbs. Here, we briefly explain
the hypothesized control principles for the leg and body
movements.
Leg control

The time evolution of the oscillator phase for the right
((j)R) and left legs ((])L) is determined as follows:

o = @+ orATicosof, (1)

1

¢F = o-—orATicos¢f, )

1

where @ denotes the intrinsic angular velocity, or denotes
the positive constant, and A7; denotes the rotational force
acting on the ith body trunk. The second terms on the right
side of Eqs. (1) and (2) represent the proposed sensory feed-
back. As shown in Fig. 2, when the trunk rotates in the
clockwise direction (AT; < 0), the sensory feedback causes
the right leg to stay in the stance phase (q),-R — 37”), whereas
the left leg tends to stay in the swing phase (q)iL — 2). Thus,
this sensory feedback enables the local body segment to ef-
fectively propel itself forward.
Body control

The target length of the (i + 1)th linear actuator (l_f:r ! )

is determined as follows (The suffix ‘P’ denotes the left or
right side of the body):

l_il = I, — B max|0, tanh(yN?)], 3)
)

where 1, is the natural length, 8 and  are the positive con-
stants, and Nl-‘D denotes the frictional force detected at the
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Figure 4: Simulation results: (a) B = 1.7 x 10~#[m], (b) B =
1.7 x 1073[m]. The blue arrows indicate the propaga-
tion of the leg waves.

ith leg tip. Equation (3) indicates that the ipsilateral linear
actuator immediately below the leg base contracts when the
leg detects propulsive friction (N* > 0) (Fig. 3). Thus, this
sensory feedback can cause trunk rotation in the effective
direction for propulsion.

3 Simulation results

To test our proposed model, we first performed simula-
tions using different values of 3, the magnitudes of the limb-
to-body feedback, and observed the locomotor patterns that
emerged. The other parameter values were as follows: ® =
25.0[s7'], or =2.7 x 103kg"'m~!s], I, = 6.8 x 1073[m],
y=15.0 x 107!, All the oscillator phases of the legs were
set randomly in the initial condition. As shown in Fig.
4, a direct-wave gait with little body undulation emerges
when S is small (8 = 1.7 x 10~#[m]), whereas a retrograde-
wave gait with body undulation emerges when 3 is large
(B = 1.7 x 1073[m]). Thus, the proposed control princi-
ple could generate two distinct body—limb coordination pat-
terns. In the future, we will investigate whether other body—
limb coordination patterns can be reproduced using different
control parameters.
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