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1 Introduction
Centipedes (Scolopendridae) change their body-limb

coordination adaptively in response to the locomotion speed
[1]: During slow-speed walking, they propagate leg density
waves posteriorly along the body axis with the body trunk
kept almost straight. On the other hand, as the walking
speed increases, they exhibit traveling waves of body bend-
ing combined with leg motions. Understanding the control
mechanisms underlying such an adaptive body-limb coor-
dination will lead to development of highly adaptive multi-
legged robots that can flexibly coordinate many degrees of
freedom in their body as well as contribute to biology.
　 Several studies in the field of biology [1, 2] and robotics
[3] investigated the mechanism of centipede walking in re-
lation to the body undulation. Anderson et al. indicated
through electromyogram measurements that centipedes ac-
tively bend the body trunk during faster walking [2]. In
contrast, a robotic study suggested that the body undulation
could emerge even when the body segments were connected
only with passive joints [3], though the observed coordina-
tion between leg motions and body undulation was different
from that of real centipedes. Therefore, the essential control
mechanism for body-limb coordination in centipedes still re-
mains elusive.
　 To address this issue, we employ a synthetic approach
wherein we build a mathematical model based on hypothe-
ses and validate it by examining the produced behavior in
simulations. Here, we propose possible control mechanisms
for body-limb coordination in centipedes based on the fol-
lowing working hypothesis: Centipedes actively bend the
body trunk to achieve longer strides in faster walking, and
bilateral sensory feedback between the leg and body trunk
plays a crucial role for generating adaptive body-limb coor-
dination. To validate the model, we conducted physical sim-
ulations with a centipede-like robot and succeeded in repro-
ducing qualitatively the same gait transition from low-speed
to high-speed walking.

2 Model
The centipede body is described in a 3D physical model

and it consists of N segments (Fig. 1). In each seg-
ment, a pair of legs attached to the body trunk can move in
forward-backward and upward-downward directions. Rota-
tional joints in the yaw direction are implemented between

Figure 1: Schematic of the model

Figure 2: Relationship between the leg trajectory and oscil-
lator phase

the segments. A phase oscillator is implemented in each leg,
and the target positions of leg-tips are determined according
to the oscillator phase. Specifically, the leg tends to be in
the swing and stance phases when the oscillator phase is be-
tween 0 and π , and between π and 2π , respectively (Fig. 2).
　 The time evolution of oscillator phases at ith leg in the
left and right side are described as follows:
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where ω is the intrinsic angular frequency and a,σ1,σ2 and
σ3 are positive constants. NL

i and NR
i are ground reaction

forces detected at the ith leg in the left and right side, re-
spectively. θi− 1

2
is the bending angle in the yaw direction

between the (i − 1)th and ith body segment. The second
term in the right-hand side of Eqs. (1) and (2) is a sensory
feedback rule proposed in our previous study [4] and pro-
duces leg density waves propagating posteriorly. The third



(a) Sensory feedback from body to leg

(b) Sensory feedback from leg to body

Figure 3: Schematic of the proposed sensory feedback
mechanism.

term in the right-hand side of Eqs. (1) and (2) is a sensory
feedback from the body trunk to the leg. As shown in Fig.
3(a), the term works such that the oscillator phase of the leg
at the concave side of body trunk converges to 3π

2 , which
means that the leg tends to be in the stance phase.
　 Next, the torque generated to bend the body trunk is con-
trolled as follows:
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where k,σ4,ρ are positive constants. The first term in the
right-hand side of Eq. (3) is the curvature derivative control
proposed in the study of snake-like slithering locomotion [5]
and produces posteriorly traveling waves of body bending.
The second term in the right-hand side of Eq. (3) is a sen-
sory feedback from the leg to the body trunk. As shown in
Fig. 3(b), it works such that when the left/right legs are on
the ground, the body trunk behind the legs bends to form
a concave shape at the left/right side. In sum, we expect
that the bilateral sensory feedback between the leg and body
trunk (Fig. 3) realizes longer stride for effective propulsion.

3 Simulation Results
We performed simulations to validate the proposed con-

trol scheme by using Open Dynamics Engine [6], a 3D
physics simulator. The parameter values employed in the
simulations were as follows: ω = 7.5[s−1], a = 8.0[s−1],
σ1 = 1.1[kg−1m−1s], σ2 = 1.1[kg−1m−1s], σ3 = 14.0[s−1],
σ4 = π

5 , ρ = 1.0. The value of parameter k in Eq. (3) was
altered in each experiment to change the magnitude of body
bending in reference to the biological finding [2]. As shown
in Fig. 4, the simulated centipede robot increased the lo-
comotion speed and exhibited adaptive body-limb coordina-
tion as the value of parameter k increased. The result was
good match to the behavior observed in real centipedes.
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