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1 Introduction

Snakes exhibit versatile locomotor patterns, such as lat-
eral undulation, concertina locomotion, sinus-lifting, and
sidewinding in response to their environment [1]. Clarify-
ing the control mechanisms underlying such adaptive lo-
comotion in snakes will help us develop functional robots
that can move in complex environments, such as rough ter-
rain in disaster areas. However, many previously developed
snake-like robots were designed to produce specific loco-
motor patterns [2], and as such, control principles for gen-
erating situation-dependent locomotor patterns still remain
elusive.

To tackle this problem, we previously proposed a de-
centralized control scheme with local sensory feedback
based on Tegotae [3], which is a Japanese concept that de-
scribes how well a perceived reaction matches an expecta-
tion. Using simulations [3] and a real physical robot [4],
we demonstrated that qualitatively different locomotor pat-
terns in snakes, i.e., concertina locomotion in a narrow aisle
and scaffold-based locomotion on terrain with pegs, can
be reproduced without changing any control parameters.
Although these results highlighted our progress in under-
standing the control principles underlying snake locomo-
tion, there exist some adaptability limitations in the con-
trol scheme. Specifically, when the robot attempts to move
across different environments, e.g., narrow aisle and terrain
with pegs, it sometimes fails to move forwards due to con-
flict between local sensory feedback in different body parts.

In this study, we aimed to extend our previous control
scheme to improve its adaptability to environmental changes
during locomotion by addressing the above-mentioned lim-
itation. Specifically, we introduced an adjustment function
for local feedback gain in response to the reaction force from
the environment. Finally, the proposed control scheme was
validated through simulations.

2 Model

2.1 Physical model

The snake body was simply modeled by a mass-spring-
damper system, wherein mass points are connected one-
dimensionally via parallel combinations of a spring and
damper (Fig. 1). Each body segment can actively bend in
the yaw direction with a rotational actuator implemented at
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Figure 1: Schematic of the physical snake robot model.

each mass point. Friction between the body mass and en-
vironment was modeled based on the frictional properties
of real snakes, where the coefficient of Coulomb friction in
the forward-backward direction (i) is lower than that in the
lateral direction () [S].

2.2 Control scheme

We designed a decentralized controller for generating
body motions, except that the most anterior body segments
were controlled by a motor command from a higher-level
controller. The target joint angles of each body segment
were defined as follows:
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where «, ng, np, my, and m, are positive integers that deter-
mine the feedback range, and a4y, @min, b, and c are positive
constants. 7; denotes the torque generated at the ith segment,
and F,,,; denotes the vector of reaction force from the envi-
ronment detected at the ith mass point. & ; and é,; are unit
vectors in the axial and lateral direction, respectively. The
first term on the right-hand side of Eq. (1) represents the
curvature derivative control [6], where torques proportional
to the derivative of the body curvature are generated such
that undulatory waves propagate from the head to the tail.
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Figure 2: Schematic of the Tegotae-based control for snake
locomotion when the body obtained (a) good Tegotae and

(b) bad Tegotae.
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Figure 3: Schematic of the adjustment function of local
feedback gain (0;) depending on the reaction force (7;).

The second term on the right-hand side of Eq. (1) rep-
resents a sensory feedback based on Tegotae [3], which is
defined as the product of the torque, i.e., intended action,
and reaction force. The effect of this sensory feedback is il-
lustrated in Fig. 2. When the body generates torque to bend
leftward, reaction force from the right matches an expec-
tation that the body obtains scaffold from the environment.
Then, the feedback leads to further torque generation, thus
increasing the reaction force (Fig. 2a). In contrast, when
the body generates torque to bend rightward, reaction force
from the right is against the expectation of obtaining scaffold
from the environment. Then, the feedback generates further
torque such that the undesired reaction force decreases (Fig.
2b).

Egs. (2) and (3) represent the sensitivity adjustment
function of the Tegotae-based feedback, which is newly pro-
posed in this paper to prevent conflict between the feedback
working at different body parts. A schematic of this func-
tion is shown in Fig. 3. When a body part detects reaction
force from the environment in the forward direction along
the body axis (7; > 0), the local feedback gain o; takes a
higher value to further exploit the propulsive force. In con-
trast, when a body part detects reaction force in the back-
ward direction along the body axis (7; < 0), o; takes a lower
value so as not to impede the current effective propulsion.

3 Simulation result
We performed simulation experiments to validate the
proposed control scheme in the case of the snake-like robot
moving from a narrow aisle to terrain with many pegs. The
parameter values employed in the simulations were as fol-
lows: N=50, a=1.0x10"% n,=1,n,=3, my =35,
mp =35, amax = 0.5, apin = 0.1, b =0.01, ¢ =200.0, y, =
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Figure 4: Simulation results (a) without and (b) with ad-
justment of feedback gain in our Tegotae-based controller.
Black-colored segments indicate the body parts where the
local feedback gain o; shifted to a lower value.

0.1, and u, =0.5.

First, we simulated the previous model by fixing the gain
value of Tegotae-based feedback (o; = 0.5). As shown in
Fig. 4a, sometimes the robot became stuck temporarily and
could not move forwards effectively. This is mainly due to
the conflict between the Tegotae-based feedback working at
each contact point with the side wall and pegs. In contrast,
our newly proposed model could realize spatio-temporal
modulation of the local feedback gain in response to the re-
action force (Fig. 4b), generating a smooth transition from
concertina locomotion in the narrow aisle to scaffold-based
locomotion on the terrain with pegs. Thus, our proposed
model is expected to enhance the adaptability of snake-like
robots in various environments. Quantitative evaluation of
the locomotor performance with our model remains as fu-
ture work.
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