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Abstract—Snakes change their gait patterns according
to the circumstances encountered. The objective of this
study was to understand the decentralized control mech-
anism underlying this adaptive and versatile locomotion
via modeling and simulations. We introduced a three-
dimensional effect to the curvature derivative control pro-
posed previously and demonstrated through simulations
that various gait patterns can be reproduced via only a
change in a small number of parameters.

1. Introduction

Snakes can move by adapting to their environment in real
time, in spite of their simple body structure. They have var-
ious gait patterns that are qualitatively different from each
other, e.g., lateral undulation, concertina locomotion, and
sidewinding (see Fig. 1 and details in Sec. 2) [1, 2], and use
these gaits appropriately according to the current circum-
stances encountered by changing the contact points with
the ground spatiotemporally (Fig. 2). This ability has been
honed by evolutionary selection pressure, and it is likely
that there are ingenious mechanisms underlying this be-
havior. Clarification of these remarkable mechanisms will
benefit the development of robots that function well, even
in harsh environments such as disaster areas.

Thus far, the mechanism of snake locomotion has been
investigated and also exploited for practical applications in
robotic fields [1, 2]. However, most of these robots worked
in pre-defined environments and could only exhibit spe-
cific types of gait patterns. Several snake-like robots imple-
mented sensory feedback mechanisms to adapt to their en-
vironments [1-4]; however, this adaptability was still lim-
ited, and they could not truly reproduce the innate behavior
of real snakes. Thus, the mechanism of adaptive, versatile
snake locomotion has not yet been truly understood.

To overcome this problem, we focused on autonomous
decentralized control because it imparts non-trivial macro-
scopic behavior or functionalities, e.g., adaptability and
versatility, through the coordination of simple individual
components. We modeled snake locomotion on the basis
of “curvature derivative control,” [5] in which the target an-
gle of each joint is determined according to the angle of its

anterior joint, and showed that this control scheme works
effectively in producing adaptive behavior [6]. However,
our previous model could not reproduce gait patterns other
than lateral undulation.

In this study, our aim was to understand an autonomous
decentralized control mechanism underlying various gait
patterns of snakes. For this purpose, we first observed and
classified the gait patterns of real snakes, and we then intro-
duced a three-dimensional effect to the curvature derivative
control. The three-dimensional effect causes the ground
contact not to be uniform over the entire body, which al-
lows the gait patterns to change drastically. The validity
of the proposed control scheme is investigated via simula-
tions, and the results show that versatile gait patterns can
be reproduced via only a change in a small number of pa-
rameters.

2. Classification of gait patterns

Although various gait patterns of snakes are known [1,
2], previous classifications of gait patterns are somewhat
inconvenient for explaining the simulation results in this
paper. Thus, we reclassified the gait patterns on the basis
of detailed observations and behavioral experiments. The
classifications are summarized in Table 1 and Fig. 1. The
typical photographs and spatial distributions of the ground
reaction force are shown in Fig. 2.

We identified six distinct gait patterns: lateral undulation
(LU), sinus-lifting locomotion (SL), sidewinding (SW),
concertina locomotion (CT), rectilinear locomotion (RL),
and center-lifting locomotion (CL). To the best of our
knowledge, the observation of CL in a real snake has not
been reported, although it has been reported as a gait pat-
tern of a snake-like robot [7].

All the species we observed (Ovophis okinavensis,
Cerastes vipera, Eunectes notaeus, Elaphe climacophora,
and Bitis arietans) could move by properly adjusting their
gait patterns in response to their environment. Gait patterns
that could not be classified clearly, e.g., the intermediate be-
tween LU and SW, were also often observed. These facts
suggest that the gait patterns are not completely indepen-
dent but are connected to each other continuously.
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Table 1: Gait patterns of snakes.

’ Gait pattern \

Characteristics

Lateral undulation (LU)
curve.

The body contacts the ground almost uniformly and moves by gliding along the body

Sinus-lifting locomotion (SL)

The body contacts the ground around the inflection point of the body curve and moves
by gliding along the body curve. This gait is more efficient than LU.

Sidewinding (SW)

The body anchors the ground between the left (right) flexion parts to their adjacent right
(left) flexion parts and moves laterally by exploiting the anchor points.

Concertina locomotion (CT)

The motion is carried out by first pulling the caudal part forward with the cranial part
anchored, followed by the extension of the cranial part with the caudal part anchored.

Rectilinear locomotion (RL)

ventral skin contracts.

The motion is carried out by propagating a wave of contraction and expansion of
the ventral skin toward the posterior. The body anchors the ground at the points where the

Center-lifting locomotion (CL)

anchor points.

The body anchors the ground at the flexion parts and moves backward by exploiting the

Almost Uniform Grounding

Lateral undulation (LU)

Time

Time ‘ Concertina locomotion (CT)(Flat terrain) ‘

Sinus lifting (SL)

‘Concen‘ina locomotion (CT)(narrow space) ‘

Sidewinding (SW)

Center lifting (CL)

Time

Side view

= L |:|'> \:>:Movingdirection

<_>: Anchor points

Rectilinear locomotion (RL)

Figure 1: Schematics of snake gait patterns.

3. Model
3.1. Musculoskeletal structure

We describe the musculoskeletal system by a simple
mass—spring—damper model in a two-dimensional plane
(Fig. 3) and consider its dynamics. The backbone con-
sists of particles connected one-dimensionally via springs
and dampers. The weight of each particle on the tail side is
smaller than that on the head side considering the weight
balance of real snakes. A torsional spring is embedded
in each of these particles, which represents the anatomi-
cal constraint of each backbone joint. Particles that repre-
sent the body walls on both sides are connected to adjacent
backbone particles via springs and dampers. The spring
constant is taken to be large enough so that the distance be-
tween the particles does not change considerably. Particles
on both sides of the body are connected to their adjacent
particles via actuators and dampers, which mimic muscles.
The ground frictional force acting on the backbone parti-
cles is modeled by the Coulomb friction, where the friction
coefficient in the forward direction is assumed to be smaller
than those in the lateral and the backward directions on the
basis of biological findings [8].

3.2. Actuation

Forces generated by the actuators are modeled on the ba-
sis of autonomous decentralized control except for the head
part in which the actuation forces are determined accord-
ing to the motor command from a higher center. Except for
several segments from the head, the force generated by the
actuator on the right-hand sides of ith segment F;, is given
as

Fir=ki(liy = lic1,), (1)

where [;, is the length of the actuator on the right-hand
side of the ith segment. The gain k; is assumed to de-
crease as I increases, considering the force balance of real
snakes. The forces generated by actuators on the left-hand
side are described in the same way (subscript “i, 7’ in Eq.
(1) is replaced by “i,1”’). Equation (1) represents curvature
derivative control, which is a control scheme that generates
torques proportional to the curvature derivative of the body
curve [5]. In fact, ;, (or [;;) is a measure of the curvature
and its difference /;, — l;_;, gives spatial derivative of the
curvature in the continuum limit.

3.3. Three-dimensional effect

Real snakes have several muscles on both sides of the
body. Contractions of these muscles cause the body to
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Figure 2: Photographs of real snake locomotion: LU and CT (flat terrain) of Ovophis okinavensis and SW, CT, RL, and
CL (narrow space) of Cerastes vipera. Black and white solid curves on the photographs indicate the body trunk. The
spatial distribution of the ground reaction force is shown on the right-hand side, except for the LU and CT motions. Gray

areas indicate areas where the ground reaction force is large.

bend vertically as well as horizontally. Although the ver-
tical displacement of the body is smaller than the horizon-
tal displacement when snakes move on almost flat terrain,
vertical motion plays a significant role in changing the con-
tact point of the body with the ground. Here, we introduce
the effect of vertical motion to our two-dimensional model
(Fig. 3) phenomenologically instead of strictly analyzing
the three-dimensional dynamics.

We define the vertical displacement of the ith backbone
particle as z; and describe its dynamics phenomenologi-
cally as

mz; = —mg+ Ni+k(Dioy —2P; + Diyy)
+e(Dioy = 20 + Diy)
+a,(Fim1r = 2Fir + Fiv1r)
+a(Fio1y = 2Fi + Fip)), (2

where m is the mass of the particle; &, is the spring constant
of the torsional spring in the backbone joint that works in
the vertical direction; c, is the damping coefficient of the
damper aligned along the torsional spring working in the
vertical direction; ®; = —z;_; + 2z; — z;+1 represents vertical
bending of the body, and g is the gravitational acceleration.
The ground is modeled by using springs and dampers, and
the ground reaction force N; is described as

_ max[_kﬁoorzi — CfloorZis 0]7 (Zi < 0)
N ‘{ 0, >0 @

Head

i+1 LR, —— : Spring and damper
— : Actuator and damper
x/‘f ® : Torsional spring
) L

Figure 3: Model of the musculoskeletal structure.

where kgoor and cqoor are the spring constant and damping
coefficient of the ground, respectively.

The fifth and sixth terms on the right-hand side of Eq.
(2) represent the effect of actuation. The contact points be-
tween the body and ground vary depending on the values
of @, and «;, which are given by the motor command from
a higher center. For example, when «, is positive, and the
actuator of the ith segment on the right-hand side gener-
ates a contraction force, the ith backbone particle is pushed
against the ground, and the (i — 1)th and (i + 1)th particles
lift off the ground. Thus, @, and a; are key parameters for
achieving versatile gait patterns.

4. Simulation

We conducted simulations to validate our proposed con-
trol scheme. In the following simulations, the forces gener-
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ated by actuators on the head part were preprogrammed by
using a sinusoidal function so that the body moves period-
ically. The parameter values were determined by trial and
error.

Fig. 4 shows the photographs and trajectory of the simu-
lated snake for several values of @, and ;. As is expected,
LU was observed when («,, @) = (0.0, 0.0). When
(a,, ) = (1.2, 1.2), SL was observed. The locomo-
tion velocity in this case was 1.36 times faster than that in
the LU case, which is in good agreement with the previ-
ous findings that SL makes the body move forward more
effectively than LU [1]. When (a,, a;) = (1.2, 0.0),
SW was observed. The body anchored the ground at the
areas where the right muscles contracted, and these ar-
eas shifted toward the posterior. SW was also observed
when (a,, ;) = (—1.2, 0.0); however, the direction
of motion was the opposite in this case. Finally, when
(@, @) = (-2.4, —24), CL was observed. The body
anchored the ground at the flexion points and moved back-
ward by exploiting these anchor points.

5. Conclusion and future work

Our aim was to understand the mechanism underlying
the adaptive, versatile locomotion of snakes. We observed
the versatile gait patterns of real snakes, and on this basis,
we developed an autonomous decentralized control scheme
in which a three-dimensional effect is introduced to the cur-
vature derivative control proposed previously [6]. The va-
lidity of the proposed control scheme was investigated via
simulations, and the results showed that various gait pat-
terns can be reproduced via only a change in a small num-
ber of parameters. In our future work, we intend to develop
arobot and validate the proposed control scheme in the real
world.
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