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Abstract

In this paper, construction of a newly designed snake robot is suggested along with the algorithm for generation of different
rhythmic motions. The proposed robot system has modular structures with extendable length. It is subdivided into body,
neck, head and tail modules. Each body module has two rotary motors to generate pitch and yaw motions of the snake
robot. A linear actuator is also installed inside each body module in order to change the length of robot. The neck module in
the robot is provided with two rotary motors to make the spherical motion of head module. Neural oscillator based central
pattern generators (CPG) are used to produce rhythmic patterns for various snake robot movements, for example, serpentine,
side-winding, two-step-concertina and four-step-concertina motions are generated in the snake robot using the proposed
CPG algorithm. For serpentine motion, the body of robot is bent to form the planar sinusoidal waveform using whole body
modules on the ground. To generate side-winding motion, the robot body is bent in such a way that it makes two dimensional
sinusoidal waveform and only a few points of its body make contacts with the ground. By using the CPG algorithm, these
contact points are propagated from tail to head, and the robot is ultimately moved along one side. In concertina motion, the
body is sequentially pushed forward in steps from tail to head using the proposed algorithm. Finally several experiments
are conducted on a laboratory floor in order to confirm the authenticity of robot design and CPG algorithm so that the
comparison between different motions can be achieved.

Keywords Neural oscillator - Modular snake robot - Central pattern generator (CPG)

1 Introduction to animal category which has a flexible body without limbs,
and has a very simple but a redundant body structure. These
features help the snake in moving through narrow gaps,
slithering on ground as well as swimming inside and on
the surface of water. A snake can move with serpentine,
concertina, rectilinear and side-winding types of motion
[1]. Thus a robot that mimics a real snake and possesses
the characteristics and features of an actual snake may be
helpful in many real life applications such as inspections:
inside the confined spaces, in pipelines, on the overhead
power-lines, and rescue works: in unsafe areas, in man-

Many snake robots have been designed and developed in the
past few decades. This is due to the fact that snake belongs
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make snake robots to be more appropriate as exploration robot.

Five types of snake robots have been thus far constructed
as defined in [2, 3]. Most common snake robots belong
to the class of robot with active joints as suggested in
[4-7]. These kind of robots are much closer to the real
snake in viewpoint of structure and function. Some snake
robots have been also designed with active joints that
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could actively bend and elongate the robot body[8]. The
modular snake robot to be proposed and constructed in
this paper possesses the properties of yaw-pitch rotations
and longitudinal displacement, with the help of two rotary
actuators and linear motor installed in each module [9].
Thanks to the linear motor, it is able to change the length of
each body module which, ultimately, results in changing the
length of snake robot.

Motions of real snake are rthythmic in nature. In animals,
repetitive patterns for rhythmic motion generation are
referred to as Central Pattern Generator (CPG). These
CPG’s could be generated mathematically and used to
control the motion in bioinspired robots due to their
simplicity, stability and easiness to generate different types
of motions [10-13]. The CPG based serpentine motion
generation has been achieved in snake robots in [14—
19]. Recently some works have been conducted on the
CPG based algorithm for side-winding motion generation
[20]. In [21], the authors have developed the CPG based
neural oscillator to generate the snake motions and used
it to generate side-winding motion in [22]. In this paper,
the algorithm is extended so as to contain the serpentine,
side-winding, two-step-concertina and four-step-concertina
motions. The extended algorithm is then applied to a newly
constructed snake robot.

This paper is further organized as follows; Section 2
describes rhythmic serpentine motion, side-winding motion,
two-step-concertina motion and four-step-concertina
motion for snake robot, Section 3 suggests the design and
construction of modular snake robot, Section 4 proposes the
CPG based control algorithm for generation of the rhythmic
motion in snake robot, Section 5 shows several experi-
mental results about the motions of snake robot in order to

confirm the effectiveness of the suggested algorithm and,
finally, Section 6 concludes the paper.

2 Snake Locomotions

Snakes can move using different modes of locomotions, for
example, they can swim in water as well as move on land
with serpentine, side-winding, concertina, rectilinear types
of motions [1]. In the paper, the rectilinear motion is ignored
since it is very slow.

2.1 Serpentine Motion

Serpentine or lateral undulation motion is most common
mode of movement in snakes. If it is seen from the top view,
the body of snake makes a sinusoidal waveform as shown
in Fig. la. The snake moves forward as if the sinusoidal
waveform is sequentially propagated from tail to head along
the body.

2.2 Side-Winding Motion

In side-winding motion, the snake forms two sinusoidal
waveforms, the one is along the ground and the other is
along the side of snake body, as shown in Fig. 1b. In this
way, all the portions of snake body are not simultaneously
in contact with the ground. Only two or three portions
of its body are just contacted to the ground at the same
time. Normally, the center portion of sinusoidal waveform
touches the ground in the top-view as shown in the Fig. 1b.
These ground contact portions are then propagated toward
the head along the body.

Top — view

/A

Ground — contact

Side — view

/\/*o

a) b)

) d)

Fig. 1 Snake robot motions (arrow shows direction of motion of snake); a Serpentine motion (top-view), b side-winding motion (top-view and
side-view), ¢ two-step concertina motion (top-view), and d four step concertina motion (top-view)
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The body of snake along with head and tail is used for
side-winding motion generation. With the snake anchored at
both head and tail, a body contact to ground is propagated
from tail to head. The head and tail move alternatively back
and forth during the motion. It allows the snake to move
forward, in direction normal to the body, without slipping or
sliding away.

2.3 Concertina Motions

Concertina is a special type of multistage snake propagation
unlike continuous serpentine movement. Two-step and four-
step concertina motions are considered in the paper.

Two-step Concertina Motion: During one full gait cycle,
the snake moves forward in two steps of folding as shown in
Fig. lc. In the first step, the front-half portion of snake body
acts as an anchor and the hind-half body part is folded. In the
second step, the hind-half part of the body acts as an anchor
while unfolding, and the front-half body is folded, and at
the end it is unfolded to straighten the snake body. In this
way, the body moves forward utilizing the friction increase
between the snake body and ground during the anchoring
phase. In this two-step concertina motion, the body of snake
is bent in the same direction during each sequence of gait.
This may result in side-wise motion of snake robot in place
of the straight motion. In order to avoid the deviation from
straight motion, two more steps are added into the gait cycle
of concertina motion.

Four-step Concertina Motion: During the first two steps
in the gait cycle, the snake robot is bent in one direction
and then straightened. In the second set of steps, the snake
robot is bent in other direction and then straightened as can
be seen in Fig. 1d. In this way, the snake moves forward in
a straight line.

3 Modular Snake Robot

The proposed snake robot consists of several modules and
its final form is shown in Fig. 2 [9]. Snake robot is designed
such that its length can be changed from 160.7 [cm] to
178.2 [cm], but the length is fixed to 160.7 [cm] during
the experiments in this paper. The geometric parameters
and kinematic limits of the robot are suggested in Table 1.
The robot is constructed by using 3D printer and it can be
subdivided into body, neck, tail and head modules.

3.1 Body Modules

A body-module is shown in Fig. 3a [9]. The body of snake
robot is constructed by connecting seven same modules
between tail-module and neck-module. These modules can
be added or removed in order to change the length of robot.

Fig.2 Extendable 3D modular snake robot with active joints

The weight of body module is 0.68 [kg]. Each body-module
has a width of 8 [cm], a height of 8 [cm] and the length
ranged from 18.5 [cm] to 21 [cm]. Each module is equipped
with a linear motor along with two linear guides. Each

Table 1 Geometric parameters and kinematic limits of modular snake
robot, where it is noted that the length of each body-module is kept
fixed to 18.5 [cm] and both head/tail modules denoted by (*) are

tapered

Parameter Value
Number of body-modules 7
Number of head-module 1
Number of neck-module 1
Number of tail-module 1

Width of each body-module (Wp) 8 [cm]
Width of neck-module (Wy) 8 [cm]
Maximum width of head-module* (Wg) 8 [cm]
Maximum width of tail-module* (W) 8 [cm]
Height of each body-module (Hp) 8 [cm]
Height of neck-module (Hy) 8 [cm]
Maximum height of head-module* (Hy) 8 [cm]
Maximum height of tail-module* (Hr) 6 [cm]
Length of every body-module (L g) 18.5-21 [cm]
Length of head-module (L g) 10 [cm]
Length of neck-module (L y) 11.2 [cm]
Length of tail-module (L7) 10 [cm]
Maximum allowable length of prismatic joint 2.5 [cm]
Weight of every body-module (Wp) 0.68 [kg]
Weight of neck-module (Wy) 0.5 [kg]
Weight of head-module (Wg) 0.22 [kg]
Weight of tail-module (W7) 0.1 [kg]
Push/pull force of Linear Actuator 40 [N]

Range of yaw-joint angle ¢,
Range of pitch-joint angle ¢,

— 60 to 60 [deg]
-35 to 35 [deg]
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Fig. 3 Modules of the snake robot, where a body-module, b neck-
module, ¢ tail-module, and d head-module

linear actuator has maximal 3 [cm] stroke length and only
2.5 [cm] of stroke of linear actuator is utilized. Thus the
length of each module and, ultimately, that of the robot
can be changed by using linear actuator without adding or
removing any module.

On the other hand, each linear actuator has push/pull
force of 40 [N]. Each body-module also contains two
rotary dynamixel motors (the one for yaw and the other
for pitch rotation, respectively) each with a stall torque 1.8
[Nm]. A rechargeable battery and a microprocessor board
is also included in the module. All body-modules have FSR
(force-sensitive resistor) sensors at their bottom. Industrial
adhesive tape is used to put on these FSR sensors. This
tape is in direct contact with the ground and increases the
contact-friction between the ground and the bottom surface
of snake robot.

3.2 Neck Module

The snake robot has a single neck-module placed between
head-module and front-most body-module as shown in
Fig. 3b. This module has two dynamixel rotary motors, with
stall torque of 1.8 [Nm], fixed in such a way that they
provide only the pitch (or lift) motions of neck itself and
head, respectively. Similar to the body-module, the neck-
module has a height of 8 [cm] and a width of 8[cm], but

@ Springer

its length is fixed to 11.2 [cm] because it does not have any
linear actuator. This module also has a rechargeable battery
and a microprocessor board. Along with this, two IR (infra-
red) sensors facing in side-wise directions of robot body are
provided on each side of the neck-module in order to avoid
the collision of snake with walls or obstacle on each side. In
addition two more IR sensors facing in front direction are
installed to keep checking the obstacles in front.The weight
of neck-module is 0.5 [kg]. This module also has the layers
of FSR sensors and industrial adhesive tape at its bottom.

3.3 Tail and Head Modules

The robot has a tail-module and a head-module as shown in
Fig. 3c and d, respectively. Both are tapered, in detail, the
maximum height and width of head-module are all 8[cm],
while the maximum height and width of tail-module are
6[cm] and 8[cm], respectively. The tail-module does not
have any electrical components in itself, while the head-
module is equipped with small wireless camera and 9 [V]
battery. The tail-module might have a yaw motion with
the help of actuator in the adjacent body-module, while
the head-module is able to move in upward and downward
direction with the help of pitch motor in the neck-module.
The weights of tail- and head-module are 0.1 [kg] and 0.22
[kg], respectively. The industrial adhesive tapes are used at
the bottom to increase the contact-friction between snake
robot and ground.

3.4 Communication Between Modules

Different modules should communicate with each other in
order to generate the coordinated motions in themselves.
These modules in the snake robot communicate with
each other using the />C communication protocol. The
block digram for master-slave based configuration of I>C
communication is illustrated in Fig. 4. The microprocessor
located in the neck-module plays a role of the master
unit, while the microprocessors in body modules serve as
the slave units. Desired orientations of all the motors are

. Ground
3 SDA
2 SCL
P?I’\tl for Slave 1 Slave 6 Slave 7
R Body Module Body Module Body Module
PWM for PWM for PWM for
Motors Motors Motors

Fig.4 I2C protocol used for communication in-between modules of
snake robot
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calculated in the master unit using the CPG algorithm to be
proposed in next section. These desired orientations of each
yaw and pitch actuators are then transmitted to the slave
units of body modules, in which they are converted into
the PWM (pulse-width modulation) signals to operate the
corresponding motors.

4 CPG Algorithm for Snake Robot Motions

Like other animals, a snake moves with a repetitive and
rhythmic motion. The rhythmic serpentine, side-winding,
two-step concertina and four-step concertina motions can be
obtained in a snake robot by using the coupled excitatory
and inhibitory neural oscillator based CPG. For a phase
angle 6; of j.th neural oscillator, Kuramoto model in [23]
with entrainment can be used as following form:

n
Oj, = wj, + Y Wik, sin, —0j, — bx,.;,) €]
k=1
for j, = 1,2y, -+, ny, where n implies the total number

of neural oscillators, 6, is the phase angle of k,th neural
oscillator, w;, is the natural frequency of j.th neural
oscillator, W;_ ;. denotes the coupling strength between
Jxth and kyth oscillators and ¢, ; represents the phase
difference between k,th and j,th oscillators. Furthermore
the subscript x can be replaced with y to represent for the
yaw actuator, p the pitch actuator, N the neck actuator, and
H the head actuator.

The natural frequency wj, controls the speed of
completion of each cycle and in this way it affects the
speed of snake robot. By increasing the value of w;,, the
speed of completion of each gait cycle is increased. For
synchronization for all neural oscillators, the value of w;, is
kept all the same. On the other hand, the coupling strength
W, k. gives an influence to the convergence rate as well as

X

the synchronization rate of each neural oscillator.
4.1 Desired Orientations

Continuous firing neurons are required for the serpentine
and side-winding motions, while the intermittent firing
neurons with refractory period are needed for both two-
steps and four-steps concertina motions. Aforementioned
both types of neurons can be obtained by using a sigmoid
activation function as following form:

1
1+ e(bjx —aj, cosf;y)

fi (0;,) = )

where f; (0;.) has the value ranged between O and 1,
the parameters a; and b; are helpful in generating the
refractory period and determining the rise and fall [21] in

output. Details for selection of parameters a;, and b;, are
given in Appendix A.

The neural oscillator given in Eq. 1 can be used in
the network as shown in Fig. 5. There are a pair of
excitatory and inhibitory neural oscillators for each rotary
actuator. It means that 32 neural oscillators are totally
used in the network of snake robot. In detail, there are 14
coupled oscillators for seven yaw actuators, 14 for seven
pitch actuators of body-modules, and 2 for each neck and
head actuators in the neck-module, respectively. The neural
oscillator network along with activation function of Eq. 2
generates the desired orientations for 16 actuators in the
snake robot. In this way, a variety of locomotion types can
be generated for the snake robot.

4.2 Desired Angles for Yaw and Pitch Motors

The desired orientation of iyth actuator that generates
the yaw motion, denoted by #4;,, is obtained from the
difference between two coupled excitatory and inhibitory
neurons of same actuator as follows:

Vai, = Ay (f(i+1), — fjy) ©)

where j, = 2i, — 1 fori, = 1,,2y,---,7, and the
parameter Ay adjusts the amplitude of ¥4;,. The desired
orientation of i ,th actuator that generates the pitch motion,
denoted by ¥4; e is obtained from the difference between
two coupled excitatory and inhibitory neuron of same
actuator as follows:

Vai, = Ap(f(j+1, = fip) )

where j, = 2i, — 1 fori, = 1,,2,,---,7, and the
parameter A, adjusts the amplitude of ©;,. The desired
orientation denoted by ¥4, for neck actuator is given as:

29d/\/ :)"N(f2/v _le) (5)

and the desired orientation, ¥4, , for head actuator is given
by:

Vay = Au(fay — fip)- (6)

The desired orientations of all the actuators are calculated
using Eqgs. 3, 4, 5 and 6 inside the microprocessor of neck-
module. Then they are transferred to body modules using
I?C communication protocol as illustrated in Fig. 4.

4.3 Phase-Difference ¢ j,

The neural oscillators in the proposed network, shown in
Fig. 5, should have a phase difference ¢y, j, in order
to generate the specific type of motion in robot. Phase
difference ¢y, ; determines the divergence between two

neuron firings, in time distribution at a scale of 0 ~
27 in one gait cycle. For example, in cases of planar
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Fig.5 Neural oscillator network for rhythmic motion generation in modular snake robot

serpentine, two-step and four-step concertina motions, the
phase differences between the coupled excitatory and
inhibitory neurons for each pitch rotation actuators in the
network are taken such that ¢, ;, 0, ¢ry,jy = 0
and ¢ry jy; = 0, which would result in constant zero
orientations of these actuators. On the other hand, the
non-planar side-winding motion makes use of ¢, j,
Gky.jin = Pky.jy = 7 so that the desired orientations for
these actuators can be non-zero. Similarly, in order to form
sine-wave shape in serpentine motion, the phase differences
between the neighboring neurons in the network are taken
by using the principle ¢, j, = 27 ”ns—;" for the yaw actuators,
where n, is the total number of yaw actuators and 7., is the
total number of sinusoidal waveforms generated by snake
robot body during the serpentine motion. More details about
the selection criteria for values of phase difference ¢, j,
are given in Appendix B, where it is noted that ¢; ., =

@ Springer

—®k, .k, In Table 2 the phase differences ¢; i, between
Jjxth and k,th oscillators are given in order to generate
serpentine, side-winding, two-step concertina and four-step
concertina in the snake robot.

5 Results

The CPG based patterns and the desired orientations for
different locomotions are illustrated in Fig. 6. These output
profiles are generated in MatLab environment by using
the proposed CPG algorithm. The phase differences ¢, ;,
given in the Table 2 were utilized. We take a;, = 1 and
bj, = 0 for all the neurons in serpentine and side-winding
motions. For the two-step concertina motion, aj, = bj, =
ajy = aj, = 3 are set to the neurons of pitch actuators and
aj, = 3, bzy = b4y = bsy = b7y = bgy = bgy = b“y =
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Table 2 Phase difference ¢, ;, between the neurons for serpentine, side-winding, two-step and four-step concertina locomotions, where it is
noted that ¢, x, = —x, k.

Jx ky ok, j, Serpentine &k, j, Side-winding @k, j, Two-step concertina @, j, Four-step concertina
1, 2p 0 T 0 0
1y 2y b4 b4 0 b4
1y 1, 0 iz 0 0
2y 2, - -3 0 -
1y 3, 0 z 0 0
2y 4, b4 z 0 14
3, 4, 0 14 0 0
1, 3y = = 0 0
2, 4, = = 0 0
3y 4y b4 b4 0 b4
3y 5p 0 z 0 0
4, 6, b4 z 0 7
5 6, 0 b/ 0 0
3y Sy = = 0 b
4, 6y = = 0 b
Sy 6y b4 b4 0 b4
5y Tp 0 z 0 0
6y 8y b z 0 b4
Tp 8p 0 14 0 0
Sy 7y = = 0 0
6y 8y = = 0 b
Ty 8y b4 b4 0 0
Ty 9 0 z 0 0
8y 10, 14 z 0 0
9 10, 0 14 0 0
ook ¥ 3 y
5, 0, = z ;
9y 10y, b4 b4 0 b4
9y 11, 0 z 0 0
10, 12, b4 z 0 14
11, 12, 0 14 0 0
9y 11, = = 0 0
10, 12, zZ zZ 0 0
11, 12y b4 b4 0 T
11, 13, 0 z 0 0
12, 14, 14 z 0 b4
13, 14, 0 14 0 0
11, 13, z zZ 0 4
12, 14, zZ zZ 0 n
14, 13y b4 b4 0 T
13, Iy 0 z 0 0
14, 2y 14 z 0 b4
Iy 2y 0 14 0 0
Iy 1y 0 z 0 0
2y 2y 0 z 0 0
Ly 2n 0 T 0 0
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Fig. 6 Neural oscillator outputs and desired orientations; a serpen-
tine motion; al) neural oscillator outputs for yaw actuators, a2) neural
oscillator outputs for pitch actuators, a3) desired orientations for yaw
actuators, and a4) desired orientations for pitch actuators, b side-
winding motion; bl) neural oscillator outputs for yaw actuators, b2)
neural oscillator outputs for pitch actuators, b3) desired orientations
for yaw actuators, and b4) desired orientations for pitch actuators, ¢

bia, = 15and by, = b3, = b, = bio, = b1, = bi3, =3
are set to the neurons of yaw actuators. On the other hand,
aj. = bj, = 8 are set to obtain four-step concertina motion.
The outputs of neural oscillators (generated from Eq. 2) and
the desired orientations (generated from Eqgs. 3, 4, 5 and 6)
for cases of serpentine, side-winding, two-step and four-step
concertina motions are illustrated in the Fig. 6.

It can be seen in the Fig. 6 that the desired orientations
of yaw actuators for serpentine motion and side-winding
locomotions have the sinusoidal waveforms, although the
desired orientations of yaw actuators for two-step concertina
motions have the refractory periods in them. In the first step,
yaw actuators 1y, 2y and 3, (1, and 2, in negative direction
and 3y in positive direction) are bent simultaneously and the
orientations of actuators 5y, 6, and 7, remain O[rad]. Then,

@ Springer

two-step concertina motion; c1) neural oscillator outputs for yaw actu-
ators, c2) neural oscillator outputs for pitch actuators, c3) desired
orientations for yaw actuators, and c4) desired orientations for pitch
actuators, and d four-step concertina motion; d1) neural oscillator out-
puts for yaw actuators, d2) neural oscillator outputs for pitch actuators,
d3) desired orientations for yaw actuators, and d4) desired orientations
for pitch actuators

in the second step, yaw actuators 5y, 6, and 7, (5, and 6,
in positive direction and 7, in negative direction) are bent
simultaneously and the orientations of actuators 1y, 2y and
3y remain O[rad]. It is noted that the orientation of actuator
4, is always O[rad] to make the motion to be balanced. In the
four-step concertina motion, a group of yaw actuators 1y, 2,
and 3, and another group of actuators 5, 6, and 7, are bent
alternatively, once in one direction and secondly in other
direction (twice in one gait-cycle). Here, the orientation of
actuator 4, remains also 0 [rad] for the motion balance.

On the other hand, the pitch actuators for serpentine
and concertina motions have continuous zero orientations,
which means that these are in planar motion. For
side-winding motion, the orientations of pitch actuators
including neck and head actuators are sinusoidal and it can



JIntell Robot Syst (2019) 94:641-654 649

DO N SO BA mn w

AT BRI ST mn s mae w

%*A@M"‘ww'!% =
o

Fig. 7 Rhythmic motions of modular snake robot; a serpentine motion, b side-winding motion, ¢ two-step concertina motion, and d four-step
concertina motion
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be seen that the ground contact of body is sequentially
propagated from tail to head. Along with this, it can be
seen that the yaw actuator 5y, is O[rad] at any time instant,
while the pitch actuator 6, (closest to yaw actuator 5y) with
peak value is in contact with the ground. In this way, the
conditions for side-winding motion are achieved.

5.1 Experimental Results

Experiments regarding the serpentine, side-winding, two-
step and four-step concertina motions were conducted
by using the modular snake robot of the Fig. 2. The
desired orientations of yaw and pitch actuators for these
locomotions were obtained by coding the proposed neural
oscillator based CPG algorithm in the microprocessor
located inside the neck-module. The communications
between neck-module and body-modules were achieved by
using />C protocol as suggested in the Section 2. Notice
that the length of each linear motor was kept to be constant 0
[cm]. The phase differences between the neurons were set as
suggested in the Table 2. The parameters Ay = 1 and A, =
An = Ag = 0.5 were determined. The natural frequencies
for all the oscillators were taken such that w;, = F[rad/s].
In all the experiments, the robot was started from stationary
position. The surface used for experiments was the smooth
floor of the laboratory.

Figure 7a shows the sequential snapshots of serpentine
motion generated in the snake robot by using the proposed
algorithm. The snake robot moves forward making the
sinusoidal waveform. Whole body of the snake robot always
touches the ground, which means that it is in planar motion.
The overall movement of robot is along the head direction
of snake robot. From the experimental result conducted

on smooth laboratory floor, it could be deduced that the
robot moved in a rhythmic sinusoidal waveform but the
forward motion was slow due to floor slippage and the lesser
distance was covered by snake robot.

Figure 7b suggests the sequential snapshots of side-
winding motion. It can be seen that the orientations of yaw
actuators generated by the algorithm make the snake to be
bent for the sinusoidal waveform, while the pitch actuators
are controlled using the neural oscillators so that the ground
contact of the robot can be propagated from tail to head. The
final movement of robot is along one side of the snake body.

Figure 7c illustrates the two-step concertina motion
obtained by using the proposed algorithm. It can be seen
that the snake completes one gait cycle in two folding steps.
In the first step, the hind half body of robot is bent, while
the front half body acts like an anchor as shown in the
Fig. 7¢(2). Then the front half body of robot is bent when the
hind half body is unfolded itself as shown in the Fig. 7¢(3).
At the end of gait cycle, the body of snake robot is straighten
again by being the front half unfolded. The robot moves
forward by repeating these kind of motions, but the snake
body keeps being tilted in one direction, not moving in a
straight line.

In Fig. 7d, the sequential snapshots of four-step
concertina motion are suggested. In this type of concertina
locomotion, one gait cycle consists of four steps. During the
first step, the hind half of robot is bent in one way, while
the front half acts like anchor as shown in the Fig. 7d(2).
Then the front half is bent when the hind half is unfolded as
shown in Fig. 7d(3). In the third step shown in the Fig. 7d(4),
the hind half of robot is bent in the opposite direction with
unbent front half body working as an anchor. During the
fourth step suggested in the Fig. 7d(5), the front half is bent,

Fig.8 Box-plot for time taken

by snake robot to cover the same 200
distance of 1.5[m] by using four

types of motions 180

140
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Table 3 Comparisons between

existing previous experimental Serpentine Side-winding Two-step Four-step
works on CPG based snake motion motion concertina motion concertina motion
robot motion generation and
the proposed algorithm Ijspeert A J et al. [14] Yes No No No
Ma S etal. [15-17] Yes No No No
Bing Z et al. [18] Yes No No No
Zhang D et al. [19] Yes No No No
Wang Z et al. [20] Yes Yes No No
The proposed Yes Yes Yes Yes

while the hind half of robot body is unfolded itself. In this
way, the robot moves forward making the straight motion.
In our experiments, we could observe the property regarding
the locomotions. In each type of motion, the snake robot
moves forward with different speeds as shown in Fig. 8.
This figure shows box-plot for time taken by snake robot
to cover same distance by using four types of motions.
Both serpentine and four-step concertina motions were
relatively slow in the low friction environments because the
slippery ground does not make forward movement of robot
well, but the side-winding and two-step concertina motions
were relatively fast because they make point contacts or
anchoring with the slippery ground irrespective of the
friction coefficient.

6 Conclusions

In this paper a simple CPG algorithm was proposed for the
generation of various types of rhythmic motions. Along with
this, the construction of snake robot, that is able to move
in three dimensional space, was suggested, including yaw
and pitch actuators. The constructed snake robot was the
modular type comprising of a head, a neck, a tail and seven
body-modules. The unified CPG based algorithm for the
serpentine, side-winding, two-step and four-step concertina
motions was applied to the modular snake robot. Through
experiments, we could confirm that the natural frequency of
the serpentine motions could be controlled by adjusting the
parameters. During the application of side-winding motion,
the snake moved quicker in a direction perpendicular to
the robot body. In two-step concertina motion, either hind
or front body was always in anchoring state, thus we have
bigger forward motion due to the friction increase, although
the movement of snake was not guaranteed to be in straight
line. As an alternative, the four-step concertina motion could
be utilized for the straight line motion.

The comparisons of the proposed method with already
existing CPG based snake robot motions are given in
Table 3. It can be seen that, in all the previous experimental
works, only one or two types of snake motion were
considered. On the other hand, in this paper, CPG based

serpentine, side-winding, two-step and four-step concertina
motions were generated. Although some of the resulting
different kind of motions were fast and some were slow,
each motion had its own significance. By combining all
the proposed motions in near future, the snake robot will
be utilized for real applications which cannot be achieved
by a single motion. Furthermore, the effect of friction and
self-propelled motion generation and control of friction-
induced stick-slip motion [24, 25] in the snake robot using
the proposed algorithm would also be studied in our future
work.
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Appendix A: Selection of Parameters a;,
and b;,

Neuron activation model of Eq. 2 is derived from the
generalized sigmoid function given as:

~0 VB<—-6

1
A= - =05V B=0
te ~1 VB>6
where A = f; (0;,) and B = —(b;, — aj, cos(8;,))

as given in Eq. 2. In above equation, the parameters a;,
and b;, determine the shape of output generated by neural
activation. On the requirements of different types of snake
robot motions, the values of parameters a; and b; are
selected as follows [21]:

1. In serpentine and side-winding motions, f; (6;,) is
required to be a periodic function having range 0 <
fi,(8;.) < 1. This periodic function can be achieved
by taking b;, = 0 and —6 < a; < 6 for given
—1 <cos(0,) < 1.

2. For two-step and four-step concertina motions, the
neuron having refractory period is required due
to discontinues motion of snake. If the values of
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parameters are taken such that a; = b; > 6, then the
function f;, (6, ) yields its output as follows:

fi,(0;,) =0 for cosf;, <

aj —6

aj

x

fi (0,) =05 when 6, =0

Appendix B: Selection of Phase Difference
Dl

1.

Serpentine Motion:

(@)

(b)

(©

The serpentine motion is performed in the plane,
i.e., pitch actuators as well as head and neck
actuators have constant zero orientations. These
can be achieved by keeping the coupled excitatory
and inhibitory neurons for pitch actuators to be the
same phases, namely, the phase differences ¢kp, Jpe
Oy, jy and @i, j, for these actuators are taken
such that:

¢k11»fp = Gky.jy = Phy.ju =0 Vk=j+1

In case of yaw actuators, the coupled excitatory
and inhibitory neurons are taken out of phase,
in this way, they do not have any constant zero
orientations and thus the snake forms a sine-wave
shape on ground. The phase differences ¢, j, for
yaw actuators are taken such that:

¢ky,jy=77 Vk=j+1

On the other hand, the phase differences between
the neighboring neurons in the network are taken
by using this principle:

Ny

Br,.j, =27 Vik=j+2

ny
with n, as the total number of yaw actuators and
ngy as the total number of sinusoidal waveforms
required during serpentine motion, namely, n, =7
and ng,, = 1 for our experiments.

As the coupled neurons of pitch actuators and yaw
actuators, since those of yaw actuators are out of
phase and those of pitch actuators are in phase,
the phase differences between odd pair of neurons
of yaw actuator and neighboring pitch actuator are
taken such that:

i), =0 ¥ odd k= j+2

While those between even pair of neurons of yaw
actuator and neighboring pitch actuator are taken
such that:

d)kpvjy =7 YV even k=j+2

@ Springer

Similar conditions are applied to the phase differ-
ences between neurons of seventh yaw actuator and
neck actuator as follows:

d1y.13, =0, oy 14, =7

(d) On the other hand, the phase differences between
neurons of first yaw actuator and first pitch actuator
are taken such that:

¢11h1.v =0, ¢2p’2y =T

(e) The phase differences between neurons of neck
actuator and the head actuator are taken such that:
Pryy =22y =0

Side-winding Motion:

(a) The side-winding is a non-planer motion. This can
be achieved by taking out of the phase difference
between the coupled excitatory and inhibitory
neurons of both pitch and yaw actuators. The phase
differences between these neurons are taken such
that:
¢kp,j,,=¢ky,jy=n Vk=j+1

(b) In case of yaw actuators, the phase differences
between the neighboring neurons in the network are
taken by using this principle:

Ny

i), = 2 Vik=j+2

ny
where ny, = 7 and ng, = 1 so that one full
sine-wave can be generated by snake body during
side-winding motion.

(c) The phase differences between neurons of yaw
actuator and neighboring pitch actuator are taken
such that:

T .
¢kp,jy=E Vk=j+2

It results in the ground contact at the center of
sine-wave form.

(d) The phase differences between neurons of first yaw
actuator and first pitch actuator are taken such that:

3
14

(e) The phase differences between neurons of seventh
yaw rotation actuator and neck actuator are taken
such that:

1,1, =¢2,2, =

T
Py, 13, = P25,14, = )

While the phase differences between neurons of
neck and head actuator are taken such that:

T
Py ly = P2p2y = Z
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These result in a total of 7 phase difference
between foremost yaw actuator and two consecu-
tive neck and head pitch actuators.

3. Two-Step Concertina Motion:

(a) Like serpentine motion, two-step concertina is
planner motion, i.e., pitch actuators as well as head
and neck actuators have constant zero orientations.
Thus the phase differences for these actuators are
taken such that:

¢kpvjp = Gky.jy = Pku,ju = 0 Vk=j+1

(b) Incase of yaw actuators, phase differences between
the coupled excitatory and inhibitory neurons are

taken such that:
®k,.j, =0

(c) The phase differences between the neighboring
neurons are taken to be ¢ j, = 0 for actuators that

. i _ _ T

fold dprmg the same step, but ¢9y,7y = ¢10y,gy =37

for neighboring actuators that separate the front and

hind folding parts of robot body.

Vik=j+1

4. Four-Step Concertina Motion:

(a) Like serpentine and two-step concertina motions,
four-step concertina is also planner motion, i.e.,
pitch actuators as well as head and neck actuators
have constant zero orientations. Thus the phase
differences for these actuators are taken as:

Gkpjp = Pkn.jn = Py jy =0 Vik=j+1

(b) Incase of yaw actuators, the coupled excitatory and
inhibitory neurons are out of phase, in this way,
they do not have any constant zero orientations. The
phase differences for yaw actuators are taken such
that:

$r, =7 Y k=j+1

except ¢g, 7, = 0 for the phase difference between
neurons located at the mid of yaw actuators.

(c) The phase differences between the neighboring
neurons of yaw actuators are taken such that:

br,.j, =0 Vk=j+2

except ¢, 7, = %” and ¢10,,8, = Z for the phase
differences between neighboring neurons located at
the mid of yaw actuators.

The phase differences between even pair of neurons
of yaw actuator and neighboring pitch actuator are
given as:

(d)

Py jy =T Veven k=j+2

While the phase differences between odd pair of
neurons of yaw actuator and neighboring pitch
actuator are given as

®k,,5, =0 Vodd k=j+2

Similar conditions are applied to the phase differ-
ences between neurons of seventh yaw actuator and
neck actuator as follows:

¢1N713y = 07

(e) On the other hand, the phase differences between
neurons of first yaw actuator and first pitch actuator
are taken such that:

oy, 14, =T

$1,1,=0 ¢2,0 =-—7

(f) The phase differences between neurons of neck and
head actuators are taken such that:

¢1H,1N = ¢2H’2N =0
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