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Abstract— This paper presents a kind of biomimetic neural
circuit for simulating and implementing sidewinding of a snake-
like robot. Biologically inspired by the neural circuit diagram
in the spinal cord of lampreys, we propose a neural oscillato
model and a chained inhibitory neural circuit. A set of leaky
integrator type and sigmoid type interneurons is incorporaed
into the design of the neural diagram for rhythmic signal
generation. The model provides explicit parameters for oyput
modulation, including the modulation of amplitude, period,
phase difference and offset. By classifying a snake-like bot
into a pitch and a yaw group of modules, a sidewinding circuit
is further designed to satisfy the requirement of sidewindag. Fig. 1. A sidewinding snake [1].
Through simulation and on-site experiment, the effectiveass of
the proposed model is veri ed in realizing sidewinding moton.

resulting movement leaves a series of disconnected tratks o
Index Terms—Sidewinding, Central pattern generator,  the surface 12].

Snake-like robot, Limbl | tion. L . . .
nake-like Tobot, Limbless focomotion In the eld of robotics, inspired by the limbless animals, a

variety of snake-like robots has been developed in the ¢ast f
l. INTRODUCTION decades [3][4]. Researchers not only focus on replicatieg t
Limbless animals have a wide range of locomotive Capabi|mechan|cal structure from snakes, but also are interested i

ities taking advantage of the features of limbless locoamti Imitating cpverse Iocom_otlon patterns of snakes_. In pah_ar;
such as a low center of gravity, a large contact area anf® the unique locomotion pattern of snakes, sidewinding has

a distributed mass. Due to the loss of legs, they have tBeen studied and implemented using different approaches.

undulate their bodies to propagate exural waves alongrtheif 70M the control point of view, these approaches can be
bodies, so as to generate forces between them and ifflassi ed into two categories. The rst one is model based
surrounding environment to propel them forward method. As a classic control method, it uses kinematic or

The best known of limbless animals is snakes. Snakes cadr}'namiC models of snake-like robots to analyze the locomo-

use different limbless gaits depending on the enviroanIlentét'odn pattern ano! de5|]9rt1hcontrol ;.‘trateg;es. '!['_he ﬁ:urposg IS t
surface. When they move on soft surface such as sand or mu&, an expression ot the equations ot motion for a given
they will perform a special gait called sidewinding, as show robot with known kinematic constraints for gait generation
in Fig. 1. Sidewinding is derived from lateral undulation, Related yvork refers to refer(_ances [5]-[8]. . )
but differs in the pattern of bending. First, the head istift The sine-based method is another alternative to realize
off the ground and laterally set down again a short distanc&ldeéwinding. This method takes simple sine-based funstion
away. Then the body follows the path of the head. During®S thg generator of rhythmic movement. It usually contains
the following phase, the head begins a new round of latergXplicit parameters that are used for the modulation of fre-

movement while the rear part of the body completes the ol@U€ncy. amplitude, phase difference and offset, respygtiv

track. The movement has only two points in contact with thel® 9enerate sidewinding, all sine-based generators should
ave a uni ed amplitude and frequency, as well as a xed

ground during the movement, which prevents the snake fro

overheating due to excessive contact with the desert sdred, TPh@se difference. As aresult, they can oscillate synchrsigo
and produce traveling waves along the body of the robot.

This work is supported by a grant from German Research Fdigmda There has been a lot of related work, such as the work by
(DFG no. U-4604-DFG-1001) Gonzalez-Gomez et al. [9], Transeth et al. [10] and Tesch et



al. [11].
Even though there are many valuable contributions on P
sidewinding implementation, the aforementioned two ap-
proaches are not exible enough, especially if sensory feed
back needs to be integrated into the control system. Further HECTY
more, seldom efforts were focused on realizing sidewinding
using biomimetic approach. Our ongoing project aims to
develop a novel Central Pattern Generator (CPG) model as
the controller of the robot for achieving adaptive limbless
locomotion. Since the CPG model is designed at the neuron
level, sensory information can be easily integrated in® th
CPG model via sensory neurons. However, in this paper, we ,
. .. To posteriol @
only concentrate on developing the CPG model for realizing segments
sidewinding. Sensory feedback integration for sidewigdin

I  To other
oscillators

will be introduced in the next paper. outpur _
——o Excitatory
—=o Inhibit
Il. RELATED WORK nhibrtory
A. Analysis of Sidewinding Fig. 2. The oscillator model.
Sidewinding is a relatively ef cient mode of sideways
locomotion. From Fig. 1, it is obvious that the tracks on I1l. LocoMOTION CONTROLLER DESIGN

the _grou_nd are roughly dia_\go_na_lly relative to_ the_dir_ecti(_)n Although the underlying mechanisms of the CPG circuits
of S|deW|nd!ng motion. This indicates that sidewinding is ;.o ot yet fully understood, several simple creaturesh suc
‘;]‘ s_uperplosTon thtwg ZOdy fwives: olr<1e ventrzl{j_qnd ON8s the lamprey, have been extensively studied to learn the
orizontal along the body of the snake. In addition, as,e 5 circuits in the spinal cord [19]. Inspired by the reur

described before, the head part of the slnake starts a NeWcuit in the spinal cord of lamprey, we propose a novel CPG
lateral movement before the rear part nishes the Vert'cahodel that features the following characteristics:

movement in the last round. This implies that the propagatio

of the two body waves along the body of the snake are out Rich dynamics of oscillatory activities;

Explicit control parameters for output modulation;

of phase. X . : :
The principle of sidewinding can be summarized as Simple sensory feedback integration via sensory neu-
follows[12]: rons.
Sidewinding includes two orthogonal body waves. A. Single Oscillator Design

The two body waves propagate in the same direction The neyral circuit is adapted from [19] but with modi -

and with the same period. _ cation. Fig. 2 shows the CPG circuit containing one motor
The two body waves maintain a xed phase differenceqqnro| center and one oscillator. The motor control center
around = 2. behaves as the brainstem of the CPG circuit, and descends
. motor commands through command neurons to modulate the
B. CPG based Control of Snake-like Robots output signal of the oscillator. The oscillator is respbiesfor

In biology, through neurobiological studies rhythmic leco rhythmic output generation. It is composed of two symmetric
motion is generated in the spinal cord by a group of neuraparts: the left part and the right part. Each part contains fo
circuits called Central Pattern Generators (CPGs). A lot ofypes of interneurons, including Crossed InterNeuronsljClI
rhythmic activities e.g. walking, breathing and chewinge a Lateral InterNeurons (LIN), Excitatory InterNeurons (BIN
all controlled ef ciently by CPGs [13]. and MotoNeurons (MN).

In robotics, CPG based control method is considered an To generate rhythmic signals, the four types of interneu-
elegant solution for online trajectory generation [14].GCP rons are synaptically connected: each CIN emits inhibitory
based controllers have already been successfully dewklopsynapses to all the other interneurons except the EIN at the
and applied on snake-like robots for generating serpentineontra-lateral side; each EIN emits excitatory synapseslto
gait [15], swimming gait [16], caterpillar-like gait [17]nd  the other three types of interneurons on the same side; and
worm-like gait [18], etc. However, there are no CPG basedach LIN sends an inhibitory synapse to the CIN on the same
controllers that are used for mimicking sidewinding. In theside. The two MNs from both sides are combined together
next section, we will present a novel CPG model involvingafter signal ltering, which nally generate the output sigl
the sidewinding principle to achieve the sidewinding metio of the oscillator. Note the CINs differ from the original neld



TABLE | TABLE Il

SYNAPSEWEIGHTS OF THEOSCILLATOR MODEL INITIAL VALUES OF THEOSCILLATOR MODEL
Presynaptic| Postsynaptic Value
neuron neuron Type Value Interneurons Left side | Right side
EIN CIN Excitatory 1 XfCIN g 0.01 0.010001
EIN LIN Excitatory 1 XfEIN g 0 0
EIN MN Excitatory | 0:1 XtUN g 0 0
CIN CIN Inhibitory 1 X{MN g 0 0
CIN EIN Excitatory 1
CIN LIN Inhibitory 1
CIN MN Inhibitory 1
LIN CIN Inhibitory 1 %
20 n n I\ N N
N L]
L . [ T I T . | )
that they produce both inhibitory and excitatory synapses. o l\ Fyb ﬂ‘ \ AR R
This may be not true from biologist's point of view. But for H | I | | | L
. . . . . S | | |
engineering design, the difference can be ignored. iDL NN BER
. . . . 5 \ | | \ | | |
Besides internal coupling synapses, one oscillator also ° \ o “ NN \ Lol \ | \ ol
. ,10,v\‘w\“\“q“‘\\\‘w\\w
emits inhibitory synapses to other oscillators through the N R VY
. . . . I / / | | |
EINs and receives inhibitory synapses from other osciltato ol \/ vy oy Yy oy
via the LINs. The dynamics in one oscillator can be described
by the following equations: . ‘ ‘ ‘
X 0 500 1000 1500 2000
Time (step)
XfcIN gi = Xfcingi t I'sStcin gi 1)
X Fig. 3. The output of a single oscillator. The oscillator s&xds to oscillate
X{LN gi = XfLIN gi T P'sStun gi by using the synaptic weights in Table Il and the initial \eun Table 11,
X with parameters =0:2, A =20 and =0.
+ PeGrLn gj 2
X
= . | . . . i
XfMN gi XtmN gi * PsStmn gi ¥ A () oscillator representing ds; are xed and form a symmetric
A 1 matrix, as listed in Table I. To create a rhythmic and smooth
X{EIN gi = 7T x=—— 3A (4)  output, all the s have an absolute value of 1.0, except for the

1+ eftcm gi 2 .
synapse from EIN to MN, whose weight parameter's value

outputj = max(Xrmn ¢i;0)  Max(X¢yngi:0) (3 is 0.1. The purpose for the decrease of the synaptic weight

wherex; is the state of each interneuron, and the overline offom EIN to MN is to guarantee the output in the range of

the subscript ok represents the state of the interneurons on 90 degrees.

the opposite side of the same oscillator. Parametess and In addition, the initial values of the interneurons also
are tunable parameters to modulate the oscillator's periodlay important roles in the start of rhythmic oscillatiors a

amplitude and offset, respectively. represents the synapses it has been found that a slight initial asymmetry between

received from the other interneurons in the same oscillatofhe two CINs on both sides can give rise to self-sustained

andg represents the synapses received from other oscillatorgscillations. Table Il shows an example of initial values fo

The variableoutput; stands for the oscillator's output. the interneurons in an oscillator. By using these initidles,
Note that the dynamics of the EIN type of interneurons isthe oscillator is able to achieve rhythmic pattern. Fig. 3

different from other types of interneurons. They are déseti  illustrates the corresponding oscillatory behavior frone t

by sigmoid function instead of leaky integrator. The sigthoi iNitial state to a steady oscillatory state.

function is indeed a key element for oscillatory generation . . o

Since the EINs activate the other types of interneurons en thB- Chained Inhibitory CPG Circuit

same side, the sigmoid function helps these interneurons to Based on the single oscillator design, CPG circuits can

switch internal state alternately. Meanwhile, the leakigin be further constructed by means of the connection between

grator helps them to achieve the desired state monotopicalloscillators. Oscillators in CPG circuits are no longerased,

Thus, the sigmoid function together with the leaky integrat but interconnected with one another. Therefore, to some

forms the self-sustaining mechanism. extent, the connectivity among oscillators determines the
As for the synaptic weight, the parameteris designed behaviors of CPG circuits.

to be positive for excitatory synapses, and negative for in- In order to make the appearance of CPG circuit more

hibitory synapses. All the synaptic weight parameters ia onconcise, interneurons and synapses in the oscillator are



TABLE Il
PARAMETERS AND CONTROL RANGE OF THECPG QRCUIT

Symbols | Value Description Control Range
A (0,90] Amplitude (0; 90][degree]
[0.2,0.8] Period [135,535][steps]

(0,1] Phase difference (45; 145][degree]

[-1,1] Offset [ A,A]lldegree]

Osc. i+1

Output (degree)

—O0 Excitatory
——= Inhibitory

Outputsy

Output (degree)

Fig. 4. The unidirectional connection between two osalistand its
simpli cation.
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Fig. 6. Parameter modulation. (a) Amplitude modulation) Beriod

Fig. 5. The chained topology of oscillators. modulation. (c) Phase difference modulation. (d) Offsetiniation.

the two synaptic weights.

simpli ed, as shown in Fig. 4. L' and 'R" represent four Based on the investigation, the two synapses are de ned

interneurons together with their synaptic connection am th

left and right part, respectively. The dashed lines betweef> follows:
L' and "R" in the oscillator indicate the mutually conneanti ! excitatory = (6)
between the left and right part. +

Fig. 5 shows the design of the chained inhibitory CPG ! inhibitory - (7)

circuit. For each oscillator, unidirectional inhibitoryreapses
are emitted to its adjacent oscillator. The inhibitory gythi@  where ! eycitatory  and !inninitory ~ @re the weights of the
weights! . between oscillators are all assigned to a value ofwo synapses; and , with a range of (0, 1], are control
-1, aiming to maintain a xed phase difference between thesparameters that play a role in phase difference modulation.
oscillators. To simplify the control, is xed ( = 0:2). Thus, only

In addition to the normal oscillators, there is a specialis responsible for phase difference modulation.
oscillator in the circuit. A command oscillator belonging t Numerical simulations are performed to study the mod-
the motor control center emits inhibitory synapses to ttst r ulation of the output of the chained CPG circuit using the
oscillator of the chained topology. As shown in Fig. 5, twotuneable parameter8, , and . In each simulation,
additional synapses, one for excitatory synapse and the othonly one parameter is tuned within an acceptable range
for inhibitory synapse, are self projected to the commanadvhile the other parameters are xed. Numerical results show
oscillator, which are used to modulate the phase differencthat parametersA, and are directly proportional to
among these oscillators. It has been tested that if the twthe amplitude, period and offset, respectively, whereas th
synapses have relative small values of synaptic weight$y, su parameter is inversely proportional to the phase difference.
as in the range of (-1, 0) and (0, 1), respectively, they c#h sh Table Ill summarizes the acceptable range of these tuneable
the phase difference sensitively. Moreover, if the two gfita parameters, as well as their corresponding control rantie wi
weights are interrelated, such as by arti cially setting Bum  respect to the oscillatory characteristics.
of their absolute values to a constant, the variation of phas Fig. 6 shows an example of how the output of the chained
difference becomes monotonous and smooth with respect tohibitory CPG circuit is affected by these tuneable parame
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Fig. 7. CPG circuit of sidewinding.
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. .. . . Fig. 8. Simulation of sidewinding.
ters. For simplicity, the output of 5 oscillators is showmée 9 9

Through numerical study, the chained inhibitory CPG circui s
is veri ed to have rich dynamics and be capable of explicitly o
modulating amplitude, period, phase difference and affset COG trajectory——
ol
IV. | MPLEMENTATION OF SIDEWINDING GAIT ast

w
T

In this section, we utilize the chained inhibitory CPG
circuits to implement the sidewinding type of locomotion.
A pitch-yaw connected robot is constructed in the Open

Dynamic Engine [20] environment as the test bed of our il
approach. The modules of the robot are categorized into two ~ *°[ 1(\19&

25

y (m)

-
T

groups: the pitch group and the yaw group. For the design of

the sidewinding gait, two chained inhibitory CPG circuits a 05

utilized for the pitch and yaw grouped modules, respegtivel 0 ‘

as shown in Fig. 7. The purpose is to generate two traveling E
body waves along the modular robot. For the pitch group, an

additional command oscillator is used for generating phase Fig. 9. The trajectory of sidewinding.

differences between the oscillators. For the yaw groupgethe

is no additional command oscillator. Instead, an |nh|ly|t0r_ lators in the pitch group.

synapse emitted from one ogcillator in the pitch group is A simulated example is executed with paramefers 25,
projected to the rst oscillator in the yaw group. =0:3and =1 and =0 in the sidewinding circuit.

The inhibitory synapse between the two groups has oy phase difference o5 among oscillators is obtained

functions. First, it makes the oscillators in the yaw 9rOUP,ccording to Table 111, Therefore, according to (8), it i th

ha\_/e the same phase differer_me as the one in pitch 9rOUBacond oscillator in the pitch group that emits the inhityito
which therefore enables the pitch and yaw grouped mOdU|e§gnapse to the rst oscillator in the yaw group

to propagate body waves inthe same dir.ection. Second, sinc Fig. 8 shows the simulated process of the sidewinding
itis emitted fr_om one o_scﬂl_ator in the p_'tCh group, t_he two gait, where the robot is shifting its body laterally. During
groups of oscillators maintain a phase difference. Thisesak the locomotion process, only two supporting points remain

all the modules not in contact with the ground at the same. .ontact with the ground. The dashed lines show the
“”?Ie* a:cnd rr]e?ults in the body shape looking like a attenedtrajectory of the supporting points. This gait is similar to
cor's of a helix. ) . the locomotion pattern used by a snake when moving in
The phase d|fferenc_e for the two groups of oscnlatqrs 'Sdesert. The trajectory of sidewinding is shown in Fig. 9.
_de n_ed as the phase difference be_tween _the head_os_cll_latorlsnere is slippage happening when the robot starts from a
in pitch and yaw groups, respectively. Since the inhibitoryg, il resulting in a slight change of the forward diien
synapse between the two groups is projected to the 'St the beginning. In spite of this, after several periods of

oscillator in the yaw group, therefore the phase diﬁerenc%idewinding movement, the gait becomes stable and the
for the two groups is related to the position where theforward direction is no longer changed

inhibitory synapse emits. In this paper, we suppose that the gjm 1ation results show that the sidewinding circuit can

phase difference for the two groups is closed®. Thus,  generate the sidewinding gait that is similar to the locdomot

tcr:';\?cell:tlggdasposmon of the inhibitory synapges can be 4o of sidewinding snakes in nature.
u :
pos= b0, ®) V. SIDEWINDING EXPERIMENT

pd An on-site experiment was carried out to demonstrate
wherepd represents the phase difference among the oscithe effectiveness of the proposed sidewinding circuit. we



connected ve GZ-I modules in a pitch-yaw connected
manner. The GZ-I module is one of our mechanical pro-
totypes that has the small dimension and the exible con-
necting capability [21]. It weighs around 0.Xg and has a
length width height of 72mm 56mm 56mm. The GZ-I
module is equipped with a RC servo (Futaba s3003) as the
actuator of the module, which provides a maximum speed
of 1.45rad=s and a maximum torque of 0.31¥m. By
actuating the servo, the GZ-1 module can rotate in one degree
of freedom within 90 . In addition, a MSCC20(B) servo
controller is employed to control all the servo motors on the
robot. Fig. 10. On-site sidewinding experiment.
The modular robot is controlled by a PC via a cable. The

control is an open loop. It works as follows: First, the desir 57 ;. w. Burdick, J. Radford and G. S. Chirikjian, “A “sidewding’
angle of each module is continuously calculated online by th locomotion gait for hyper-redundant robotg¥tvanced Robotigsvol.
PC. Then, all the desired angles are encoded as a comm Fli PP 195-216, 1994. - . .

. L. . . Dowling, Limbless locomotion: Learning to crawl with a snake rgbot
and sent to the servo controller with an empirical sampllnzrg Ph.D. dissertation, Carnegie Mellon University, 1996.
time period of 80 ms. Finally, the servo controller decodeg7] R. L. Hatton and H. Choset, “Generating gaits for snakbots by

and executes the command, driving the robot to achieve the annealed chain tting and keyframe wave extraction,"ITHEE/RSJ Int.
9 Conf. on Intelligent Robots and Systemp. 271-281, 2010.

desired posture. By using such real-time control, sideimd (g] R, Ariizumi and F. Matsuno, “Dynamical analysis of sideding

is realized with paramete’d =20, =0:4and =0:8 locomotion by a snake-like robot,” fEEE/RSJ Int. Conf. on Intelligent
and = 0. Fig. 10 shows a series of pictures taken from Robots and Systempp. 5149-5154, 2013. .

. 9 . . L. P . . . [9] J. Gonzalez-Gomez, H. Zhang and E. Boemo, “Locomotianggples
wdeq recorded du_rmg th_e sidewinding experiment, wh|ch_| of 1d topology pitch and pitch-yaw-connecting modular sbioln
consistent to the simulation result, as well as the locomoti Bioinspiration and Robotics: Walking and Climbing Robae. 403-

attern the snake moves on the sandy surface. 428, 2007.

P y [10] A. A.Transeth, R. T. Leine, C. Glocker,and K. Y. Pettars“3-D snake
VI. CONCLUSION robot motion: nonsmooth modeling, simulations, and expenits”|IEEE

. . ] ) . Transactions on Roboticwol. 24, pp.361-376, 2008.
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