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Abstract This paper provides theoretical analysis of some
key features of snake-like robot locomotion. Inspired by
the moving mechanism of animals, the snake robot built
with simple modules is numerically controlled. A most
common method for its locomotion is to apply a central
pattern generator to efficiently generate the control
signals of gait and movement. This paper analyses
stability, crawling gait, moving velocity, climbing
capability, the capability to cross ditches and avoid
obstacles, etc. Mathematical models and simulations
show the theoretical validity and robot capabilities.

Keywords Modular Robots, Central Pattern Generator,
Snake Robot, Locomotion, Gait

1. Introduction

Although wheels, tracks and legs have been widely used
in traditional robots, sometimes they cannot adapt to the
needs of complex environments. At present, the flexible
locomotion gaits, such as winding, sliding, tumbling and
jumping, are more effective movement patterns. Snake-
like robots feature structural characteristics, such as
multi-degrees of freedom, multijoints and modular
structure, which allow a variety of movement methods
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and good adaptability. Snake-like robots can be applied
to many situations with obstacles, uneven ground,
narrow spaces and other special environments, for
interplanetary exploration, military reconnaissance and
attack, underwater underground pipe inspection,
examination and treatment of diseases in humans,
disaster relief and independent operation in other non-
structural environments [1, 2]. In particular, they could
also play an important role in future planetary
exploration [3]. Currently there are many excellent robots
in the world.

In this paper, we concern ourselves with modular
reconfigurable robots [4]-[9]. The snake-like structure is a
typical single-module chain. The module chain structure
is made up of a few modules. Modular robots hold three
key advantages: versatility, robustness and low cost [9-
11], and therefore many present robots have adopted a
modular design concept [12-18].

The majority of land animals are quadrupeds and their
locomotion is generated and controlled, in part, by a
Central Pattern Generator (CPG), which is an intra-spinal
network of neurons capable of producing rhythmic
output. In the field of modular robots, the CPG plays an
important role in motion expression. Almost all the
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modular robots adopt the CPG model, e.g., GZ-I modules
[19, 20].

Among the many snake-like robots developed by all
researchers, their gait, stability and movement have not
as yet been systematically analysed. In this paper,
according to the design structure of snake-like robots [21],
we analyse their locomotion and related issues including
the robot’s crawling gait, crawling velocity and climbing
ability over obstacles. A mathematical model and
simulation experiments are given to illustrate the ideas
and robot capabilities.

2. Gait

The GZ-I module is composed of a servo motor and a
mechanical framework. It only has one degree of
freedom, actuated by the servo. The module has a
rotation of +90 degrees, i.e., 2n. There are three connected
surfaces for attaching other modules, i.e., two bottom
pieces and an outer support piece, and thus they have
three different means of connection [17-20].

2.1 Locomotion Gait

In the structure, every two adjacent modules are
interconnected by a hinge spatial ball. When the snake
robot is travelling in a straight line, the whole snake can
also be seen as a chain of dozens or hundreds of modules.
The snake-like robot is illustrated in simplified form in
Fig. 1, where each black dot represents the pivot point of
each module.
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Figure 1. Simplified model of a snake-like robot

Let us first take the simplest case when the snake-like robot
is composed of two modules. It can perform forward
movement in the form of a short wave, although it cannot
form a complete body wave. The locomotion gait of the
snake-like robot composed of two modules in one period is
explained in [17-20]. When the body wave passes from the
tail to the snake head, it completes a cycle of movement.

The step size is Ax when the robot moves in one period
along the x axis. Assuming the length of each module is
2h, a mathematical model of the robot moving forward is
shown in Fig. 2.
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Figure 2. The initial stage of body wave of the snake-like robot

Int J Adv Robotic Sy, 2012, Vol. 9, 214:2012

Consider the initial stage of wave formation as shown in
Fig. 2. Let Node 1 (P1P2) be the dynamic node and Node 2
(P2P3) be the static node. That is, along with the body
wave from time ti to time t, Node 1 keeps in the
horizontal direction and Node 2 lifts. PiP2Ps forms a right
triangle, where the clockwise rotation of the joint is
positive. In the process, joint one is negative and its
maximum rotation angle is 60 degrees. Joint two is
positive. When it reaches 30 degrees, the shape forms the
first small wave of the tail. In the next step of body wave
propagation, Node 2 becomes a dynamic node and Node
1 is static. The distance between P1 and Ps is fixed, i.e., L
in (1). i is a half length of a single module. ai represents
the angle between each module and the horizontal one,
and Pi represents the angle between two adjacent
modules.

L:h[cosoz1 +2c050;1J @

From the triangular relationship in Fig. 2, we can find the
following relationship

—

P1P2 + P2P3 =P1P3
he'™ +2he'® =L @)

By Euler’s formula, equation (2) is equivalent to

hcosa; +2hcosa, =L )
hsinay +2hsina, =0
We can find the solution of (3) is
3
Qo =arccos| —— 4
1 { LJ “)
3h+ 12

= 5

a, arccos[ L ] (5)

According to the geometrical structure, the angle
relationships between adjacent modules are
pi=a +a,
{ (6)

B =a,

According to i and f, we can modulate 4 of each
module node to control the body wave effectively. In each
period, the distance the snake-like robot moves is Ax

Ar=2h] 2-S85% _ o %L )
2 2

2.2 Gait with Multiple Modules

Assuming that the snake-like robot is composed of N
modules (N > 2) and the length of each module is 2h, we
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know that at least four modules are required to form a
complete wave [17-20]. For example, when the body
wave of a snake-like robot with nine modules, a simple
period includes: 1) wave formation stage - when four
modules move at the same time, the remaining modules
keep static. The stationary modules provide the friction to
make the snake-like robot move forward along the
ground. 2) The boost phase of the body wave - the wave
moves forward along with the middle modules by each
unit. 3) The recovery phase - all modules are reset to the
linear state.

Fig. 3 illustrates the mathematical model of a multi-
module snake-like robot. a is the angle between each
module and the x-axis direction, and B is the angle
between two adjacent modules. The movement of the
snake-like robot relies on the formation of sinusoidal
waveform. As for the geometrical relationship, when the
body wave passes forward to a module, the state of node
pi changes to pi1. The corresponding rotation angle of
each joint can be found by

Apy=0-oy =-a
App=ay—ay, =
Apy=ay—az=p,
Ap

8)
n= " Pn-2

Since a; = a;,, + f;, the moving distance of the robot in
one period is

N
Ax =2h(N - ZCOS(Zi)
= ©

v

Figure 3. The geometrical model of a snake-like robot

In order to analyse the impact to the moving distance in
one period, according to (9), the main variable is the
number of modules N and the swing angle a. Taking the
length of a module 2h as a unit, the step size of the snake-
like robot becomes

N
Ax=N - Zcosai
i=1

First, with a fixed number of modules, e.g., N = 4, we can
find a relationship between Ax and o which looks like a
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quadratic curve (Fig. 4). With the increase of o, Ax also
increases. With different module number N =4, 5 ... 16,
we find that the results are similar by numerical
simulations. To improve the transmission efficiency of the
body wave, we can use the following strategies: (a)
minimize the length of each module in the mechanical
structure so that we can generate more realistic
performance of the snake winding movement; (b) select
the appropriate swing angle value of o; and (c) increase
the number of modules to form the curve section of the
snake-like robot and yield a more stable body wave.

y(em)
N
|

. . . . .
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
x(rad)

Figure 4. The relationship between o and Ax (N =4)
2.3 Influence of Parameters

The control function of snake-like robots is [17-20]
¢-(t)=Asin(27rt+(i—l)Ad)] (10)
! T

The shape of the body wave is determined by module
number i (1 < i < N), amplitude A and phase angle A®.
When t = 0, the relative rotation angle of each module in
the initial position can be described by (9); we therefore
have

9°;(t)=Asin[(i—1)A®]  (t=0) (11)

Equation (11) shows that there are three main parameters
that influence the robot’s body wave, ie., the relative
swing angle of two adjacent modules A, the phase
difference A® and the number of modules N.

Amplitude A controls the maximum rotation angle of
each module. It also controls the amplitude of the body
wave, the larger the amplitude A, the greater the
amplitude of the body wave. Phase A® controls the size
of the body wave. When A® is small and N is large, a
large body wave is generated. In addition, A® can control
the direction of the robot movement, ie. crawling
forward or backward.

By fitting the model with the actual robot structure, we
can generate the ideal body wave at any time. Fig. 5
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illustrates such a wave when N = 12, the maximum
rotation angle is A = 45 degrees and the period T = 20.
These parameters have to be within limitations of the
mechanical structure.

Figure 5. A generated body wave

We can find the influence of specific parameters on the
locomotion gait. For example, when A =45 degrees, N = 6
and A® = 120 degrees, it can crawl forward normally.
From the experiment and simulation, the shape of the
body wave using these parameters is good as shown in
Fig. 6.
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Figure 6. The body wave with A =45°, n=6 and A® =120
3. Capability
3.1 Climbing Capability

Like serpentine robots having the ability to climb over
obstacles, the snake-like robot can not only crawl along a
plane, it can also climb up steps or over obstacles [22-25].
However, owing to its size and the structure constraints,
there is a limit to the height the robot can climb up steps
or up an obstacle.

Using a simple model of the robot module as shown in
Fig. 7, one can see that the snake-like robot has two main
climbing drivers: the driving force between the modules
and the driving force of the curl actuator. To enable the
robot to successfully complete a climbing task, a
necessary condition is that the gravity centre of the robot
in the moving direction needs to exceed the upper edge
of the step. Assume that the step height is H. The gravity
centre will be located on the edge of the step point and
the elevation angle of the module is 6. According to the
geometric relationship, we can determine the relationship
between H and € . According to (12) and (13), we can
obtain the actual relationship between H and 6. Figure 8
illustrates an example when h=3.8 cm and e =5.8 cm.
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Figure 7. The geometrical parameters of a module
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Figure 8. The relationship between H (cm) and 6 (degree)
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Figure 9. The climbing process

Consider the climbing capability of a whole snake-like
robot composed of multiple modules. Thanks to the
symmetry of the snake-like robot, the gravity centre is
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located in the middle of the robot. Therefore, assume the
robot is made up of N modules and n [n < (N - 1)/2]
modules can be directly raised by the curl actuator of
other (N - n) modules (Fig. 9). This direct raising
approach is often the simplest method of locomotion. In
this way, the height that the robot can climb is
determined by (14)

H=2nh+h+§ (14)

Although with this method the motion planning is
simple, it has two drawbacks, i.e., (a) it is requires a large
driving torque and (b) the maximum height is half the
length of the snake even with a huge torque. In addition,
the robot can usually lift only a small number of modules.
Referring to Fig. 10, we can calculate the torque in each
module of the snake robot by

1 L
M, :Emghé(%—l)cosﬂi (15)

Figure 10. Torque calculation of modules

Here, Mn is the torque required to lift the modules.
Assume that the maximum torque of a curl actuator is
Mmax. Using this method, in practice only a few modules
can be raised. Therefore, we need to create a reasonable
strategy so that the robot can raise as many modules as
possible. When the m-th module is going to be lifted, we
can adjust the gravity centre of the first (m — 1) modules
to an appropriate location, so that we can reduce the
torque required. Snake robots can lift the first m module
on the condition that the torque of the former (m + 1)
modules is less than the rated torque. At the same time, to
raise m modules, the torque of m-th module should be
large enough, but the total weight should be less than the
maximum torque. Some skills are required to plan such a
raising action in a static or dynamic way. Fig. 11
illustrates an example.

ho

(N 1) Y (~V+1)
2 v 2

Figure 11. Example to reduce the torque required

www.intechopen.com

If we take appropriate motion planning into account, the
total weight of the modules raised is limited by the joint
torque. Assuming that the joint torque can directly lift k
modules, from (15) we know

1&,,. 1
M, :Ezl(zz ~1m.h :Ekzmgh
is

G (16)

m+l =

(n+1)mg < kzmg +%mg
As N is an integer, from (16) the maximum number of
modules the robot can lift is n = k% Therefore, by
adjusting the gravity centre, the snake-like robot can lift
many more modules than that by direct lift. Taking
effective planning into account, the maximum number of
raised modules is proportional to the maximum torque.
The above analysis is on the condition that the motion
should satisfy the structural constraints and joint angles.
In fact, we can further undertake dynamic planning so
that the robot can raise even more modules, but it
requires complicated analysis of system dynamics and
kinetics.

3.2 Influence of the Angular Amplitude

In addition to torque limitation, another important
parameter is the maximum angular amplitude A. It not
only limits the robot’s athletic ability in the horizontal
plane, but it also has great influence on its capabilities of
obstacle avoidance. A implies the ability to adjust the
gravity centre for the modules to be raised. A very small
or very large A will not be able to adjust the gravity
centre of the raised modules to the vertical line shown in
Fig. 11, and this causes severely limited capability to
avoid obstacles. Define

6= A (17)

0 10 20 30 40 50 60 70 80 90

Figure 12. The relationship between amplitude A and

torqueCombine (15) and (17) and we can get the

relationship between amplitude A and the torque, as
illustrated in Fig. 12. It can be seen that when A is small,
the torque increases with the number of modules, which
can be approximated by M? o« pA. When A is greater than
45 degrees, the growth is significantly reduced. The
torque is not continuously increasing with A, with even
no growth or negative growth appearing in several joints.
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3.3 Stability

To keep the robot stable, the projection of the gravity
centre should always fall between the two supporting
points. This type of motion is smooth due to the fact that
the gravity centre remains constant. Let N1 and N2 be the
labels for the supportive points at a certain time, the
remaining points have no contact with the ground, and
the supportive force is zero (Fig. 13).

Figure 13. Stability analysis on the slope

For the body wave of the robot in any azimuth on the
slope, external forces that influence the process of wave
propagation include gravity force G, supportive forces N1
and N>, and friction force F:i. The vertical direction of
gravity force G is balanced with supportive forces. Thus,
the driving force affecting the snake body is only friction
Fi. When the slope increases, the robot may not rollover,
but falls down. The declining condition that the robot
does not fall is

Fi=Gsiné < Fimax = Gcosd (18)

From (18), when Fi > Fima, ie., tan@ > f (adhesion
coefficient), the robot is not stable on the slope.

3.4 Crawling Capability

Crawling speed is an important factor for the robot. When
the snake robot crawls forward or backward, the speed
depends on the amplitude angle A, the modular length and
the period T. The step of the robot (Ax) is determined by the
movement in one period time. Ax grows along with the
increase of parameter A. If the turning angle of the first
module is A =ou, the moving velocity is

N
0=2h(N - cosa;)/T (19)
i=1

4. Experiments

In the experiments, we have implemented the robots and
control algorithms, ie. clawing, locomotion gait and
stability, with either two-module robots or multiple
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module robots. We also measure the clawing velocity and
compare this with theoretical values. In the experimental
tests, the initial phase A® is 120 degrees and amplitude A
is 45 degrees. The movement wave is realized to move
forward/backward.

From the experiments, although two modules cannot
form a complete waveform, the snake can still move
forward in a short wave. The robot trajectory is not
continuous and there is some intermittence. The robot’s
motion direction changes depending on A®.

In testing of the crawling velocity, we set the triggered
time unit as 50 ms, so that a period T is just one second.
We can find the theoretical speed Vt and the measured
actual speed Vp depending on different amplitude angles
A (Fig. 14).

Vt
Vp

18.0
16.0
14.0
10.0

6.0

2.0
0.0

20 10 60 80 100

the value of A ()

Figure 14. The theoretical speed Vt vs. the measured speed Vp

We found that there is a small difference between Vr and
V1. Considering the ground friction coefficient and the
model simplification, such a difference is reasonable.
Precise modelling of the robot and the friction coefficient
is one way to reduce the difference between Vr and V.

In testing of the linear movement, Table 1 shows the
experimental results based on different parameters n and
o. The experimental results are consistent with the
numerical simulation results. Parameter o decreases with
the n and the step distance in one period increases with
the parameter n.

In testing of the sinusoidal crawling ability of a multi-
module snake-like robot basically the line is A® = 180
degrees. For specific analysis of the sinusoidal crawling
gait, we take a robot composed of six modules as an
example and set A =45 degrees and T =20, AD < (80,160).
It can crawl forward/backward normally with a complete
wave form. From the experiments, we found that when
A®D is 120 degrees, crawling speed is fastest.

n 4 5 6 7 8
o(?) 85.7 76.8 65.7 55.7 45.6
Ax(cm) 3.95 445 4.86 5.82 6.35

Table 1. The experimental data with variable n and a
5. Conclusion

This paper considers modular snake-like robots and

analyses locomotion gait, stability and movement
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characteristics. The crawl gait for the body wave is
composed of different numbers of modules. Parameters
A, n, T and A® are affective at controlling the locomotion
gait. The speed and climbing ability of the snake-like
robot are analyzed according to the parameters and
conditions. In the experiments we find that when the
snake-like robot achieves a sinusoidal motion gait, the
choice of parameters can influence the body wave and
velocity. Analytical and experimental results are given in
the paper.

6. Acknowledgments

The authors thank Prof. Houxiang Zhang for useful
discussions and help in carrying out this research project.
This work was supported by the National Natural Science
Foundation of China (NSFC no. 61173096, 61141014,
60870002), Doctoral Fund of Ministry of Education of
China (20113317110001), and the Science and Technology
Department of Zhejiang Province (R1110679).

7. References

[1] F. Matsuno, A mobile robot for collecting disaster
information and a snake robot for searching,
Advanced Robotics, Vol.16, No.6, pp. 517-520, 2002.

[2] R. Buckingham, Snake arm robots, Industrial Robot,
Vol. 29, No.3, pp. 242-245, 2002.

[3] C. Wright, A. Johnson, et al.,, Design of a modular
snake robot. IEEE/RS] International Conference on
Intelligent Robots and Systems, pp. 2609-2614, 2007.

[4] J. Sastra and B. Shirmohammadi, “A Modular Robot
That Puts Itself Back Together Again,” New York
Times, 28 July 2009.

[5] M.  Yim, “Locomotion with a Unit-Modular
Reconfigurable Robot,” PhD Thesis, Dept. of Mech.
Eng. Stanford Univ. 1994.

[6] Y. Fang, H. Zhang, X. Li and S.Y. Chen, “The
Mathematical Model and Control Scheme of a Four-
Legged Robot Based on GZ-I and Note Module”,
Lecture Notes on Artificial Intelligence, vol. 6424, pp.
300-309, 2010.

[7] X. Li, H. Zhang and S.Y. Chen, “Construction and
Movement of a Snake-Like Robot”, International
Journal of Electronics, Electrical and Communication
Engineering, vol. 3, no. 2, pp. 129-131, 2011.

[8] Y. Li, H. Zhang, S.Y. Chen, “A Four-Legged Robot
Based on GZ-I Modules”, IEEE 2008 International
Conference on Robotics and Biomimetics, Bangkok,
Thailand, pp. 921-926, 2008.

[9] K. Story, W.-M.Shen and P.-M. Will, “A simple
approach to the control of locomotion in self-
reconfigurable robots,” Robotics and Autonomous
Systems, vol. 44, Issues 3-4, pp.191-199, 2003.

[10] M. Yim, Y. Zhang and D. Duff, “Modular Robots,”
IEEE Spectrum Magazine, pp.30-34, 2002.

www.intechopen.com

[11] Y. Zhang, M. Yim, C. Eldershaw, D. Duff and K.
Roufas, “Phase Automata: A Programming Model of
Locomotion Gaits for Scalable Chain-type Modular
Robots,” IEEE/RS] Intl. Conf. on Intelligent Robots
and Systems, Las Vegas, Nevada, October 2003.

[12] Kamimura, et al, “Automatic locomotion pattern
generation for modular robots,” IEEE Intl. Conf. on
Robotics and Automation, pp. 714-720, 2003.

[13] Castano, W.-M. Shen and P. Will, “CONRO: Towards
Deployable Robots with Inter-Robot Metamorphic
Capabilities,” Autonomous Robots, Vol.8, pp. 309-
324, 2000.

[14] M.-C. Shiu, L.-C. Fu, H.-T. Lee, F.-L. Lian, “Modular
Design of a Reconfigurable Electromagnetic Robot”,
Advanced Robotics, vol. 24, no. 7, pp. 1059-1078,
2010.

[15] K. Story, W.-M. Shen and P.-M. Will, “A simple
approach to the control of locomotion in self-
reconfigurable robots,” Robotics and Autonomous
Systems, vol. 44, Issues 3-4, pp. 191-199, 2003.

[16] W.-M. Shen, et al., “Multimode Locomotion via
SuperBot Robots,” Proc. of the 2006 IEEE Intl. Conf.
on Robotics and Automation, Orlando, Florida, pp.
2552-2557, 2006.

[17] H. Zhang, ]. Gonzalez-Gomez, Z. Xie, S. Cheng and J.
Zhang, “Development of a Low-cost Flexible
Modular Robot GZ-1,” 2008 IEEE/ASME Intl. Conf.
on Advanced Intelligent Mechatronics, Xian, China,
pp. 223-228, 2008.

[18] ]J. Gonzalez-Gomez and E. Boemo, “Motion of
Minimal Configurations of a Modular Robot:
Sinusoidal, Lateral Rolling and Lateral Shift,” The 8th
Int. Conf. on Climbing and Walking Robots, London,
U.K,, pp. 667-674, 2005.

[19] ]. Gonzalez-Gomez, H. Zhang, E. Boemo and ].
Zhang, “Locomotion Capabilities of a Modular Robot
with Eight Pitch-Yaw-Connecting Modules,” The 9th
Int. Conf. on Climbing and Walking Robots and their
Supporting Technologies for Mobile Machines,
Brussels, Belgium, 2006.

[20] J. Gonzalez-Gomez, H. Zhang, E. Boemo,
“Locomotion Principles of 1D Topology Pitch and
Pitch-Yaw-Connecting Modular Robots,”
Bioinspiration and Robotics: Walking and Climbing
Robots, Vienna, Austria, pp. 403-428, 2007.

[21] J.-J. Collins and S.-A. Richmond, “Hard-wired central
pattern generators for quadrupedal locomotion,”
Biological Cybernetics, vol. 71, no. 5, pp. 375-385,
1994.

[22] K. Dowling, “Limbless locomotion: Learning to crawl
with a snake robot”, IEEE Int. Conf. Robot. Auto.,
Detroit, USA, pp. 3001-3006, 1999.

[23] M. Tesch, K. Lipkin, et al., “Parameterized and
scripted gaits for modular snake robots”, Advanced
Robotics, vol. 23, no. 9, pp. 1131-1158, 2009.

Shengyong Chen, Ke Lu, Xiuli Li, Yinfeng Fang and Wanliang Wang:
Gait, Stability and Movement of Snake-Like Robots



[24] R.L. Hatton, H. Choset, “Generating gaits for snake [25] P. Liljeback, K.Y. Pettersen, O. Stavdahl and ].T.

robots: annealed chain fitting and keyframe wave Gravdahl, “A Review on Modelling, Implementation
extraction”, Autonomous Robots, vol. 28 n.3, pp. 271- and Control of Snake Robots”, Robotics and
281, 2010. Autonomous Systems, vol. 60, no.1, pp. 29-40, 2012.

8 IntJ Adv Robotic Sy, 2012, Vol. 9, 214:2012 www.intechopen.com



