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Abstract
Robots are expected to be new tools for the operations and observations in the extreme environments where humans have difficulties
in direct access. One of the important matters to realize mobile robots for extreme environments is to establish systems in their
structures which are strong enough to disturbances. Also, while considering surveillance in inaccessible remote areas, a need arises
for the presence of a robot capable of intruding into small crevices as well as provides proper surveillance.

This work aims at the implementation of a snake robot for surveillance operations in remote areas. A biologically inspired robot with
various motion patterns is taken into consideration. An important problem in the control of locomotion of robots with multiple degrees
of freedom is in adapting the locomotors patterns to the properties of the environment. This has been overcome by using control
techniques capable of integrating the motion patterns of a snake. Here an attempt is taken to focus on the creeping locomotion of a
living snake. In hybrid model, the optimal locomotion of the snake robot is tried to achieve by comparing it with that of a living snake.
A wireless real time vision processing is also employed within the robot to improve its performance. The presence of Video acquisition
along with processing will be an added advantage for implementation of the robot for highly precise and difficult surveillance
applications. Real time processing of video enables proper and efficient control towards obstacle avoidance pattern of the robot. This

ensures that the locomotion of the robot is in a bio-inspired highly efficient path towards the target.
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1. INTRODUCTION

Biologically inspired robots have been researched and
developed in an intense fashion recently. Many researchers
expect that the locomotion of living things has high
performance in the natural world because of their survival by
natural selection. However, when the effectiveness of
imitating the biological locomotion is considered, it is
important to clarify not only the kinematical and dynamical
features but also the principle of the locomotion.

An expected factor is that the knowledge regarding this
principle would suggest a more effective motion pattern which
is specific to mechanical robots. Practically the great ability of
movement of a living snake is useful, for example, in search
and rescue missions at disaster sites. In hybrid model, the
optimal locomotion of the snake robot is tried to achieve by
comparing it with that of a living snake.

Robots are expected to be new tools for the operations and
observations in the extreme environments where humans have
difficulties in direct access, such as Deep Ocean, space,
nuclear plants etc. One of the important matters in realizing of
mobile robots for extreme environments is to establish
systems in their structures which are strong enough to
disturbances. Also, while considering surveillance in
inaccessible remote areas, a need arises for the presence of a
robot capable of intruding into small crevices as well as

provides proper surveillance. This highlights the need and
importance of a snake robot.

A hybrid system is proposed for the implementation of snake-
like robot. The collision-free behavior for lateral locomotion is
tried to achieve by using CPG (Central Pattern Generator)
based neural steering method with AMM (Amplitude
Modulation Method) steering for head-navigated locomotion.
For climbing purposes, Sinus-lifting locomotion has to be
analyzed based on constraint forces and energy efficiency for
wheel-less system.

1.1 Objective

The goal is to demonstrate a collision free behavior of the
snake robot through the use of neurally controlled steering.
Due to its peculiar structure and S-shaped motion pattern, the
snake robot cannot turn right or left as easily as wheeled
robots can. Hirose proposed the serpenoid curve to model the
movement of a snake robot [17], and discussed a steering
principle for turn motion by adding a bias value to the joint
angles. Such a bias means that the amplitude of the joint angle
is increased on one side. The resulting asymmetric undulatory
wave leads to a change in direction. This steering principle is
called the amplitude modulation method (AMM). Most
researchers have used this method for the navigation of the
snake robot. Sfakiotakis and Tsakiris [11] describes sensor-
based control to collect information about the surroundings
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and steering of an undulatory robot through a corridor by
adding an angular offset. Matsuo and Ishii [23] also applied
the AMM to change the direction of a neurally controlled
snake robot. Manikas [21] has summarized the methods for
the turn motion of the snake robot. However, only qualitative
results for the implementation of turn motion are available in
previous studies. The exact relation between the change in
joint angle and the turn angle is still unclear. Here, we
quantitatively analyze the relation between the change in joint
angle and the steering angle, proposing a general model for
neurally controlled steering by AMM.

Before using AMM-based steering for collision avoidance, the
snake robot’s direction of motion has to be determined. A
head-navigated serpentine locomotion is proposed by the
neural controller. In contrast to traditional serpentine motion,
the head of the head-navigated snhake robot always points
along the direction of movement. Using this fact, the effective
distance between the obstacle and the snake robot can be
calculated conveniently by means of three infrared (IR) range
sensors and a camera installed on the head module. The
camera takes streaming video which is then processed to find
the obstacles. Based on the height of the obstacle, controller is
made to decide whether to crawl over the obstacle or avoid it.
The turning angle required to avoid the obstacle can be
calculated using the multiple sensory signals. Using AMM
method, the snake robot is made to navigate in an adaptive
collision-free manner or provide sinus lifting motion for
adaptive crawling.

This paper is organized as follows. Section 2 introduces an
adaptive algorithm for direction collision avoidance. Section 3
gives an overall idea of the system architecture and its
modules. The implementation in MATLAB is described in
Section 4.The fuzzy controller to control steering of the robot
is presented in Section 5. Section 6 gives an idea of real time
vision processing. Finally, the work is concluded with the
results obtained till present.

2. ADAPTIVE ALGORITHM

For the snake-like robot, the serpentine gait often also called
lateral undulation is commonly used:

@i p(t) = Apsin(wpt + (0 — 1)0) +vp,
(i=1.,n—1) 1)

Where parameters, A, , @, determine shape of the snake and
parameter y, modifies the serpentine curve. It acts as the
angular offset that provides a means for the steering
mechanism. y;, is set to zero for locomotion in straight line. If
¥y, is non-zero the mechanism moves along a curved path,
clockwise or counter clockwise, depending on the sign of y;,.
Links are labeled by index i and h which means that the gait
acts in horizontal direction.

This expression is derived by an inspiration of the efficient
locomotive behavior of real snakes. Since the embedded
platform provides a limited computational capability, the
complexity of control mechanisms are reduced to run the
algorithms in real time. Other requirements for this work are
related to a minimal number of parameters changed during
locomotion process; such as holding the direction to the target
until the target is reached and a minimum of directional
changes for the energetic efficiency. This type of locomotion
strategy is motivated by possible scenarios in hazardous and
dangerous areas, where the robot should optimize its own
behavior for a fast coverage of the targeted area.

Since a snake-like robot is not able to change rapidly its
direction of movement, the gait planning and adaptation
should be iteratively performed.

The adaptive algorithm for collision avoidance is applicable
only for 2D locomotion. In order to transfer this idea to a 3D
case scenario, gaits that allow movement of the snake in a 3D
environment are also investigated. In [1], an overview of
different possible gait formulations and locomotion strategies
in planar as well as 3D environment are summarized. One of
the promised gaits for a 3D locomotion is the combination of
lateral undulation gait with an additional sinusoidal generator
that controls the vertical gait.

Therefore, an additional parameter @, is required to control
the phase difference between the horizontal and vertical gait:

(pi,v(t) = AV Sin(wvt + (l - 1)¢v + Q)O) + Yo
(i=1,..,n—-1) (2

Where, index v means the vertical direction. Applying only
the vertical gait to the snake will produce only a caterpillar-
like gait. Combination of both is required to create twist-like
movement patterns that resemble a real snake.

3. SYSTEM ARCHITECTURE

The overall system architecture is described here. Each of the
following sections gives a brief idea on each module and its
functions.
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Fig.1.System Architecture

The input to the system comprises of a streaming video from a
camera installed on the head of the snake robot and sensory
signals placed along with the camera and on two sides of the
robot body. The video gives an account of the environment in
which the snake robot is moving. It captures the scene at
particular instants of time and then undergoes processing to
detect the height of the obstacles in the scene. The distance
sensors provide the distance of the robot’s body to the
obstacles. This information gives an idea of whether the
obstacle in the video is nearby or far away. Integration of
multiple distance sensors alongside the body of the snake
robot improves the collision avoidance strategy while it has to
undergo an angular deflection in its path.

The input parameters are then fed to a fuzzy logic controller
which provides the controller action to the snake robot. The
mechanical structure of the snake robot is designed by using
SimMechanics in Simulink and the controller action is
supplied to the actuators that provide motion to the body links.
The Matlab-Simulink platform shows the simulation results of
animation of the snake robot along with the image processing
GUI for obstacle detection.

4. MATLAB IMPLEMENTATION

For studying the dynamics of the snake-like topology, Matlab
Simulink with the combination of the SimMechanics toolbox
is used. SimMechanics uses the second order Euler-Lagrange
dynamic equations for calculation of dynamics and allow
efficient and fast multi-body simulation. The snake robot is
modeled following the idea that modules are connected to the
ground by six DOF joints. This allows each module to
translate and rotate along all six axes in space. An
arrangement is made to simulate friction and body contact
with the ground.

A spring-damper system (Eqg. 3) is used to model the normal
forces during the ground contacts.

To simulate the hardness of the ground the spring coefficient k
is set to a rather high value. The damping coefficient d is
smaller in contrast to k and is necessary to damp out the
oscillations.

B =—kp,—dv, , Vp,<0 3)

Where, i denote the link number and p}. is the position and v}
is the velocity component in z-direction.

To model these frictions and simultaneously not to overload
the simulation, we use the most simple friction model in both
planar directions:

Fi, = uFi and F, = u, F; (4)

Where indexes [ and t denote longitudinal (tangential) and
transversal (normal) directions. Here viscose friction or slip-
stick effects are not considered because the mass and the
speed of the snake links is quite low and hence these parts can
be neglected at the current state.

5. FUZZY LOGIC CONTROLLER

Fuzzy logic controller (FLC) is used to control the navigation
of the snake robot. It has a simple structure and one of the
most important and interesting characteristic of a fuzzy logic
controller is that linguistic rules can be used to control any
complicated system.

In the case of the snake robot, here three simple rules are
derived that can be used as a rule base of FLC. As mentioned
in section 2, parameter y, in Eg. 1 provides a means for
steering mechanism of the snake robot. When y,, is zero, the
snake moves in a straight line. When y,, is positive, it turns
left in a circular path and when it has a negative value it turns
right. This is because the increasing absolute value of 1y,
results in a decrease in the radius of circular path. In other
words, when y,, is high the snake robot turns sharply to the left
or right depending on sign of y,. This sharp turn results in
singular configuration of snake robot that is not desirable.
Therefore, selection of optimum value of y, is to be a
compromise between speed of turning and singularity
avoidance.

The proposed FLC controls direction of motion of the snake
robot based on sensed information. Input to the FLC is taken
to be the difference between orientation of snake robot and
desired orientation (A& = &* — ¢&).

As robot orientation changes during locomotion, sinusoidally,

an average of links orientation is selected as a measure for the
direction of the whole robot. This is shown in Figure 2

&= Tk 6, (5)
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Fig.2. Direction of whole system and desired orientation

Three input membership functions P (positive), Z (zero) and N
(negative) are proposed here (Fig. 2). The output of FLC is
steering parameter y. Three output membership functions P
(positive), Z (zero) and N (negative) are defined. The
parameters are tuned by trial and error base on a compromise
between speed and singular configuration avoidance. Figure 3
shows the output and input membership functions.

- I I I Ll 1 1 1
: 4 2 0 2 4 :

Input Membership Functions

Fig.3. Input and Output Membership Functions

To solve the navigation problem a model based on human
knowledge is built here. The knowledge is formalized in the
form of linguistic rules for navigating a snake robot to a
predefined goal. An example of a linguistic rule is the
following:

“If angle of snake robot direction is more than desired one,
then turn left”.

Utilizing these linguistic rules and relations mentioned in
section 2, the rule base of FLC is built as:

“If A€ is Zero then 1y, is Zero.
If A& is Positive then y;, is Positive.
If A& is Negative then y,, is Negative.”

Centroid method for defuzzification, product for AND
operator and maximum for OR operator is chosen for the
proposed FLC.

The position of the fuzzy controller in the system affects the
movement of the snake robot. The controller has to be placed
in such a way that the input is the orientation factor of the
snake robot and the output is provided to the servo actuator
such that it alters the angle of motion of the snake robot.

6. REAL TIME VISION PROCESSING

The path chosen by the robot must be ensured to be free of
obstacles. For this, their existence must be identified and their
positions located.

In present scenario, a real time video is captured by the
webcam integrated in the laptop. The captured vision is then
processed in Matlab using Image acquisition and Image
Processing toolbox. The image is acquired via Simulink file of
the snake robot and called out as a GUI. The configuration of
the webcam can be selected during simulation itself.

The streaming video is then processed in a number of steps to
finally an image that presents the contour displaying the
obstacles. The steps involved in image processing are
described below:

Step 1: The video is accessed as separate color signals (RGB
signals) for ease of processing.

Step 2: A level of threshold is defined for converting the video
into its gray equivalent. This produces a black & white video
of the input RGB video.

Step 3: The filled contour of the video is plotted using gray
color map. This converts the video into a still image.

The still image of a particular frame or instance can then be
send to calculate the heights of the objects using Euclidean
distance method. Based on the height of the obstacle controller
action is to be provided to the robot.
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If the height is less than or equal to the overall height of the
snake robot, the robot is made to crawl over the obstacle.
Otherwise, proper angle are given to the servo motors to turn
the snake away from the obstacle but retaining its path to the
target.

Recognition of the target can also be done using image
processing techniques for shape recognition. It is to be ensured
that the processing time be of a reasonable value such that the
robot capture the next frame and make its decision in an
effective manner

7. CONCLUSIONS

The use of snake-like robots has increased dramatically for
rescue and surveillance purposes. Though various
methodology and techniques have been described in currently
used robots, most of them are assigned for a particular
operation only. i.e., snake-like robots are designed as
application oriented systems. A hybrid model of such a system
will prove to be an added gem to robotics application.

An analysis about the type of techniques to be used in the
proposed system has been decided. The decision was made
based on studies conducted over previous researches. The
resulting analysis showed that various techniques and analysis
methods have been conducted for the implementation of snake
like robot. Most of the analysis was done for application of a
particular purpose. Here an effort is done to implement a
hybrid model capable of adaptive locomotion. This is
employed by integrating various techniques and analysis
methods into a single prototype.

The most advantageous technique was to integrate a real time
vision processing system along with the sensory systems that
are being recently. An effort was taken to provide processing
techniques to streaming video to produce an image per frame
that gives a map indicating the position of obstacles.

A Simulink based 3D model of snake was also developed
using its mechanical constraints. The motion of which can be
controlled by the angle given to the servo actuators.
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