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Abstract:  In this study, a model of snake robot is created and its dynamic modeling and control of a passive wheel planar is observed and studied. The 
main purpose of this work is to perform a corresponding movement in a stable condition with respect to the actual effect of environmental conditions. 
Serpanodial motion of the real snakes‘ is studied to determine the control of the robot. Holonomic constraints‘ of the system is taken into the 

consideration to obtain the robot‘s kinematics and dynamics equations. By using obtained dynamic equations, the model  of the system is created in 
MATLAB/SIMULINK. The simulation studies showing performance of the system are performed by determining the control parameters of the system with 
Fuzzy and the Genetic Algorithm (GA) and controlling FUZZY PID, GA-PID and PID control. The system control parameters are determined by FUZZY 

PID, GA-PID and PID control the performance of the system by simulation studies have been performed. In addition, the dynamic motion simulations are 
carried out for obtaining data and experience before the experimental studies.  Graphical results obtained are compared with the results of conventional 
PID control method applied to the system and the results are analyzed. Consequently, the computer simulations are shown that the suggested control 

methods are make the system control accomplished 
 
Index Terms: Snake robot, Genetic Algorithm (GA), GA-PID, Dynamic equations, Fuzzy PID, PID 

———————————————————— 

 

1 INTRODUCTION  
Serpentine robots acting skills in almost any environment with 
high performance, long, thin and flexible to have a body, object 
manipulation skills and fine motor skills in harsh environments, 
has made it an interesting creature. In the literature, there are 
the robot studies about the snake robots in the different design 
and working space such as (2D, 3D) wheeled or crawler etc. 
and they are realizing many functions. Passive wheeled, 
planar robots constitute one of the main categories of the 
snake-like robots and they have been actively investigated. 
The first study about the snake robot was presented by Hirose 
in 1972[1]. The first snake robot had 2 meter height, 28 kg 
weight and it consisted of 20 joints.    Also, it was equipped 
passive wheels. Later, the first snake robot was developed and 
called as ACM-R3 [2], wireless communication property. ACM-
R3 had 1.8 meter height and 12 kg weight and it consisted of 
20 joints. The robot mentioned above had two different rotation 
axis and its joints were connected with 90 perpendicular angle 
the each other. This type of connection made motion possible 
in 3D. Because, every connection point of this connection 
point of this connection had unique degree of freedom and this 
structure was standardize by simplifying of it. The later 
developed robot AmphiBott 2 [3], which is with passive wheel 
in 400 mm/s and it, had 770 mm height and 8 joints. Another 
snake robot study, Wheeko [4] had 10 joints and two actuator 
were used for every part of it.12 part passive wheel were 
bounded on the every joint and every part had two degree of 
freedom. Several studies were made by using different design 
and control methods [5-12]. Genetic algorithm is a method 
created by modeling on the evolution mechanism in the 
nature. Genetic algorithms are the research algorithms based 
on the natural selection and natural genetic mechanism, which 
may be summarized as "survival of the fittest in the natural 
system" suggested by Charles Darwin for the first time [13]. 

Genetic algorithms are the modern control methods based on 
the natural selection and natural genetic rules. Natural 
selection refers to maintaining the living being that fits most to 
the natural conditions and elimination of the species that 
cannot fit. Genetic algorithms are used for the solution of 
various problems encountered in the computer science, 
engineering, social sciences, medicine, and mathematics and 
so on. The attraction of genetic algorithms originates from 
being easy and smooth in the powerful research algorithms 
and its ability to deducting good results from the multiple 
dimension problems. Genetic algorithms provide not only 
alternative methods for problem solving but also carry out 
other conventional methods consistently for the most of the 
problems. For example, real physical problems observed to 
find the optimum values of parameters may be had for the 
conventional methods but they are ideal for G.A. G.A's are 
used for problem solving and modeling. G.A's are used in 
scientific engineering problems, business life, economy, 
communication network and entertainment [14-17]. Controller 
parameter optimization of snake robots has specific problems 
on classic tuning method of PID controller parameters which 
are cumbersome.  For that reason process of modeling 
requires repeating trial. However, the controller parameters are 
not always guaranteed for being optimal. For eliminating the 
mentioned problems various control methods are introduced 
into the control problem of a snake robot, and controller 
parameters are optimized for the control of the snake robot. 
The main purpose of this work is to perform a corresponding 
movement in a stable condition with respect to the actual 
effect of environmental conditions. Firstly, kinematics and 
dynamics model is created for 5 jointed of a snake robot and 
then, system is controlled with different control methods. 
Thanks to simulation useful information are obtained about 
motion of system. Secondly, in the light of this information for 
future work, focusing on different designs and mechanisms are 
thought to provide high performance with a simpler 
mechanism design. This application is performed in a 
simulation and obtained results are discussed. Furthermore, 
the robot manufacture is performed for future experimental 
studies.  Figure 1 shows the snake robot TAROBOT-1 made 
manufacture. 
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Figure 1: Photograph of the snake robot TAROBOT-1 
 

                       
Figure 2: The module angle of the planar snake robot 

 
Table1:  Parameters for each of the joint  

 

Symbol Description Units 

 Angle between joint i radian 

 Half the length of the 
joint 

mm 

 Moment of inertia of the 
joint 

kg.mm
2
 

m Mass of the joint kg 

i  Angle of the module radian 

fx,i 
Joint constraint force in 

x direction on joint i from 
joint i+1. 

N 

fy,i 
Joint constraint force in 

y direction on joint i from 
joint i+1. 

N 

 
Table 2:  Parameters for each of the joint  

 

Symbol Description Units 

fx,i-1 
Joint constraint force in x 

direction on joint i from link i-
1. 

N 

fy,i 
Joint constraint force in y 

direction on joint i from link i-
1. 

N 

ui 
Actuator torque exerted on 

link i from joint i+1. 
N.mm 

ui-1 
Actuator torque exerted on 

link i from joint i-1. 
N.mm 

f
n
x,i 

Friction force on joint in x 
direction 

N 

f
t
y,i 

Friction force on joint in y 
direction 

N 

xi, yi 
Global coordinates of the 
center of mass of joint i. 

mm 

 

Table 3:  Parameters of robot 
 

Symbol Description Units 

kx 
Global coordinates of the center of 

mass of the snake robot 
mm 

ky 
Global coordinates of the center of 

mass of the snake robot 
mm 

xh 
Coordinate in the direction of the 

x-axis robot's head 
mm 

yh 
Coordinate in the direction of the 

y-axis robot's head 
mm 

 

2 Kinematic model of snake robot 
The system is modeled by considering a simple planar snake 
robot model.  The mass and moment of inertia are defined m,I 
respectively.  Generalized coordinates of the system are 
q=[x1,y1,  1 … xn,yn,n ]. Mass center of each joint are 

represented by xi and yi.  i  ,
 i  

states angle of the joint and 

angle of the joint, respectively.  As shown in figure 1 the length 
of each joint is 2l. 

 

 
 

Figure 3: Planar snake model 
 

1i i i                                                                         (1) 

 
In figure 2, i. the angle of the module is illustrates by  i.  Also, 

i. the center of mass module is illustrates by xi and yi. In this 
study, position of robot and modules, which depend on the 
robot is determined by means of the right hand rule. In this 
context, motion axis matrix of the robot and the position of the 
robot head are illustrated by R and (xh, yh) respectively. 
 

 
                                                                                               (2) 
 
 
 

 

                                                               1,.....i v
                 

(3) 
 

 
The velocity expressions of gravity center of i. module are 
expressed by derivativing the position variable with respect to 
time variable by the following formula. 
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                                                         1,.....i v
                 

(4)
   

 

 
In this model there are two passive wheels on the center of 
gravity of each joint. Holonomic velocity constraints, which 
prevent these wheels to fall sideways, are calculated by 
following equation [15]. 
 
                                                                                           (5) 
 
 
By simplifying after substituting equations 4 into eq. 5, next 
equation is obtained. 
                                                                                          (6) 
  
                                                                                          (7) 
 
 
 
 
The equations expressed by FA and FB demonstrate the angle 
of the joints and coordinates the head of the robot respectively. 
 

3 Dynamic model of the planar snake robot  
In obtaining dynamic equation of the system, L-E method is 
used not because L-E is systematic and easy but because L-E 
is used widely in robot dynamic equation of robot. Based upon 
to these equations, thanks to frictional forces acting on the 
module, the system is acted. The equations are derived by 
considering the moving of the robot on a flat surface. The 
equations of system are obtained like in [16], [17] and [18] 
which are widespread in literature. The system is exposed to 
externally applied forces during the movement, these forces 
may be categorized as those created by the environmental 
and system elements. Environmental forces are in the form of 
friction. Simple Coulomb friction model approach is used to 
achieve real target. Reaction forces are not shown in matrix 
form since L-E method will be used in the system. Each 
module is under the influence of moments, bond and friction 
forces.  The forces and moments effecting to each joints are 
shown in Figure 4. Due to the rotation of the wheel, the friction 
force affects the system. This friction force devotes 
components of it. Reaction forces, from joint i-1. to joint i. , 
acts in x and y direction. Likewise, reaction forces from i + 1. 
joint acts to i. the joints. The size of the reaction force acting 
on the joint is the same but opposite direction. 
 

 
 

Figure 4: The forces and moments acting on each module of 
the snake robot 

 
The kinetic energy of the system according to the general 
coordinates are obtained by utilizing the following equation. 

 
 
                                                                                                    
(8) 
 

( )M   , 5 * 5 size is a positive definite symmetric matrix and at 

same time, it includes the inertia matrix of the system. 
Constants of the matrix are shown by M, L and J. There are 
variables of the matrix are only betas. Since robot works in the 
xy plane, the potential energy of the system is exposed to 
gravity acceleration in z direction.  Z is always constant and 
V=z. The loss power of system is obtained by using the 
following the equation. 
 
 
                                                                                                      
(9) 
 
  
 

( )N   is 5 * 5 is a matrix, which of variables are only ‘s and z 

is the constant of the N. Hence, when the Lagrange equatıons 
of the system is created, z=0 if L = T-V = T. In general Euler-
Lagrange equation [18] is obtained by the following formula. 
 
                                                                                      (10) 
 
                                                                                      (11) 
                      
 
 

All environmental generalized forces are 
jF
 
the forces, which 

are applied by F, except to the damping force due to rotation       
 

        . jp is shown the state vector of the point, in whıch 
jF  is 

applied. i  represents, except the generalized forces, the 

motor torque, whıch is required to follow the trajectory. 
Kinematic constraints are not included in Lagrange equations. 
Among the external forces, friction force is assumed as 
Coulomb friction and the falling of the system is prevented by 
it. 
                                                                                      (12) 
 
                                                                                      (13) 
 
The centrifugal forces and Coriolis are shown in                      . 
 

4 Numerical Simulation and Modeling 
Serpanoid curve model is presented by Hirose [19]. This 
model is called serpentine model due to curve found in natural 
behaviors of snakes. In this model, motion similar to sinus is 
performed during body of snake. The relative angle between 

two successive modules is shown by i  . φ , δ represents the 

angle of maximum deflection for each joint and the phase shift 
between any two adjacent joints respectively. The frequency 
and phase difference are illustrated by ω, ϑ respectively. 
Reference values are applied to the following formula. Figure 
5 shows angle of the module of snake robot. 
 
φ =π/6, δ = π/6, ϑ =0 and ω=π rad/s. 
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β i = φ sin(ω ⋅ t + (i −1) δ ) +ϑ  i =1,2,3   [20]                       ( 14) 
 

 

 
 

Figure 5: Angle of the module of snake robot 
 

All tables and figures will be processed as images. You need 
to embed the images in the paper itself. Please don‘t send the 
images as separate files. 
 

5 Control of snake robot 
Modeling, control and numerical simulation of snake robot 
systems is carried out using the MATLAB software package. 
The MATLAB program of consists of a main program and two 
simulink program. Serpanodial motion is obtained by MATLAB 
simulink programs. This is the main program and subprograms 
are worked continuous simultaneously with each other in data 
exchange related. There are the initial values of the system in 
the main program, parameters of robot, dynamic equations 
and graphics commands for simulation. Simulink program is 
created by blocks and control parameters exist. Simulink 
program is a system consisting five inputs and five outputs. 
Serpanodial motion of snake robot is controlled by different 
control methods. The output signals of main program algorithm 
produced by PD, Genetic algorithm PID and Adaptive fuzzy 
PID control algorithms for the motors located in each joint of 
snake robot are appropriate torque values. The system is 
controlled by the obtained appropriate torque values. At the 
same time the effect of the controller on the system is shown. 
In the control algorithm, input of the system consists of e (the 

error) error and e  (the rate of change of error) the exchange 

value of the error. Here, the error is the difference between the 
desired angle value and the output of the system. The outputs 
of the system are the appropriate torque values activating the 
motors, which minimizes the error and the change values in 
the error wıth respect to the time. 
 

6 Adaptive Fuzzy PID 
In this section, the control type of adaptive Fuzzy-PID is used 
by method of Mamdani‘s. The control system of the robot 
consists of an input and an output for each joint. Snake robot‘s 
control consists of five input and five output. All joints are used 
for the same rules table. Rule table is shown in Table 4. 
Control of the system is produced necessary control signals 

( i ) which minimizes the error ( e ) and the change values in 

the error ( e ) with respect to the time. 

 
 

Figure 6: The block structure of the control system and a 
fuzzy controller 

 
Simulink block structure of a fuzzy controller with the control 
system is shown in Figure 6. A FLC's (fuzzy logic controller) 
rule base consists of a group of IF-THEN rules usually have 
information about the system to be controlled experts obtained 
from individuals verbal expression. Rule base, FLC‘s is the 
most important part. A FLC rule base's considered the most 
important part. Because all other units and components is 
used for the realization of these rules in a fair and efficient 
manner. The rule base is created for the control of this system 
the following table 4 is consist of 25 rules, as shown. 

 
Table 4: The rule base is generated for FLC 

 

 
 

1NB NS PS PB



ZE

0-1 21-2 e
 

 
Figure 7: The membership functions created for the input 

values e  

 

1NB NS PS PB



ZE

0-1 21-2 e
 

 
Figure 8: The membership functions created for the input 

values e  
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1NB NS PS PB



ZE

0-2 42-4 
 

 
Figure 9: The membership functions created for the output 

values   

 

µ

ZE PBNSNB PS1

0.5

1-0.5 0 0.5-1
e
.

e,

 
 

Figure 10: The membership functions created for the 

valuese , e  

 

PM PVBPS PB

10.2 0.4 0.6 0.8

µ

ZE
1

0.5

 Kp

Ki

 Kd
0

0

 
 

Figure 11: The membership functions created for the values 
kp, kd, ki 

 
Table 5: The rule base is generated for Kp 

 

NB NS

ZE

PVB

PVB

PB

PB

PB PM

PM

PS

PS

PS

e

NB

NS

ZE

PS

PB

PB PM PS

PM PM PS PS

PM PB

ZE

PS PM PVB

PM PB PB PVB

Kp

e
.

 
Table 6:  The rule base is generated for Kd 

NB NS

ZE

PB

PB

PM

PB

PM PS

PS

Z

Z

PS

e

NB

NS

ZE

PS

PB

PM PS Z

PS PS Z Z

PS PM

ZE

Z PS PB

PS PM PM PB

Kd

e
.

 
 

Table 7: The rule base is generated for Ki 

NB NS

PVB

PB

PVB

PM

PB

PM PB

PB

Z

PS

PS

NB

ZE

PS

PB

PS PS Z

PB PM PM PS

PB PM

ZE

PM PM PVB

PS PS PM PB

e

NS

e

.

 
 
The degree of each membership function is a value between 0 
and 1 consist of, triangular and gaussian membership 
functions are used.  The graphics of the triangular membership 
functions for fuzzy control is shown in Figure 7, 8 and 9. Input 

values for the e and e {-2, -1, 0, 1, 2} is used that range. At 

the same time, the output value   for the fuzzy control {-4, -2, 

0, 2, 4} is used in this range of values. In the above table 
shown the rule bases is created variables of the fuzzy is 

constructed as follows. e , ( e ),  = {Error, the error change, 

variable the control torque {NB (Negative Big),          NS 
(Negative Small), ZE (Zero), PS (Positive Small), PB (Positive 
Big)}. FLC for the input values {-2, 2} are indicated range. All 
the input and output membership functions is taken as 
triangular type. In the adaptive fuzzy PID system are two 

inputs ( e , e ) and three outputs (kp, kd ki). PID coefficients 

are adapted with fuzzy and control of the system is realized.           
The graphs of Gaussian membership functions are shown in 

Figures 10 and 11.  Input values for the e and e {-1, -0.5, 0, 

0.5, 1} is used that range. At the same time, the output values 
kp-kd-ki for the adaptive fuzzy PID control {-4, -2, 0, 2, 4} is 
used in this range of values. The tables 5,6 and 7 are shown 
fuzzy variables in the rule bases, rules is created as below. e , 

( e )= { {Error, the error change, control, variable the control 

torque {NB (Negative Big), NM (Negative Medium),  NS 
(Negative Small), Z (zero), PS (Positive Small), PM (Positive 
Medium), PB (Positive Big), PVB (Positive Largest),[-1, 1], µ}. 
Kp, Kd, Ki = {Control of parameters, {Z (zero), PS (Positive 
Small), PM (Positive Medium), PB (Positive Big), PVB 
(Positive Largest), [0, 1], µ}. FLC for the input values {-1, 1} 
are indicated range. All of the input and output membership 
function is taken as the Gaussian type.  
 

7 Genetic Algorithm 
The followings are the steps used for implementation of the 
genetic algorithms. 
 
1) Start:   
Generally, start population (generation) is created from the 
random individuals (chromosomes). 
 
2) Evaluate fitness: 
Calculation of fitness values: Fitness values of each individual 
in the generation are calculated. 
 
3) Selection: 
Fitness values are selected from the generated population. 
 
4) Crossover: 
Two chromosomes selected in the selection phase to create 
new chromosomes are crossed according to the crossover 
possibility. It bases on the creating new solution by using the 
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two solutions. 
 
5) Mutation: 
Information of the crossed chromosomes changes according 
to the mutation possibility. Mutation plays a secondary role as 
a decision maker in operation in GA's. The objective is to 
create new chromosomes by changing the places of one or 
more chromosomes. 
 
6) Termination: 
If result is satisfying, algorithm is terminated and the fittest 
chromosomes of the population presented as a solution, if not, 
following steps are carried out; 
 

 
 

a) 
 

 
 

Figure 12: a) Flow diagram of genetic algorithm b) Genetic 
cycle 

 
Fig. 12 shows flow diagram of genetic algorithm and genetic 
cycle. In brief, genetic cycle continues until finding an 
individual with the best fitness value. PID coefficient to be 
used for the control of snake robot has been optimized by 
using GA in this section. This optimization method can be 
adapted to the conditions by depending on the dynamic 
changes of the robot and developing the optimum PID 
controller parameters. Variable parameters of PID control have 

been coded to solve the string structures of Kp, Ki, Kd. The 
population has been selected with random strings to create 
matching pool. Selected population strings will have mutation 
in the next step. The population that has been obtained forms 
the new population. Genetic algorithm parameters used in the 
simulation are showed in Table 8. 

 
Table 8: Optimization parameters of genetic algorithm 

 

 
 

8 Simulation with MATLAB-Simulink of the 
system 
Control of snake robot is realized with PD and Genetic 
algorithm PID and adaptive fuzzy PID (Proportional-Integral-
Derivative). In the genetic algorithm PID the desired curve, in a 
short period of time necessary to achieve a stable structure to 
the reference value to be able to follow both the reference 
value, whether successful implementation of a control system 
in Figure 13 and Figure 14 are also seen. Genetic algorithm 
PID of control steady-state error is reduced both stable 
structure is reached reference is shown in Figure 13 and 
Figure 14. 
 

9 RESULTS 
Snake robot's dynamic model is realized. Serpanodial motion 
is obtained fairly successful results in modeling. The numerical 
simulation of the control system is made by using in Matlab / 
Simulink not only PID, genetic algorithm PID but also adaptive 
fuzzy PID control method and the results are presented in 
graphical forms. In this study, successful results are obtained 
about the control of snake robot by using different control 
methods. In order to avoid the disadvantage of PID control 
method, which is the reference input, the adaptive fuzzy PID 
and genetic algorithm PID control methods are used. Applied 
control method indicates the applicability of the control by 
following the reference value significantly. It is shown that 
adaptive fuzzy PID and genetic algorithm PID control methods 
are insensitive to both structural and non-structural 
uncertainty. MATLAB software program is used for the 
numerical solution. Responses are obtained and examined 
graphically. In this study, serpanodial motion is obtained. 
 

10 CONCLUSION 
In this study, GA-PID and fuzzy adaptive PID control methods 
are preferred not because these methods are successful for 
control of motion snake robots, but because these methods 
are insensitivity to parametric uncertainty and the effects 
based on the ground. Genetic algorithm PID control method 
among the applied control method has managed the motion of 
the system. Genetic algorithm PID method has been 
significantly followed the reference trajectory, and the graphs 
has shown that applicability of the genetic algorithm PID 
method as practically. These results showed that genetic 
algorithm PID method is an effective method for control of 
such robots. In a next stage, the motion patterns of the snake 
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robot can be created in accordance with the other motions. In 
the light of this information for future work, focusing on 

different designs and mechanisms are thought to provide high 
performance with a simpler mechanism design. 

 
                                      

 
 

Figure 13: Results of numerical simulation for alpha 1 
 

 
 

a) 
 

 
 

b)  
 

 
 

c) 
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d) 
 

Figure 14: Results of numerical simulation for a) alpha 2, b) alpha 3, c) alpha 4, d) alpha 5   
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