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Abstract 
Snakes perform many kinds of movement that are adaptable to 
the environment. Utilizing the snake (its forms and motion) as a 
model to develop a snake-like robot that emulates a snakes’ func- 
tion is important for generating a new type of locomotor and ex- 
panding the possible use of robots. In this study, we developed 
a simulator to simulate the creeping locomotion of a snake-like 
robot, in which the robot dynamics is modeled and its interac- 
tion with the environment is considered through Coulomb friction. 
This simulator makes possible to analyze the creeping locomotion 
with the normal-direction slip coupled to gliding along the tangen- 
tial direction. Through the developed simulator, we investigated 
the snake-like robot creeping locomotion which is generated only 
by swinging each of the joints from side to side, and discussed the 
optimal creeping locomotion of the snake-like robot that is adapt- 
able to a given environment. 

1 Introduction 
Snakes perform many kinds of movement that are adapt- 
able to a given environment. Instead of being handicapped, 
the lack of limps, the considerable elongation of the body, 
and the particular mode of locomotion have allowed snakes 
to expand into diverse environments. One of the snakes’ 
assets is their ability to immediately respond to a new en- 
vironment by changing modes. This research aims to uti- 
lize the snake (its forms and motion) as a model to develop 
a snake-like robot to emulate the locomotive functions of 
a snake. Snakes are so diversified that they exhibit many 
examples of locomotive specializations, but in which one 
reptantion mode is always favored by a particular kind of 
snake. When these reptantions are broadly classified, there 
exist four gliding modes [l] [2]: 1) Serpentine movement, 
2) Rectilinear movement, 3) Concertina movement, and 4) 
Side winding movement. However, the Serpentine move- 
ment (Creeping locomotion) is the movement to be seen 
typically in almost all kinds of snake, and is a gliding mode 
whose characteristic is that each part of the body makes 
similar tracks. In this study, we concentrate on the analysis 
of the serpentine movement. 

Snake as a biological machine, in spite of its simplic- 
ity, performs well in terms of changing its highly redun- 

dant body to adapt to the environment. Several snake-like 
robots that emulate snakes’ motion were developed [12]. 
The first serpentine robot was built by Hirose [3], who re- 
cently carried out the gliding experiments on ice to show 
that the creeping motion is same as the principle of skat- 
ing [4]. How such mechanisms can locomote in a plane 
was studied in [3], [5], and [6]. The snake robot locomo- 
tion theory based on Geometric Mechanics was also dis- 
cussed for the serpentine robot [7]. NEC developed a 3- 
dimensional motion robot for the purpose of search and 
rescue for survivors in collapsed buildings [lo], and GMD 
built another 3-dimension motion robot by tendon-driven 
mechanism [ 1 11. Beside the analysis of the serpentine mo- 
tion, other movements were also analyzed [8] [91 [ I  l]. The 
robots which were developed or theoretically analyzed for 
serpentine motion, were assumed to creep along a given 
curve path without any sliding in the direction normal to 
the body axis. The snake-like robots, however, are always 
slipping in the normal direction, adding to the glide along 
the tangential direction. 

In this study, we developed a simulator to simulate the 
creeping locomotion of the snake-like robot, in which the 
robot dynamics is modeled and interaction with the envi- 
ronment is considered through Coulomb friction. This sim- 
ulator makes possible to analyze the creeping locomotion 
with the normal-direction slip, adding to the glide along the 
tangential direction. Through the developed simulator, we 
investigate the snake-like robot creeping locomotion which 
is generated only by rolling each of the joints from side to 
side, and discuss the optimal creeping locomotion of the 
snake-like robot, which is adaptable to a given environment. 

2 Simulator of a Snake-like Robot for 
Creeping Locomotion Analysis 

The snake-like robot, shown in figure 1, is formed from 
serially-connected links. Each link is swung by electrical 
motor. The creeping locomotion of the snake-like robot is 
generated by swinging the joints from side to side to cause 
the forward (or propelling) force, which comes out from in- 
teraction of the robot with the environment through friction. 
In order to analyze the motion of the snake-like robot in the 
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case of considering the normal slip, the robot dynamics and 
friction with the environment must be modeled. In this sec- 
tion, we first model the robot and environment dynamics, 
and then develop a simulator for analyzing the creeping lo- 
comotion of the snake-like robot. 

(a) Robot model (b) Coordinates 
Fig. 1: Model of the snake-like robot and coordinates located 
on the robot 

2.1 Motion Equations of the Robot 
As shown in figure 1 (b), we locate each coordinates on 

the joints of the robot. The displacement of the joints and 
the displacement of the gravity center of the links, thus can 
be given by 

where t, is length of link i ,  tc, is the distance of gravity 
center of link i from joint i, and i = 0 ,1 ,2 , .  . . , n - 1. 
Moreovcr, n~ is the displacement of head. The velocity and 
acceleration of the joints and those of the gravity center of 
the links can be derived through time-differentiation. For 
simplicity, we set sk = sin(&) and ck = cos(4k) in the 
formulation. 

Fig. 2: Forces acted on the link 

On the other hand, we model each link as that shown in 
figure 2 .  On the basis of the Newton-Euler equation, the 
robot dynamics can be derived and summarized as 

D~ = f7  + O7 + M ~ O  'i. + NI$ ( 2 )  

f7 = {fq2,} E 8" 
n-1 n-1 

n-1 n-1 

n-1 z-I 

j=i+l k=O 

Therein, r, is the torque at joint i, m, and I, are the mass 
and the moment inertia of link I, and i = 0,1 ,2 ,  . . . , n  - 1. 
Note that at the tail and the head there are'no actuators, thus 
TO = 0 and rn = 0. 

Moreover, since the snake-like robot has no fixed base, 
the forces must satisfy 

f f  + O f  + moo* + m& = 0 (3) 

where 
n-1 

r n-1 n-1 
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m = { m ( j ) }  E xZxn in equation (7). With the assumption that ti = ! and L = n! 
we have 

,+it+$! 

5 + ( i  - 1) e+ f e 
n(u)du .I s+s,% ++e 

S+S,%_, + $ e  
K(u)du = .I 6i = 

2.2 Environment Dynamics 
We utilize the edge or the wheel to generate the differ- 

ent friction between the tangential and normal directions. 
The Coulomb friction was used to define the environment 
dynamics, and given by 

where e = t ,  n. pt and p, express the friction coefficients 
in tangential direction and normal direction, while f f :  and 
ff: are the maximum static friction forces in tangential and 
normal directions. I ,  is the maximum value of the displace- 
ment Sir at the friction point for changing to dynamic fric- 
tion from static friction. 

The friction forces along the x- and p- axes can be ob- 
tained, if we define the angle of tangential force to x-axis 
as @ ( i t  is 4 ifthe edge is parallel to or 
along the link axis), by zf; 

t ff: = ffff c o s ~ i  - f f r  sin+i ( 5 )  y 

f f , "  = f f f f s i n $ i + f f r c o s &  (6) 

2.3 Body Shape 
For convenience, we use the Serpenoid curve as the ba- 

sic body shape of the snake-like robot, while it creeps on 
the plane. The Serpenoid curve is given by the curvature 
function 

(7) 
~ K , T T T Q O  2K,x 

sin( - sP)  
L 

K ( S P )  = -~ 
L 

where K,  gives number of the S-shape, (YO is 

the initial winding angle, L(= Cl.) is the whole 

length of robot body, and sp is 

curve, respectively. 

n-1 

k=O 

the body length along the body 

We assume that the snake-like robot holds its shape on 
the Serpenoid curve and the body shape changes with re- 
spect to the change of the Serpenoid curve while moving in 
the plane. In this case, the joint variables in relative value 
are derived from integration of the curvature function given 

K,T ~ K , T  2K,x. 
= --2aosin(-)sin(-s+ -2) (8) n L n 

where i = 1 , 2 , .  . . , n, - 1 (n,: Number of joints), s is the 
virtual displacement of the tail along the Serpenoid curve 
path that determines the changing frequency of the body 
curve. The joint velocities and accelerations can be derived 
by differentiating equation (8) with respect to time. 

2.4 
How the snake-like robot moves by changing its body 

shape is discussed below. Specifically giving the joint vari- 
ables O ( t ) ,  b( t ) ,  and e( t ) ,  the whole robot motion needs to 
be derived. From the relation of the absolute value of joint 
angles to their relative value, q5z = c P p 1  + e,, we have, 

(9) 

1 1' E R,, and E = { E ( z , J ) }  E 

Shape to Motion: 8 + O r ,  40, r 

q5 = E8 + e40 
where e = [ 1 ... 

Solving equation (3) and substituting equation (9) into 
it, we obtain 

Of = -mi"$ - mi ' ( f  f + Of) 
- - -m;'m(Ee + e&) - m;'(ff + Of) (10) 

Substituting equation (10) into equation (2), we have 

D r  + (Momi'm - M)e& = (M - Mom,'m)Ee 
+ f ~  + 'T - Morn,'(ff + O f )  (1 1) 

Equation (1 1 )  is a n,-dimensional linear equation of n, 
unknown variables r (E F-') and $0 (E %). Solving 
equation (1 l), we thus can obtain the joint torques T and the 
first link rotation acceleration $0. Substituting these values 
into equation (lo), we can have the first joint moving accel- 
eration OF. The first link rotation velocity $0 and its angle 
40, the first link moving velocity Oi. and its moving distance 
O r ,  are obtained through integration. Thus, the robot motion 
is derived in the case of body-shape changing. The neces- 
sary joint torques to generate the robot motion are obtained 
at the same time. 

2.5 
How the snake-like robot moves given torque input to 

each joint is discussed here. Specifically giving the joint 
torques r(t), the whole robot motion is derived. Substitut- 
ing equation (10) into equation (2 ) ,  we have 

Torque to Motion: T ==+ O r ,  q5 

(M - Mom;'m)$ = D r  
- f r  - OT + Momil(ff + O f )  (12) 
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Equation (1 2) is also a n-dimensional linear equation 
of n unknown variables 4 (E 8''). Solving this equation, 
we thus can obtain the link rotation acceleration 6. Substi- 
tuting these values into equation (lo), the first joint moving 
acceleration O i ;  can be obtained. Same as above, the link ro- 
tation velocities 4, the joint rotation angles d,  the first link 
moving velocity O i .  and its moving distance O T ,  are obtained 
through integration. Thus, the robot motion is derived in the 
case of torque input to each joint. 

2.6 Simulator for Creeping Locomotion 
Based on the above formulation, the simulator shown in 

figures 3 was developed to simulate the creeping locomo- 
tion of the snake-like robot, with consideration of robot dy- 
namics and interaction with the environment. The input of 
the simulator is joint torques and its output is the whole 
robot motion. This simulator makes possible to analyze the 
creeping locomotion of snake-like robot with the normal- 
direction slip, coupling to the glide along the tangential di- 
rection. 

Fig. 3: Simulator of the snake-like robot 

3 Optimal Body-shape for Creeping 

Snakes change their body shape to adapt to the environment 
change. To find the exact optimal body shape is not an easy 
task. In this study, we assume that the snake-like robot is 
constrained to move in a Serpenoid curve, and derive the 
quasi-optimal body shape among the Serpenoid curves. 

The physical parameters (number of links n and link 
length e )  are determined from the Robot model, the mo- 
tion parameters (virtual motion of tail along the Serpenoid 
curve path or change of the body shape, s ,  S ,  s) are given by 
the user, and only the parameters (number of S-shape K ,  
and initial winding angle QO) are variable. As known from 
equations in section 2, while s, S, and s are given, the mo- 
tion distance, the joint torques, and the slip in the direction 
normal to the body depend upon the number of S-shape 
K,, and the initial winding angle QO, and of course, also 
depend upon the environment change through the friction 
force f f. 

Locomotion 

We can thus define the locomotive efficiency as 

where S is the total motion distance (4 maximization), 

T 
J d t  is average of the normal-direction slip- 

I 
ping distance (+ minimization), and - T 1- r f d t  is av- 

erage of the square-sum of torques (+ minimization), re- 
spectively. The criterion given in equation (1 3) is to min- 
imize the joint torques together with the normal direction 
slip, and to maximize motion distance. As seen from the 
computer simulation (in section 4),  changing the number 
of S-shape K, does not affect much the locomotive effi- 
ciency if K,  >_ 2 .  If we give the number of S-shape K,, 
the problem of obtaining the optimal body posture is thus 
changed to derive the optimal winding angle QO that max- 
imizes the locomotive efficiency J .  This problem can be 
simply solved by the Golden Section Search algorithm. 

4 Computer Simulations 
Using the developed simulator, we investigate here the 
snake-like robot creeping locomotion which is generated 
only by swinging each of the joints from side to side. Three 
experimental tests of the computer simulation were per- 
formed and their results are introduced in this section. Table 
I shows the parameters used in the experiments. In simula- 
tion one, the initial winding angle QO = a6 [deg] and the 
number of S-shape K ,  = 1 were used. 

. Table I: Parameters used in experimental tests 

Simulation One: Shape to Motion 
The body shape is changed with respect to s (9, a), and 

the relative values of joint variables are calculated through 
equations (8). The acceleration s is given by 

a ,  0 I t  <T/10 
s =  { 0, T/ lO<t  <9T/10 

-U, 9T/10 5 t < T 
where T is the motion time, and a is the acceleration input. 
T = 8.0 [s] and a = 1 [m/s2] were used in the simulation. 

Two different environments were considered. Case one 
i s p t  = 0.001, p, = 0.5, 1," = 0.00001 [m], ff: = 5 [NI, 
and 1; = 0.0 [m], f f z  = 0 [NI; Case two is pt = 0.2, p ,  = 
0.5, 1," = 0.00001 [m], f f r  = 4 [NI, and 1; = 0.0 [m], 
f f :  = 0 [NI. The robot motion is shown in figure 4. As 
seen, larger the tangential friction force and/or smaller the 
normal friction force are, more the normal-direction slip 
generates and lower the locomotive efficiency. (smaller mo- 
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tion distance). Figure 5 shows the example of the corre- 
sponding torques of joints 1, 5, 10, 15, and 19 to generate 
the robot motion shown in figure 4. They are obtained by 
solving equation (1 1) at the same time of deriving the robot 
motion. It is known that the input torques at the joints are 
near-cyclicly changed and their values are affected by the 
environment. 

(a) Case One (b) Case Two 
Fig. 4: Creeping locomotion of the snake-like robot on two 
different environments 

(a) Case One 
Fig. 5: Example of corresponding joint torques on different 
environments (Joints 1,5,10,15, &I?) 

Simulation.Two: Torque to Motion 

(b) Case Two 

The joint torque input is simply given by 

ri=r,,,sin(Z.ir-+t) ( i =  1 , 2 ; . . . , n  ,-1) (14) 

where r,,, = 0.8 [Nm] was used in the simulation. The 
robot is assumed to move on the environment where pt = 
0.001, p, = 0.9, 1," = 0.00001 [m], f f z  = 5 [NI, and 
1; = 0.0 [m], ff: = 0 [NI. Figure 6 shows the obtained 
robot motion. It is known that even though only giving the 
torque input by a simple function, the snake-like robot does 
creep and go forward. 

i 
n 

Fig. 6: Creeping movement of the snake-like robot in the case 
of giving a simple torque input 

Simulation Three: Quasi-optimal Body Shape 
In the case that we assume that the snake-like robot is 

constrained onto the Serpenoid curve, the quasi-optimal 
body shape from the Serpenoid curves is derived here. It 
is known that while the virtual motion of tail s is given, the 
motion distance, the joint torques, and the slip distance in 
the direction normal to the body depend upon the number of 

S-shape K ,  and the initial winding angle ao, also depend 
upon the environment change. 

First, we plot the average of the square-sum of torques, 
the average of the normal-direction slipping distance, and 
the total motion distance, corresponding to the number of 
S-shape K ,  and the environment change (p, = 0.8, 
y, = 0.0 N 0.8). Therein, the initial winding angle QO 

is fixed at =E '. The results are shown in figure 7. 
From the results, we know that change of the number of 
S-shape K,  does not affect much the performance when 
K ,  2 2 .  For possible forward motion, almost the same 
normal-direction slipping distance and the same total mo- 
tion distance were generated, and the joint torques show 
little difference for K,  2 2 .  As a result, we conclude that 
the number of S-shape K,  does not give large influence 
on the performance and can be given by the user. 

Profile of Average of the Square-sum of Torques ["I' 
5 .. 

(a) Average of the square-sum of torques 
Rofile of Average of Normal-dtrrction Slip lmml 

(b) Average of the normal-direction slipping distance 
Profile of Motion Distance [ml 

4 

(c) Total motion distance S 
Fig. 7: Performance corresponding to number of S-shape K ,  
and environment change, while a0 = 60' 

Then, we consider the average of the square-sum of 
torques, the average of the normal-direction slipping dis- 
tance, and the total motion distance, corresponding to the 
initial winding angle QO and the environment change (pn = 
0.8, pt = 0.0 -0 .8), while the number of S-shape K,  
equals 1, 2 ,  and 3. They are shown in figure 8. From the 
results, we also know that the number of S-shape K ,  does 
not give large influence on the performance, but the ini- 
tial winding angle a0 largely affect the performance, when 
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I(, 2 2. From the above results, it is known that, 1) the 

(a) IC, = 1 

(b) K ,  = 2 

(c) K ,  = 3 
Fig. 8: Performance corresponding to initial winding angle ao, 
while the number of S-shape K, equals 1,2, and 3 

number of S-shape K,  does not give large influence on 
the performance, and it can be given by the user, 2) the ini- 
tial winding angle a0 largely affect the performance, thus 
should be changed in order to adapt to environment change, 
3) the optimal body shape adapted to the environment exists 
which optimizes the locomotive efficiency. 

Next, we derive the quasi-optimal body shape that maxi- 
mizes the locomotive efficiency given by equation (13). On 
an environment of p, = 0.8,l: = 0.0 [m], f f y  = 5 [NI, 
and pt = 0.0 - 0.3: 1; = 0.0 [m], ff: = 0 [NI, the ob- 
tained optimal winding angle a0 is shown in figure 9 (a) and 
the corresponding performance criterion is in figure 9 (b). 
From the results, it is shown that the smaller initial winding 
angle a0 needs to adapt to the environment change for the 
case of the larger number of S-shape K,. When K,  2 2, 
the optimal initial winding angle 00 and the corresponding 
performancc criterion have no big change while the number 
of S-shape K,, changes. Tn addition, we also know that the 
optimal initial winding angle a0 exists to adapt to the envi- 
ronment change: larger the tangential friction force and/or 
smaller the normal friction force are, the larger initial wind- 
ing angle a,-, optimizes the locomotive efficiency, and vice 
versa. 

5 Conclusions 
In this study, we developed a simulator to simulate the 
creeping locomotion of the snake-like robot, in which the 
robot dynamics is modeled and the interaction with the en- 
vironment is considered through Coulomb friction. This 
simulator makes possible to analyze the creeping locomo- 
tion with the normal-direction slip, coupling to the glide 

0 0.1 0.2 0.3 0 0.1 0.2 0.3 

(a) Optimal Angle a. (b) Corresponding Criterion 
Fig. 9: Optimal winding angle a0 and corresponding perfor- 
mance criterion, while K ,  = 1, I<, = 2, and K, = 3 

along the tangential direction. Through the developed sim- 
ulator, we investigated the snake-like robot creeping loco- 
motion which is generated only by swinging each of the 
joints from side to side, and discussed the optimal creeping 
locomotion of thc snake-like robot that is adaptable to the 
environment. The best function for joint torquc input to get 
optimal creeping locomotion and the optimal body shapc to 
adapt to the environment will be discussed in future studies. 
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