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Design and Navigation of a Snake Robot
with a Flexible Body(1/2)
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Abstract—In this research, a snake robot with flexible connectors and distributed
control system was developed and velocity planning was also investigated under the
constraints of path, kinematics and the dynamics of the robot. The robot includes five
modules which are connected by flexible springs. Each module is driven by two
motors and controlled in a differential way for its direction and speed and coordinated
and controlled by five microcontrollers. The flexible connectors make the robot’s
motion smoother and more snake-like in its movement. However, the elastic restoring
force and torque, due to longitudinal extension or compression, and lateral bending of
springs greatly affect the behavior of the snake robot’s movement. A properly
designed and controlled snake robot with a camera could track the planned path

accurately and smoothly without sliding and losing steps.

Keywords: Snake robot, dynamics, microcontrollers, velocity planning
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Introduction

Snake robots, imitating these features, are able to move in the surroundings of
limited space, through various terrains or around multiple obstacles. These abilities
make snake robots suitable for such work as rescue or collecting information in
disaster areas. Therefore, the development of snake robots is an important and
valuable research issue.

In this research, a snake robot with flexible connectors was developed. Its main
characteristics are a flexible and slender body. These features make the movement of
the snake robot much like that of a living snake. The path used in this research is
simply composed of arcs and straight lines to avoid obstacles. The camera was

implemented to identify the environment and spring deflections.

Methods and Materials

The snake robot developed in this research was composed of five modules
connected by four 15c¢m long flexible springs (Fig.1).

Each module is composed
of a POM (PolyOxyMethylene)
casing, two stepper motors,

counter weights, reduction gears,

wheels and tires. Volume and

Fig. 1. Skelton of the developed snake robot. weight for the modules are major

concerns of the design. If the

volume of the modules is too large, obstacle avoidance becomes more difficult.

However, if the weight is too low, not enough friction will be created to drive the

module. Therefore, a counter weight was designed to adjust the weight of the module.

The weight of the module without the wheels is 620g, and the dimensions are 70(L) x
58(W) x 50(H) in mm.

The casing and wheels

I were also made from POM

(Polyoxymethylene), which

D) features high temperature
—

resistance up to 120°C. The tires
were mounted on wheels, which
were made from EPDM
(Ethylene  Propylene  Diene

Fig. 2. The shape of springs approximated by NURBS . .
Monomer) which features a high



friction coefficient.

Uni-polar stepper motors were adopted in this study. The maximum suggested
operating temperature for these motors is 80°C. The temperature and output torque of
the stepper motors are related to working frequency, voltage and exciting method. To
avoid any high temperature occurring in the casing, we set the operating voltage of the
stepper motor at 18V with 1-1 phase exciting. The stepper motors were controlled by

a micro controller through the signals amplified by Darlington pairs.

The velocity of the robot should be carefully planned under the constraints of
kinematics and dynamics to ensure that no sliding or losing steps occur. In addition to
longitudinal compression or extension, lateral bending is needed and must be
considered in this study. The shape of the spring depends on the position and
orientation of each module. Different shapes of the spring results in different restoring
forces and torque.

The relationship between operating frequency and maximum output torque is
nonlinear. To facilitate the dynamic analysis, the data were fitted by a six-order
polynomial to give a smoother curve as indicated by Eq. (1), where T and Q are

referred to output torque and operating frequency respectively.

Trax = Q) (1)
=3.065x107°Q° —3.289 x 107°Q® + 1.451 x 10° Q*
~0.337Q° +43.283Q% — 2921 .2Q + 81082
According to Lee’s study, the planned path is simply composed of arcs and
straight lines. When the modules move in a straight line, the compression or extension
of springs can be calculated by the speed of the modules. However, if the modules
move in a curved line, the spring will bend and generate lateral restoring force and

torque on the modules.

The shape of the spring can be expressed approximately by a spline curve,
where a 2™ or 3 order NURBS (Non-Uniform Rational B-Spline) curve was
employed to approximate the shape of spring. The parameters needed to form a
NURBS curve include coordinates and tangent direction at both end points of the
springs. Eq. (2) shows the NURBS curve equation, P(u). In the equation, there are
n+1 points. V; refers to the control points, W; refers to the weighting for each control

point, k indicates the order of NURBS curve and Nj(u) is the basis functions.
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Fig. 2 shows the shape of springs simulated by 2" and 3™ order NURBS curves
V1 and V2 separately.

In order to verify the fitness, two modules connected by a spring were tested and
coincided with NURBS curves as illustrated in Fig. 2.

When the spring deforms it generates a longitudinal elastic restoring force Fp,
lateral restoring force Fr and elastic restoring torque M,. The elastic restoring forces
and torque depend on the shape of the spring. They can be expressed by NURBS
functions.

Elastic restoring forces and torques generated by springs are external, thus the
resulting longitudinal force, lateral force and torque should be zero to keep a module
from sliding or losing steps. Because the static friction force and output torque of
motors are limited, it is necessary to plan the path of the snake robot properly. In this
way, the elastic restoring force and torque can be kept from becoming too large,
which may cause the module to slide, the wheels to become suspended or the stepper
motors to lose steps. The dynamic analysis in this study was based on the following
assumptions:

1) The two stepper motors in a module have the same characteristics; 2) The

snake robot is moving in a 2D space; 3) Modules will not pitch around the w

heel axis.

The lateral forces acting on
each module include lateral elastic
restoring forces Fr; and Fpj+; and

. lateral static friction forces f1; and

firo. The summation of these forces

should be zero to keep the module
Fig. 3. Force acting on a module (Front view). from lateral sliding.

Lateral static friction force
should be smaller than maximum static friction fi max Which depends on normal force
N..

As shown in Fig.3, normal forces of inside and outside wheels N; and N (when
the module moves in a curvilinear path) depend on lateral elastic restoring forces Fy
and Fy j+1, which represent resultant force on the z axis and resultant torque on the x
axis. These two equations can also be used to check if the wheel is suspended or not.

(Ni=0 or No=0).



In addition to lateral elastic
restoring force, there are also
longitudinal  elastic  restoring

forces and torques acting on the

[ e : . module. These forces and torques
N1 4]

Fig. 4. Forces and torques acting on wheels (Side view). will be converted to equivalent
forces on the inside and outside
wheels for analysis.

The summation of longitudinal elastic restoring forces is Fy=Fp;- Fyj+1 that
inside and outside wheels share F;/2 separately. The equivalent forces of lateral elastic
restoring forces Frj and Fyp j; are Fr;d/2S and Fy j+1¢/2S. The equivalent forces of
elastic restoring torques M, j and M+, are M, ;/2S and M, +1/2S.

The equivalent masses of wheels can be determined by the normal forces. In
this way, the equivalent masses of the inside and outside wheels are Ni/g and No/g as
shown in Fig. 4; where 11 and 1o refer to output torque of the motors, fip; and fipo
represent longitudinal static frictions between the ground and the tire, respectively,
and the radius of the wheels is r. The direction of static friction in Fig.4 is not always
opposite to the moving direction of module. The direction of static friction depends on
the external force of the module and torque of the motor.

Assuming the resultant external forces acting on the inside and outside wheels

are F; and Fo, as shown in Egs. (3) and (4).

_ M, jn _ Fijm-c M, F,-d +F7P= F, (3)
2S 2S 2S 2S 2

My Fud Mo Fuwd Fp o 4)
28 28 28 28 2

The longitudinal static friction force fip;, angular acceleration o; and
acceleration aj of an inside wheel can be found by using Egs. (5), (6) and (7), where I;

refers to the moment of inertia.

F,—fp = &a, (5)
g

T, —f o, r=laq (6)

a, =ra, (7)

Eq. (6) can be rewritten as Eq. (8) which refers to the torque needed for
acceleration and external force resistance. Output torque of the external wheel 1o can

be derived through the same procedure.



T, =Fpy -r+ 1,0, (8)

Before planning the speed of the robot, it is necessary to plan the angular
velocity of the inside and outside wheels of a module when moving on a path with
varying curvature sections. The optimal angular velocity is determined by the radius
of the arc sections of the path and the result of dynamic analysis. The planned optimal
angular velocity allows the modules to follow the planned path in the shortest amount
of time without the wheels sliding while preventing the stepper motor from losing
steps.

The orientation and speed of a module are controlled by two wheels in a
differential way. If both wheels rotate at the same angular velocity, the module moves
in a straight line. Otherwise, the trajectory of a module is an arc line. The radius p and
central angle 0 of the arc are determined by a differential ratio wi/®,, where ®; and ©,
indicate angular velocities of the inside and outside wheels respectively. The

differential ratio w;/®, can be derived from the Eq. (9).

o, _p-S 9

o, p+S

Once the optimal velocity is planned, based on the consideration of dynamics
and kinematics, a different velocity, Vi, is obtained for every different section of the
planned path, as shown in Fig. 5. To coordinate each modules of the robot, a

minimum velocity at each section must be chosen.

Results and Discussion
In this study, an equivalent model for each module in ADAMS was built, and
the validity of the dynamic analysis was verified.

Testing was conducted with

varying velocities and paths (Figs.
6 & 7) for the developed snake
robot. In the velocity test, the
speed of a module is proportional
to the operating frequency. The

overall relation is almost linear.

Fig. 5. Path sections with varying speed of wheels. Furthermore, the linear correlation
is helpful for velocity planning.

Three paths were used in the test (Figs. 8): a straight line, arc and S shape

curves. Springs were implemented as flexible connectors. We first employed sponge

as a connector. Due to the reason that the sponge is elasto-plastic material, it is

inherently nonlinear and therefore difficult to model and control. A small error in the

6



initial positioning could cause the robot to slide or lose steps. By implementing spring

into the design, the tracking performance was greatly improved.
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Fig. 8. Snake robot with springs as the flexible connectors.

Conclusion

In this study, the snake robot is designed to effectively attain the above
mentioned results under the constraints of flexible connectors, planned paths,
mechanisms and dynamics with the optimal speed planning method. Finally, this
method is verified by the model built in ADAMS and field testing. The results show
the robot will not slide or lose steps while moving according the speed planned by the
method.



