International Journal of Robotics and Automation (IJRA)
Vol. 5, No. 1, March 2016, pp. 17~28
ISSN: 2089-4856 a 17

Degree of Achievability of Omnidirectional Motion in Various
Mobile Robot Designs: A Review

Ajju R. Justus
Department of Mechanical Engineering Sree Chitra Thirunal College of Engineering

Article Info ABSTRACT

Article history: In the current field of robotics, many new robots are being developed based
. on different working principles. Each robot has its own strengths and

Received Nov 15, 2015 weaknesses. Omnidirectional mobility is a major functional requirement for

Revised Jan 25, 2016 performing more complex actions. This article is a comprehensive study of

Accepted Feb 10, 2016 some of the robots developed by different people with distinctive driving

mechanisms. The actuation, driving method, operating conditions and control

mechanism of all the selected robots is studied. Then finally, all the
Keyword: considered robots are compared based on various parameters to gauge the

L efficiency and degree of achievability of omnidirectional motion in each
Dr|V|.ng Me.thod robot. Therefore, by the end of this article, we can have an understanding of
Omnidirectional

- ° how much effective each driving mechanism is in producing omnidirectional
Spherical Mobile Robot mobility.

Copyright © 2016 Institute of Advanced Engineering and Science.
All rights reserved.

Corresponding Author:

Ajju R. Justus,

Department of Mechanical Engineering,

Sree Chitra Thirunal College of Engineering,

Pappanamcode, Thiruvananthapuram, Kerala 695018 Mob no: +91-9633702955
E mail: ajurjustus@yahoo.co.in

1. INTRODUCTION

A robot can be defined as any automated machine which is able to replace human effort, which need
not resemble humans in appearances or perform functions in a humanlike manner [1]. Robots or automatic
machines had its beginning from ancient mythologies. Robotics is now, a fast-developing field of study with
massive and innovative technological breakthroughs.

Early robots used to move around by means of wheeled or legged locomotion. However with the
increase in complexity of functions of the robots, operational spaces got more restricted and complicated. It
required the robots to be highly maneuverable. New dynamic and robust types of locomotion were needed to
be developed. The existing wheeled and legged locomotion were found to be inadequate for performing more
complex tasks. Thus, many new driving methods were developed, which would allow the robot to move
Omni directionally. Omni directional motion can be defined as the ability of the system to move in any
direction at any instant of time from any configuration. Conventional wheels as in automobiles are able to
move merely in the forward or backward directions and rotation about its center of gravity with a minimum
radius of turning. It means that suppose we want to move in a direction parallel to the axis of the wheel, we
can achieve that only by a series of complex maneuvers resulting in the reorientation of the wheel in the
desired direction. Since they can’t move in every direction at a particular instant, they are not
omnidirectional. Over the years, many different classes of omnidirectional robots have been developed based
on distinctive operating principles. A spherical robot which had an active wheel inside the sphere to generate
planar motion was developed by A.Halme et al [2]. Another design was developed by J Dias et al in which a
four-wheeled vehicle was kept inside the sphere. The vehicle was driven to make the external shell move in
the required direction [3].
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Another design drives a ball which is made to impart motion to the external shell [4]. Non spherical mobile
are also developed like the Uranus robot which makes use of Mecanum wheels to achieve omnidirectional
mobility [5]. Many such robots were designed, which are discussed in the coming sections.

2. SOME DISTINCTIVE MOBILE ROBOTS

Any robot capable of locomotion can be described as a mobile robot. Under mobile robots, only
those robots which are capable of exhibiting omnidirectional motion are studied. Under this criterion, most of
the omnidirectional robots considered fall under the category of spherical mobile robots. Spherical robots
refer to those robots whose external structure is in the form of a sphere. The morphology of the robots
provides additional advantages over other kinds of robots like fast collision recovery, symmetric geometry,
which helps in achieving omnidirectional motion without reorienting itself. So its motion is holonomic in
nature. The driving mechanism for these robots is typically enclosed within the spherical shell. A robotic
drive is said to be Holonomic if the total degrees of freedom are equal to the controllable degrees of freedom
of the robot. If the total degrees of freedom is more than the controllable degrees of freedom, it is known as a
Non Holonomic drive. If the total degrees of freedom of a robot are less than the controllable degrees of
freedom, it is known as a Redundant drive [6].

Several mobile robots have been developed based on various driving mechanisms. Driving
principles based on which almost all mobile robots are developed is given below:
[1] Direct driving method: The torque produced by the motor is directly transmitted to the outer shell as the

propelling power for the robot.

[2]1 Barycenter offset or Gravity method: The barycenter is the center of mass of two revolving bodies. By
changing the mass distribution, we can change the barycenter of the robot thereby making it move to
attain a new state of equilibrium.

[3]1 Shell transformation method: The transformation of the outer shell of the robot is being relied upon for
its movement.

[41 Angular momentum method: In this method, Control Moment Gyroscopes are added to the spherical
robot. The laws of conservation of angular momentum are used to control the movement of the robot.
The output toque is proportionally related to the angular momentum of control moment gyroscopes.

Under mobile robots, we have considered about eleven different robots to summarize their driving
principles, performance and whether they are able to achieve omnidirectional motion.

2.1. Ball Robot

This is probably the first spherical mobile to be developed. The driving mechanism for this robot
falls under the category of gravity method [2]. Its working is simple. It consists of a drive unit (wheel and
other inside components) placed inside the sphere which is moved to make the outer shell move in the
required direction. There are two motors, which are used to drive and steer the driving wheel inside the shell
independently. This robot requires two inputs for its locomotion. This robot does not have any kind of
feedback mechanism to correct its motion. Therefore it can be defined as an open-loop system [2].

It is difficult to balance the robot as its stability depends on the position of its Inside Drive Unit
(IDU) which is hard to assess. Performance of this robot is not available in the literature.

Balance Wheel
Robot Body
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Controlling Box

Steering Axis
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Figure 1. Basic Structure Of The Robot [2].
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The driving torque of the robot is given by:

I*m = r*m Sin 0 where
r - Distance between the center of the ball lo the mass center of the Internal Drive Unit,

m - Mass of IDU,
1 - Distance between the mass center of IDU, and the supporting point of the ball,
0 -inclination angle of IDU

Being the first of its kind, it has various shortcomings like no proper controlling mechanism, not
being able to achieve omnidirectional mobility. 2

2.2. Ball Hamster Desigh Robot

This is another kind of spherical robot in which a four-wheeled vehicle is kept inside the shell and
allowed to move making the outer shell also move. The four wheels can be controlled independently.
Therefore, it is more maneuverable and can generate different motion curves. The position of the center of
gravity of the internal unit determines the movement of the robot. The robot is steered by changing the lateral
position of the center of mass. Therefore, we can categorize the working of this robot under gravity method
[7]. 1t has a closed-loop control. The feedback of this robot system is achieved by inertial sensing. Even
though the wheels act as a differential drive allowing the robot to turn in place, it faces many problems like
slippage of the internal unit, Low accuracy in achieving the required motion path etc. The robot is very
effective on straight paths or on paths with small curvature [3]. However, it becomes unstable on paths with a
bigger curvature. Even though this robot can turn in place, it requires time to move the robot in the required
direction. Therefore, this robot cannot claim to achieve omnidirectional mobility. No details of its
performance are given in the literature.

Figure 2. Ball Hamster Prototype Design [3]

2.3. Uranus

Mecanum wheels are almost similar in construction to that of universal wheels. Mecanum has a
central hub which consists of free moving rollers. But the difference from the universal wheel is in the fact
that the rollers are oriented at 45° to the circumference of the hub [5].

Figure 3. Uranus [8]
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A typical robot utilizing Mecanum wheel is the Uranus robot. It was built by the Mobile Robot Lab
of the Carnegie-Mellon University. The external morphology of the robot is rectangular with 75cm length, 60
cm breadth and 40 cm height. Its weight is about 50kg [9]. The Uranus utilizes direct driving method. It
consists of four Mecanum wheels. The wheels are placed in such a way that the rollers on each wheel are
opposite in direction to its adjacent wheels. When all the wheels are driven in the same direction, the roller
motion of the oppositely oriented wheels cancels each other and the robot moves in forward or backward
direction. When the wheels with opposite roller orientations are driven in opposite directions, the rollers act
as a screw and therefore, the wheels move sideways. It must be noted that it has four motors to independently
transmit the driving force to each wheel. The number of actuators is more than the required degrees of
freedom for achieving omnidirectional motion. Therefore, it can lead to redundant actuation. But it can be
controlled without much difficulty.

Uranus uses a suspension system which has the advantages of making the ride smoother and
Helping all the wheels to continuously have ground contact. The voltage input to Uranus is 24 V DC. It
utilizes a servo controller to properly receive the motion commands and actuate the motors. A maximum
torque of 4.7nm and thrust of 150lbs can be generated. It has holonomic capability. The maximum speed that
can be achieved by Uranus is almost equal to 1 m/s or 3km/hr. It was built as a general purpose robot for help
research in robot navigation indoors [10].

2.4. Three-Dimensional Flywheel Robotic System

This robot belongs to a new breed of spherical robots. Its structure is similar to that of a gimbal.
This robot consists of three spherical shells, the outer shell, middle shell, inner shell and a platform connected
to the inner shell. The rotation axes of the three shells are defined as a-axis, - axis and y- axis. They are
orthogonal to each other. In all, there are three actuators to drive the robot. A-axis actuator, - axis actuator
and vy- axis actuator. A-axis actuator is connected to the outer shell. It produces translator motion to the robot
(forward/ backward). The - axis actuator causes rotation of the middle shell, which in turn makes the outer
shell to turn and roll about a point by virtue of conservation of angular momentum. In short, we can say that
the steering motion of the robot is provided by B- axis actuator. I'- axis actuator provides balance to the robot.
This robot provides improved trajectory control as a result of its closed loop feedback mechanism. The robot
is controlled based on the kinematics and dynamics of the system. The total mass of the robot is a little over
325 kg [11]. It has an outer diameter of about 2m.

Figure 4. Structure of the robot [11]

The driving method of this robot is a combination of direct driving and conservation of angular
momentum. It uses direct driving method for achieving linear motion whereas for steering motion, it goes for
conservation of angular momentum method. The three shells of the robot act like three flywheels thereby
helping to store rotational energy. It helps in saving actuation energy as the stored energy in the middle and
inner shells can be utilized to turn the robot. In spite of its shortcomings like excessive vibrations, this robot
has great scope for future applications.

2.5. Groundbot

GroundBot is a mobile robot developed by Rotundus. It is a near spherical mobile robot with a high
degree of maneuverability. Its weight is about 25 kg and can navigate through any surface easily. It is slightly
larger than a conventional car tire with a diameter or height of about 60cm. It has a width of about 80 cm.
The density of GroundBot is so low that it can even float. GroundBot can run in most terrains at up to 10
km/h (6 mph).
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Figure 5. GroundBot [12]

The shell is basically made of polycarbonate over which a high friction coating is given to increase
traction forces. The driving mechanism of GroundBot consists of a pendulum which is controlled to move the
robot in the desired direction. It comes under gravity method. It utilizes two motors to move the robot in the
desired direction [13]. The center of gravity always lies inside the spherical shell. At rest, the center of
gravity is close to the ground. So the robot does not tend to tip over, and stability is increased [14].

It has an in —built motor, which moves the pendulum. As the pendulum moves, momentum is
developed. Thus, the center of gravity of the GroundBot changes. As a result, it moves in the direction of
motion of the pendulum. It has a quick and efficient acceleration and deceleration. GroundBot turns by
moving the pendulum to the side. GPS and dead-reckoning are both used to ensure high route accuracy.
Since it has a small turning radius for steering movements, it cannot be considered as an omnidirectional
robot [7].Li-ion batteries are being used in GroundBot as the power source. GroundBot is widely used in
Airports, Security establishments for surveillance purposes.

2.6. Glory

Glory is a mobile robot with a spherical outer shell. The external morphology of the robot is
spherical. It has the ability to exhibit omnidirectional motion with holonomic capability. The driving
mechanism for glory is a bit different and interesting when compared to most other spherical mobile robots.
It can be classified under the gravity method. This robot has a total of four spokes, moving radially outwards
from the center to the inner circumference of the sphere. The spokes are placed at some specific angles to
each other. Weights are placed at each of the four spokes, which can be moved along the spokes using a
stepper motor. This total mechanism can be termed as Fixed Internal Propulsion.

Figure 6. Structure of Glory [15]

Glory is assembled in such a way that it has geometrical symmetry. As a result of this symmetry, the
center of mass of the robot, even after including the weights always lie at the geometric center of the robot.
The advantage of this is that the robot has increased stability. It does not tend to tip over. Some technical
detail of this robot is given by [16].

[1]1 The angle between the spokes are 109.47°

[21 Mass of each weight is 1.125 kg

[3]1 Four stepper motor are required

[4] The stepper motor has 200 steps per revolution.

The motion of the stepper motor circuit is controlled by a micro controller. The feedback control of
this robot is based on open loop control. Therefore, the scope for inaccurate movements of the robot is quite
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high. One thing to note is that the motion of this robot is planned and controlled by means of a simple
algorithmic iteration and can be easily implemented. It might be a bit slow when we compare its response
time with other spherical robots, but it can be neglected. The inaccuracies for the movement of the robot may
be due to factors like surface imperfections, center of mass not being at the geometrical center of the robot,
open loop control of the robot etc.

2.7. Omni Crawler Mechanism With Circular Section

The Omni crawler looks similar to a tank except that is able to move omni directionally. Its
locomotion structure is in the form of a capsule. The capability of the crawler to move omni directionally is
due to the development of a novel omni ball designed which is used in the omni crawler. The omni ball is
used to create the omni crawler. Omni crawler utilizes direct driving method.
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Figure 7. Working principle of Omni ball [17]

The omni ball consists of two hemispheres on either sides of an axle. The two structures can rotate
independently or together as a sphere. The active rotation axle is rotated using a roller.
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Figure 8. Omni Crawler Prototype Design [17]

The sideways motion of the robot can be achieved by the rotation of the active rotation axis. A total
of three motors are required to give the required inputs. A gear motor is used to rotate the inner shaft and gear
which in turn rotates the sprockets situated at the ends. This results in the motion in forward or backward
direction. Therefore, two motors are used to rotate the left and right crawler units independently for achieving
the complete translational motion of the crawler. They have a power rating of 90W. A single motor is used to
rotate both the crawler about their active rolling axes to achieve sideling motion. It has a power rating of
26W. Consequently, the translational and rotational motion can be effectively combined to develop the
required output motion. The omni crawler vehicle weights about 8.59kg and has a length of 420mm, width of
314 mm and height of 190 mm [17].
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This robot is very efficient in various operating conditions. It can transverse along the inside and
outside surface of pipes. As a result, it can be used as a pipe inspection robot. It also has step climbing
ability.

2.8. Omnicron

Omnicron is a spherical mobile robot capable of achieving omnidirectional motion with holonomic
capability. Omnicron varies from OmniQiu in the sense that the driven ball of the OmniQiu is eliminated and
in its place, three omnidirectional wheels are used to drive the spherical outer shell.

Figure 9. Omnicron Internal driving system [18]

This robot operates under the direct-driving method. Three 90-degree omnidirectional wheels are
placed such that their rolling directions are along the three sides of an equilateral triangle. Small passive
rollers are present along the circumference of the omnidirectional wheels. So, while the wheels move actively
in their rolling directions, they do not act as a constraint to the lateral direction motion. Thus, 3 DOF
omnidirectional motion can be achieved by the use of the above said driving mechanism. The feedback is a
closed-loop control. Omnicron requires three motors to independently drive the three omnidirectional wheels.

{2} Front view (B} Top views

Spherlcal shel

Figure 10. Omnicron structure [18]

The motors are controlled by a real time embedded control system. In short, it utilizes real-time
feedback control mechanism. The accuracy of the performance of the Omnicron is not so encouraging from
the results of the experimental tests conducted. It has a 10% error while moving in a straight line. Suppose it
has to move forward by a distance of 2m; it will move ahead by about 2.4m. On a circular path, it registers a
50% error [18]. But we should understand that this robot is still in its developing stages and its accuracy can
be increased over time by increasing the precision of the driving mechanism.

2.9. Gyroverl

Stability of a mobile robot can be broadly classified into two; quasi-static equilibrium and dynamic
equilibrium. Quasi-static equilibrium refers to the state of equilibrium at static or near static motions so that
the inertial effects on the body can be ignored. Only gravitational forces are considered. Early mobile robots
were based on static equilibrium state. The downside is that it cannot be used when dynamic effects on the
body have to be considered. As the mobile robots become more complex in terms of their performance and
locomotion requirements, dynamic forces and disturbances come into play, which cannot be neglected. For
example, a mobile robot required to move at high speeds. In such cases, it is best to consider dynamic
equilibrium, which takes into account, the dynamic effects on the body and can use conservation of angular
momentum for enhancing the mobility of robot [19].
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Gyrover is a mobile robot whose locomotion comes under dynamic equilibrium. It uses conservation of
angular momentum as its driving principle.

Figure 11. Gyrover I prototype [21]

Gyrover I is a novel, mobile developed from Carnegie Mellon University. It is capable of making
sharp turns. Its external morphology is that of a wheel tapered at its circumference. It is novel in the sense
that it is stabilized by means of gyroscopic precession. It has a total of three actuators. One motor is used to
spin an internal flywheel at a high speed. It is done to provide lateral stability when the Gyrover I is moving
slowly or is at rest. Another motor is used to control the steering motions of the Gyrover I and again another
motor is used to drive the wheel in the forward or backward direction [19].

A wheel rolling down a slope does not fall over. It is stabilized. Gyrover I works pretty much in the
same way. When the Gyrover I leans towards any side, due to the torque induced by the gravitational forces,
it precesses at 90° to the torque applied and so it steers in the direction of inclination of the Gyrover I.
Gyrover I has many advantages like the driving mechanism being completely enclosed inside the wheel so as
to protect it from dirt and external shocks, ability to turn in place and point contact which results in low
resistance to its motion and high traction power. Gyroscopic precession is based on the below given equation
[20].

T=JoQ
Where J — Polar moment of inertia about the axes of spin
® — Angular velocity of the wheel
Q — Precession rate of the wheel perpendicular to the axes of spin

Gyrover I has an external diameter of 29cm and weighs about 2.0 kg. It can achieve a speed of about 10km/hr
and can even transverse a 45° inclined ramp [20]. After Gyrover I, more developed prototypes were built,
which eliminated the shortcomings of Gyrover I.

2.10. Acrobat Mechanism

Orientable wheels that are off centered are known as caster wheels. Caster wheels can rotate about a
vertical axis which does not pass through the wheel center. The problem with robots utilizing caster wheel
mechanism is that redundant actuation occurs. It is because of the fact that four actuators are needed for a
robot to move on the plane surface with 3DOF. Most other mobile robots, effectively exhibit omnidirectional
motion only under favorable conditions, which often are laboratory conditions. These mechanisms might not
have good step climbing capability or high load carrying capacity. All these shortcomings are effectively
overcome in ACROBAT mechanism. A newly developed dual-ball transmission is used for avoiding
redundant actuation of the robot and a complex control system. ACROBAT stands for Active Caster Robotic
drive with Ball Transmission [22].
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The driving mechanism of the ACROBAT mechanism falls under direct-driving method. Its driving
mechanism can be divided into two parts. The first part consists of two actuators with roller attachments and
a driven ball A. The two rollers rotate about their horizontal axes so that the driven ball A also rotates about
horizontal axes. The angle between these two rollers can be changed. The second part consists of another
driven ball B which is in contact with the driven ball A. There are again two actuators with roller attachments
in contact with the driven ball B. Due to the rotation of the driven ball A, driven ball B also rotates and its
motion can be distributed through the two rollers attached to it. The rollers are orthogonal to each other. The
motion control is achieved by constant kinematics control. An omnidirectional configuration robot is
developed with four ACROBAT wheels in which two are passive wheels. This robot requires three motors,
which remove redundant actuation. Tests were carried out to check the motional accuracy of the ACROBAT
mechanism. It has an error of 10mm while traveling along a length of 350 mm In the X or Y axis. It also
records an error of 50mm between the initial and final position after a rotation about 360°.

One novel feature of this robot is that unlike conventional ball robots, driven balls in ACROBAT
mechanism have no direct contact with the ground surface. The advantage is that the traction power can be
changed by controlling the contact pressure between the two balls [23].

2.11. Omniqiu

It is a spherical robot capable of omnidirectional mobility with holonomic capability. This robot
falls under the category of direct driving method. The working principle is similar to that of a traditional ball
mouse. Only that here, the working is inverted. The track ball or the driven ball in this case is driven by two
orthogonally mounted rollers. The motions of the two rollers are combined to roll the driven ball, which in
turn, makes the robot to move in the desired direction [24].

Outer shell

Ball caster o

Spring

Spring
i e Motor
Roller

Covered with rubber

# Driven ball

Figure 13. Structure of OmniQiu [24]

The full structure of OmniQiu can be dissected into three parts. It consists of a Main body, Driven
ball and an Outer shell. The main body consists of the two rollers which drive the driven ball and all other
installments inside the spherical structure except for the driven ball. The rollers are orthogonal to each other.
All the components of the robot are enclosed within a spherical shell known as the outer shell. The diameter
of the outer shell is 243 mm.
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The total mass of the robot is about 1.6 kg. Two motors are used to drive the robot. Experimental
results show that at a speed of 10,000 rpm, OmniQiu is able to achieve a forward velocity of 0.13 m/s. When
the robot moves along a straight-line path, the lateral error is only 0.041 m for a 1 m length of travel. From
these results, we can say that this robot is a spherical, omnidirectional robot with high motion accuracy [24].

3. RESULTS

On the basis of data obtained for the considered robots, relevant parameters for the field of study in
the current topic are selected .All the mobile robots taken for study are compared with each other based on

these parameters.

Table 1. Comparison of various robot configurations

Robot External Number of | Driving Redundant | Omnidirectional
Configuration Morphology | Actuators Method Actuation Motion
@ Sphere 2 Gravity No No
Single Wheel
@ Sphere 4 Gravity Yes No
Ball Hamster
Conventional
B Z Vehicle Direct Yes Yes
4 Driving
(Locometion
_ | unit is
A Mech
= Wheel )
Uranus
Direct
Driving(Line
Sphere 3 ar Motion) No No
+
Conservation
of Angular
Momentum
3 Dimensional (Steering)
Flywheel Robotic
System
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Almost
Spherical 2 Gravity No No
GroundBot
® Sphere 4 Gravity No Yes
Glory
Tank
(Locomotion |3 Direct No Yes
unit Driving
resembles
capsule
structure)
Omni Crawler
1S Sphere 3 Direct No Yes
@ & Driving
Omnicron
Tapered 3 Conservation | No No
wheel of Angular
Momentum
Gyrover 1
Caster Wheel | 3 Direct No Yes
) Driving
=/
ACROBAT
Mechanism
Sphere 2 Direct No Yes
Driving
OmniQiu

4. CONCLUSION

Omnidirectional robots are superior to other conventional robots in many ways. Because of their
ability to move in any direction at any instant, omnidirectional robots are able to navigate their way through
any obstacles without any difficulty. From the robots we have taken into consideration for studies, some
conclusions can be obtained from the comparison of these robots. From Table 1, we come to understand that
spherical robots need not exhibit omnidirectional motion. We know that spherical robots have geometrical
symmetry and therefore it is easier for them to have omnidirectional and holonomic mobility. Out of the
seven spherical robots, we have considered, only three are able to exhibit omnidirectional mobility. Also we
have compared four non spherical robots, out of which three are able to exhibit omnidirectional mobility. So,
we can understand that omnidirectional mobility can also be achieved by non-spherical robots. Finally, we
understand that omnidirectional motion can be achieved by spherical as well as nonspherical robot. So, it is
not the shape of the robot, but the driving mechanism of the robot, which determines the omnidirectional
motion of the robot.
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