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This paper presents a review of papers devoted to the creation and investigation of spherical robots. Owing
to their structural features, namely, geometric symmetry and resistance of actuating mechanisms and
elements of the control system against aggressive environmental conditions, robotic systems of this type
have a high potential of being used in problems of monitoring, reconnaissance, and transportation on Earth
and other planets. A detailed description is given of the structures of prototypes of spherical robots which
use different actuation principles: a spherical robot with an internal pendulum mechanism, a spherical robot
with an internal omniwheel platform, a spherical robot with internal rotors, and a spherical robot of combined
type. Experimental results are presented to give an estimate of the possibility and efficiency of controlled
motion. The applied use of spherical robots depending on the type of the actuating mechanism is discussed.

1. Introduction

Recently there have been a large number of publications devoted to investigating and
developing mobile spherical robots. Interest in spherical robots stems from their structural
features, which considerably expand the scope of their application using fairly simple design
concepts. The full geometric symmetry of the spherical robot makes it possible to implement
omnidirectional motion, which for some modifications can be performed without additional
expenditures of energy.

Another, no less important, feature is that all mechanisms of spherical robots and all
elements of the control system are located inside a hermetic spherical shell, which ensures their
absolute protection against aggressive environmental conditions (humidity, dust, temperature).
This in turn determines the spheres of application of such mobile robots: robots for
reconnaissance, monitoring and delivery under conditions of Earth and other planets, mobile
transportation systems to be used under constrained conditions limiting their maneuverability,
etc.

In recent decades, efforts have been made to develop various types of actuating mechanisms
and control algorithms to set spherical robots in motion. For a detailed review of relevant
literature, see [1-5].

All well-known actuating mechanisms of spherical robots can be divided into three

groups:

- control by moving the center of mass,

- control by generating variable gyrostatic momentum,
- control by deforming the shape of the ball.
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Robots using the first control scheme are in most common use. To move the center of
mass inside the sphere, one uses pendulum-type systems, sliders, skids on which the mass
moves, and various vehicles rolling inside the ball [3—14], some uses fluid [16]. For example,
the first spherical robot that is controlled by moving the center of mass was developed in 1996
by the authors of [9]. The robot had one active wheel and one swivel wheel. The active wheel
had a point of contact with the sphere in the lower part with a control module above it, and the
swivel wheel was in contact with the sphere in the upper part. Over the years this principle of
controlling spherical robots has gained wide-spread acceptance, many robots with various
internal wheel platforms have been designed, and control schemes and algorithms have been
improved. Ample use is made of spherical robots -- Sphero toys with an internal two-wheeled
platform, which can be remotely controlled from a smartphone [17].

Robots falling in the second category move by generating variable gyrostatic
momentum [17-22], which is ensured by internal rotors (gyrostats). There has been a lot of
research on this principle (in particular, the algebraic controllability of this system has been
shown and control laws [17—19] have been obtained), but in practice such robots possess low
efficiency and are of interest mainly from the point of view of the development of nonholonomic
mechanics.

The third control scheme that has become wide-spread recently is realized by deforming the
shape of the ball [23]. Owing to a soft shell, the spherical robot can move and even jump by
deforming it. This group also includes spherical robots with variable shell shape, in particular,
a spider robot whose structural design makes two modes of motion possible: walking and rolling
[24]. To move in the rolling mode, the robot must arrange its extremities, which on the outside
are segments of a sphere, in such a way that a sphere is formed, and must maintain rolling by
alternately pushing off from the surface.

Despite the simplicity of some designs of spherical robots, the control of such devices
is impossible without understanding the dynamics of their motion. This is confirmed by the
results of the few experimental investigations with prototypes of spherical robots, in which the
error of positioning reached 50 % when control was performed using only kinematic models.
In this paper we consider four modifications of spherical robots, which were investigated in the
Laboratory of Nonlinear Analysis and Designing of New Types of Vehicles in Izhevsk. Analysis
of the developed dynamical motion models has made it possible to develop control algorithms
for each spherical robot, which were later verified in practice using purpose-built full-scale
specimens. This made it possible to estimate the capabilities of each modification and to
determine the technical data and requirements for the control algorithms and control systems.

2. Results
2.1. A spherical robot with a pendulum propulsion device

The principle of actuating the spherical robot by means of internal pendulum mechanisms
involves a large number of modifications [3-14]. In the above-mentioned papers, one can find
extensive references to the relevant literature, an overview of existing modifications, and a
description of their special features and shortcomings.

A new model of the spherical robot with a pendulum mechanism and with three degrees of
mobility has been built in the Laboratory of Nonlinear Analysis and Designing of New Types
of Vehicles. A photograph of the full-scale specimen and a three-dimensional model of the
internal mechanism are presented in Fig. 1. Figure 2 shows the structural design of the actuating
mechanisms that enable a controlled variation of the position of the pendulum.
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a) b)

Figure 2. The structural design of the actuating mechanisms of the spherical robot with a pendulum
propulsion device: a) actuator for variation of latitude, b) actuator for variation of longitude. Figure 2a: 1 -
gearmotor (72:1), 2 — cylindrical gear drive (4:1), 3 — rocker, 4 — axle, 5 — gear with an internal gearing; 2b: 1 -
gearmotor (4,4:1), 2 — gear with an internal gearing; 3 — cylindrical gear drive (2,3:1), 4 — conical gear drive, 5 —
rollers, 6 — frame.

The power source and all elements of the control system are located in the moving part
of the pendulum. This forms an out-of-balance, which causes the spherical shell to move.

Theoretical investigations were carried out for a more complicated model of the
spherical robot with a Lagrange pendulum placed inside. A dynamical model featuring the
motion of this modification of the spherical robot is presented in [11,14], where an analysis
of the stability and controllability of the spherical robot is carried out. Using the results
obtained, basic maneuvers (gaits) have been developed to implement motion along a
predetermined trajectory. Each gait enables motion along the terminal segment of the
trajectory of the robot within one oscillation of the pendulum and is given by the angle of
its deviation in the vertical and horizontal planes. By combining gaits one can ensure
motion along a predetermined trajectory.

2.2. A spherical robot with internal rotors

The spherical robot is a hollow spherical shell inside which three rotors with mutually
perpendicular axes of rotation are placed in the equatorial plane. A three-dimensional model
and a photograph of a full-scale specimen are presented in Fig. 3. Each rotor is set in motion
by a DC motor with a reduction gear. The structural design of the system under
consideration satisfies a number of restrictions:

— the center of mass of the sphere + rotor system lies at the geometric center of the
sphere;

— all rotors are identical and axisymmetric, and the axes of rotation coincide with the
axes of symmetry, i.e., rotation does not change the mass distribution of the system;

— the axes of rotation of the rotors are noncoplanar, and the angular velocities act as
controls.
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Figure 3. Design of a spherical robot with internal rotors

The design of the spherical robot is simple, and the only difficulty is to ensure absolute
balance, i.e., to place the center of mass of the system at the geometric center of the
spherical shell.

A detailed derivation of equations of motion of this modification of the spherical robot
can be found in [17] (for the case of rolling without slipping (nonholonomic model)) and
[18] in the presence of friction forces. The equations of motion are written in the form of
Ferrers equations in quasi-velocities with undetermined multipliers. In addition, these
papers present estimates of the stability and controllability of a spherical robot with three
rotors, show the analytical dependence of control actions (angular velocities or angular
momenta of the rotors) for the implementation of motion along the trajectory that is a
function of time. The rolling of the spherical robot is demonstrated in Movie
https://youtu.be/WdoOOK6CsLY.

2.3. A spherical robot with an internal omniwheel platform

A distinctive feature of the spherical robot with an internal omniwheel platform is its
enhanced maneuverability, i.e., the possibility of motion of the spherical robot in any
direction without turns. This advantage could be achieved by placing a vehicle with special
omniwheels (also referred to as Mecanum wheels) inside a hollow spherical shell.

The motion of mobile robots with omniwheels on a plane is well studied. However, to
ensure a constant contact of rollers of such a wheel with the inner surface of the spherical
shell, the shape of the roller has been changed in comparison with the wheel for motion on
a plane. A three-dimensional model of the spherical robot with an internal omniwheel
platform and a photograph of a full-scale specimen are presented in Fig. 4.

For the control of such spherical robots, kinematic equations of motion [4] are used.
However, control algorithms constructed on the basis of kinematic models without
technically complicated feedbacks are in practice of little use due to oscillation of the
spherical robot in the process of motion.

The dynamical model of a spherical robot with an internal omniwheel platform as a
system consisting of many bodies is complicated. A special feature of the control algorithm
of the spherical robot using the dynamical model is that after termination of the rolling
motion along the predetermined trajectory and after deactivation of control the spherical
robot can continue free motion, which is generally chaotic [4]. The algorithm of controlling
the spherical robot using gaits (basic maneuvers) has made it possible to eliminate this
drawback. This method consists in calculating control actions that cause the spherical robot
to move according to a stationary solution (in a particular case, to stand) at the initial and
final instant of time. Results of testing of the control algorithm using gaits are presented in
[27]. The motion of the spherical robot with an internal omniwheel platform is
demonstrated in Movie https://youtu.be/LrwKUXOtIKU.
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Figure 4. Design of a spherical robot with an internal omniwheel platform

2.4. A spherical robot with a combined propulsion device

The structural design of a spherical robot with a combined propulsion device is shown
in Fig.5. The motion of the spherical robot is achieved by means of an internal two-wheeled
vehicle moving in the equatorial plane along a purpose-built rim. The cross-section of the
rim and the material of which it is made ensure the absence of slipping of the wheel even if
the spherical robot encounters an obstacle.

—
Figure 5. Design of a spherical robot of combined type

Turns of the spherical robot are made possible by generating an inertial propulsive
force (torque) in ensuring an accelerated motion of the flywheel installed on the vehicle.

The control algorithm of the combined spherical robot was developed using the

dynamical model of a spherical robot with a Lagrange pendulum, which was obtained for
the spherical robot of pendulum type.

Results of theoretical and experimental investigations of the spherical robot with a
combined propulsion device are presented in [11, 14, 31]. An example of the motion of the
spherical robot of combined type along a predetermined trajectory is shown in the video
file Movie https://youtu.be/3uTNgKGGwmo.

3. Discussion

The research results have confirmed the adequacy of the developed control algorithms
on the basis of dynamical nonholonomic models of motion. The error of positioning for the
above-mentioned modifications of spherical robots did not exceed 10%, and can be
minimized in the future by introducing velocity and position feedbacks into the control
system. However, it should be noted that each modification has its drawbacks.

A significant drawback of the spherical robot of pendulum type is that it is difficult to
switch over to a different mode of motion at an arbitrary instant of time (for example, if the
velocity has reached a prescribed value), since it may happen that the pendulum is not in
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the lower position. In addition, the maneuverability of this type of the spherical robot can
be ensured only if small-size and high-torque electric drives are used, which is technically
not always possible. The structure of this spherical robot is the most complicated as
compared to the other modifications considered in this paper. A large number of power
transmissions and structural components requires wear resistance, rigidity and accuracy of
manufacturing.

Despite the results of theoretical analysis of the dynamics of the spherical robot with
internal rotors and despite successful experiments with full-scale specimens, there are a
number of technical problems, which can be a significant obstacle to creating spherical
robots with the main propulsion device in the form of several noncoplanar rotors:

- the necessity of fine balancing of the spherical robot and of determining its tensor of
inertia;

- the difficulty of determining the coefficients of friction, since in the general case the
robot performs rolling motion while rotating relative to the vertical axis (spinning);
moreover, slipping can arise;

- fast and well controlled motion of the spherical robot can only be achieved if the
moment of inertia of each rotor constitutes a major part of the total moment of inertia of the
spherical robot, which is technically difficult in the case of three rotors.

The spherical robot of combined type and the spherical robot with an internal
omniwheel platform are the most promising from the point of view of practical application.
The latter possesses enhanced maneuverability, but has a high price due to the difficulty of
manufacturing rollers with a special shape depending on the inner radius of the shell.

The main reason for the discrepancy between the results of theoretical simulations and
experimental results is the necessity of taking into account the friction forces acting on the
spherical robot. This conclusion is also relevant to all above-mentioned modifications of
spherical robots, since the friction force arising during the motion of a spherical body on
the surface is generally complex in nature. In the process of motion of such bodies on a
horizontal surface, transitions between the mode of rolling without slipping and spinning
to rolling with spinning or to slipping are possible. An important factor that has a
significant, but not always predictable, influence on the motion pattern is the ratio of mass-
geometric parameters of the system. Specifically, for systems that are simpler than a
spherical robot with internal actuating mechanisms, such phenomena as turn, overturn, loss
of contact with the surface etc. have been detected. Detailed research results on such
systems are presented in [32-34].

4. Materials and Methods

The main technical data of the developed spherical robots are presented in Table 1. To
estimate the efficiency of the propulsion devices of spherical robots, the mechanisms were
placed in shells of the same diameter — 300 mm. The shell was manufactured of transparent
PET material, since markers of the optical motion capture system were installed on the
frames of the mechanisms inside the shell. The shell was 4 mm thick. The technical data
of the spherical robots and their components are presented in Table 1. Control commands
in the form of angular velocities of rotation of the drives were transmitted in the form of
precalculated time-discrete values via a wireless communication channel from a control
computer.

The motion capture system made it possible to obtain the trajectory and the orientation
of the spherical robots in the process of motion and thus allowed us to estimate the control
algorithms developed on the basis of the theoretical models.
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Table 1. Comparison of the technical data of mobile robots developed in the Laboratory of Nonlinear
Analysis and Designing of New Types of Vehicles.

Design Spherical robot Spherical robot with Spherical robot with Spherical robot of

with an internal internal rotors an internal omniwheel combined type
pendulum platform

Diameter of the shell, 300 300 300 300

mm

Mass, kg 6.5 4 4.2 5.4

Maximal velocity, m/s 0.5 0.3 0.6 0.5

Power sources 12V, 5A 11.1V, 15A 33.3V, 5A 11.1V, 10A

Time of autonomy, h 4 1 6 4

Master controller PIC32MX120 STM32F100 STM32F103 LPC1768

Communication WiFi Bluetooth Bluetooth Bluetooth

channel

Type of motor DC motor with a DC motor with a Step motor DC motor with a
reduction gear reduction gear reduction gear
(4.4:1), (72:1) (10:1) (34:1)

Number of motors 3 3 3 2
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