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Abstract

This paper describes the development of intelligent mobile
robot systems for service use including wall climbing robots
(WCR). Such robots and robotics complexes are needed be-
cause of increasing demands on industrial operations, acci-
dent and emergency conditions, and in hazardous or extreme
environments. Emergency conditions or hazardous environ-
ments may be elevated levels by radioactivity, high tempera-
tures, high gaseous concentrations, etc. The different models
of mechanical motion along vertical surfaces by various means,
modelling of motion, investigation of maneuverability as well
as locomotion, and analysis of mechanical systems for effec-
tive execution of different industrial operations are discussed.
Methods of facilitating robot motion along vertical surfaces,
and advantages and drawbacks of each method are examined.
Wall surface mobile robot having multiple suckers on variable
structural crawler is developed and tested. Analytical methods
for designing maximum stable payload which a walking WCR
can carry are examined. Analytical forms of equilibrium con-
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INTELLIGENT MOBILE ROBOTS

1. INTRODUCTION

At present two classes of mobile
robots for service use are distinguished
(Asami 1994): (1) Class A (Robots to re-
place human beings at work in dirty, haz-
ardous and/or tedious operations); and (2)
Class B (Robots to operate on/or with hu-
man beings to alleviate incommodity or
to increase comfort/pleasure). Class A
includes operations in hazardous or ex-
treme environment (e.g., radioactive en-
vironment, high temperature, underwater,
vacum), fire-fighting, military applications,
ete. Class B includes office work, medicine,
housework, entertainment and others. De-
veloped mobile robots for service use for
solving the tasks of class B are shown in
Fig.1a and b (Yamafuji et al. 1992). Walk-
ing and other types of mobile robots have
been the subjects of intensive research. All
of these robots have been designed to move
over surfaces that make only a small angle
with the horizontal. In a number of cases,
however, need arises for a robot to move
over surface that make fairly large angles-
right up to the vertical, negative angles, or
even upside down over horizontal surface
(the ceiling of a room). This is necessary
when fighting fires, painting and repairing
the hulls and holds of ships, inspecting large
gas and liquid storage tanks or pipe-lines,
etc.

Extensive research has been con-
ducted in recent years in developed coun-
tries for the purpose of fabricating mobile
robots for service use of Class A which are
capable of moving along horizontal, inclined
or vertical surfaces. Such robots must be
capable of overcoming ol avoiding obsta-
cles encountered in their paths, or returning
to the required initial (start) position, set
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up to execute the required industrial oper-
ations and to perform such execution. Such
robots and robotic complexes are needed
because of increasing demands on industrial
operations, accident and emergency condi-
tions, and conditions that are hazardous or
difficult for human operator. Emergency
conditions or hazardous environments may
have elevated levels of radioactivity, hihg
temperature, high gaseous concentrations,
ete. It may, for example, be necessary to de-
contaminate facilities, including walls and
floors, to eliminate emergency operations in
nuclear-power plants, to fight fires, works in
construction, assembly, or paint structures
at high elevations or construct a variety of
structures, repair ship hulls in dock, etc.

In many cases horizontally-mobile
robots or WCR are used separately. How-
ever, there are often problems to be treated
such as in the case of facility decontami-
nation, when the mobile nechanisms must
have a higher degree of mobility and be ca-
pable of carying out the required operations
by moving along horizontal and vertical sur-
faces as well as floors.

Research and development of robots
with high-mobility, including WCR have
been progressing rapidly over the last
decade in the supports of national and inter-
national programs in Russia, Japan, United
States, Great Britain, France, and other na-
tions. Universal vacuum devices (indepen-
dent of the surface material) are widely used
as grippers for gripping vertical surfaces
and floors; the robots also use controlled
magnetic grippers designed for robot grip-
ping of ferromagnetic surfaces. As exam-
ple. the most promising way to have robots
that move over steep and vertical surfaces is
walking robots equipped with special grip-
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pers (feet) that ensure the robot to be held
on the surface. These grippers may be in
this case magnetic feet or vacuum cups.
Magnetic feet can only be used when the
robot is to be used on ferromagnetic sur-
faces. Permanent magnets or electromag-
nets may be used for this purpose. The
attractive force produced by the magnets
is highly dependent upon the cleanliness of
both the surface over which the robot moves
and upon the gripper surface, which means
that the magnet surface must periodically
be cleaned. Whatever permanent magnet
grippers are used to hold the robot on the
surface, special means are needed to break
the foot loose from the surface. Vacuum
grippers are more universal and suitable for
any fairly smooth surface (metal, concrete,
painted surfaces, ceramic tile, etc.). This
situation is examined in detail in part 2.

Different companies have had signif-

a Front view

icant results with industrial applications
of WCR, including Robotics Ltd., (Rus-
sia), Nikki Ltd. Tokyo Gas Ltd., Hi-
tachi, Ishikawa-Harima Heavy Industries
(IHI) Ltd. (Japan), International Robotics
Technology (USA), Portsmouth Polytech-
nic (Great Britain), etc.

Mobile robots for service use are dis-
tinguished from industrial robots by the fol-
lowing faculties: (1) mobility; (2) maneu-
verability; (3) intelligence levels; (4) oper-
ating ease; (5) adaptability and (6) versa-
tility.

Created by the popular trend toward
higher education levels, shortages in the
aging specialized labor market, created by
the increasing ages of highly skilled tech-
nical personnel, and trends toward replac-
ing manual works by robotized operation
in hazardous work are factors favoring the
market demand for robots for service use.
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Figure 1. Mobile robots for service use.
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INTELLIGENT MOBILE ROBOTS

Negative factors affecting the robots for
service use market include insufficiently
rapid development of requisite sensors and
of their intelligent faculty, and high cost
(Asami 1994).

Further development in this new field
of robot engineering permits, to compen-
sate for negative factors has required re-
search aimed at improving mobility and ma-
neuverability of robots, as well as intelli-
gence (sensing, learning, inferring and judg-
ing function) and expanding technological
capabilities and effective fields of applica-
tion.

Improvement of mobility and ma-
neuverability allowing robots to advance
from floor to wall and from wall to ceiling
etc. during movement is of importance for
robots in unmanned environments. Certain
achievements accomplished on this problem
to date however require their own further
development. One of the methods improv-
ing mobility involses installing a WCR on a
mobile carrier-robot (dolly or carriage) ca-
pable of moving along horizontal surfaces.
The WCR attaches itself to the vertical
surfaces automatically in response to cor-
reponding control command. The Institute
for Problems in Mechanics of the Russian
Academy of Sciences, University of Electro-
Communications (Japan) and Nagoya Uni-
versity (Japan) have developed different
models of a high mobility and reliability
robotic complexes with WCR and crawlers.
The results of this design development will
be discussed in this paper.

The intelligence of the system is im-
proved by installing corresponding sensors
(radar, ultrasound, laser, tactile, vision
camera, etc.), by establishing feedback, de-
veloping special scene analysis algorithms,
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developing data bases on external environ-
ments and autonomous decision making on
the basis of fuzzy logic, genetic algorithms
and neural networks. This approach to
AT control system design for WCR is ex-
amined in Part 3. The significant advan-
tages provided by the future development of
such systems include the possibility of using
them in working environments and in emer-
gencies which are hazardous or difficult for
human workers (high radiation, high tem-
perature, toxic or poisonous gases, high el-
evations for industrial operations as well as
other emergency situations).

This paper has four parts and
presents results from research devoted to
the problem of fabricating WCR: especially,
the realization of mechanical motion along
vertical surfaces by various means, mod-
elling of intelligent control motion, investi-
gation of maneuverability and locomotion,
analysis of mechanical systems for effective
execution of different industrial operations
including motion from one surface to an-
other at right angle, investigation and de-
velopment of vanum grippers and mecha-
tronics drive.

In order to improve manoeuvarabil-
ity and extend functional capabilities, the
mobile robotic system is composed of an au-
tomatically controlled horizontally-mobile
robot, a connected WCR, and a manipu-
lator for providing adhesion of the WCR to
the surface (Fig.2). The system can be con-
trolled from a single control panel in an au-
tonomous, supervisory, or automatic mode.
The control panel is located in a separate fa-
cility at a safe distance from the operations
site of the robot in a certain emergency en-
vironment (Fig.2 and 3).

As demonstrated by the First In-
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ternational Olympiad (Anon 1990) held in
September 1990 in Glasgow (Scotland), the
achievements in this field are resulted in 2
medals awarded to the Institute for Prob-
lems in Mechanics of the Russian Academy
of Sciences in this Olympiad.

Figure 2. The structure of robotic mobile sys-

tems with WCR High mobility robotic system;
(1) horizontally-mobile robot; (2) WCR con-
taining industrial equipment; (3) interface be-
tween WCR and horizontally-mobile robot; (4)
power source; (5) operator; (6) control panel;
(7) control channel; (8) working surface.
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2. METHODS OF REALIZING
WCR MOBILITY ALONG VERTI-
CAL SURFACES AND TYPES OF
WCR

The following methods are used to re-
alize the mechanical motion of the transport
module along a vertical surface (Gradetsky
1993).

A. The first is a discrete step method.
In this method, the robot platform travels
in discrete steps, with one group of grip-
pers clamping at intervals between the steps
and the other group releasing at intervals.
Variants of this methods include a discrete
step method with uncontrolled locomation
speed, and a discrete step method with con-
trolled locomotion speed within each indi-
vidual step. The advantages of this method
is of ease of realization and its performance
reliability. The drawbacks are low speed
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Figure 3. Basic conception of the control system.
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and limited functional capabilities. A con-
tinuous speed of the robot platform cannot
be achieved using this method.

B. The second method of locomo-
tion along vertical surface is continuous step
method. This method makes possible con-
tinuous locomotion of the robot platform in
a step mode, whereby one group of grippers
initiates gripping and the other group is
released without interrupting the platform
motion. This method extends the func-
tional capabilities of the robot by achiev-
ing a continuous speed of the robot plat-
form, and hence the industrial equipment
mounted on the platform. However, the al-
gorithm and the control systems are more
complicated.

C. The third method is the crawler
method. This method makes it possible to
obtain a continuous robot platform speed
by employing a crawler mechanism. The
varieties of this method include a method
using internal grippers in the crawler mech-
anism and the crawler method utilizing in-
denpendent grippers. In the latter case,
the crawler mechanism is used only to ini-
tiate robot translational motion within the
free range of the drive when the grippers
are fixed. The primary advantage of the
gripper method of locomotion is its high
degree of locomotive mobility and reliabil-
ity. The drawbacks are increasing complex-
ity and weight.

D. The fourth method of moving
along vertical surfaces is the anthropomor-
phie method. In this method, motion is ini-
tiated by means of multilink-support mem-
bers that simulate the motion of living or-
ganisms, especially insects. This method re-
quires a large number of degrees of freedom
and an advanced control system. The com-
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plexity of structural realization in this case
reduces the performance reliability of the
complex as a whole. However, this method
provides the best flexibility for overcoming
a variety of obstacles.

E. The fifth method is a particular
case of the fourth method and is the loco-
motion method over a wall surface by pro-
pelling power and thrust force type model.
Two types of propellers are there: those
with large diameter thruster as a helicopter
rotor, and a small as light plane. However,
wind load is larger for the former, and it is
dangerous to use it in a strong wind. There-
fore, the former is effective to use in a calm
or small wind condition.

F. The sixth method of moving along
vertical surface is the parellerogram method.
This method is named after the features of
its realization which utilizes the property of
a parallelogram which allows alternate mo-
tion of its parallel, hinged sides. In this
case, there is no need to use two platforms
which, in combination with the absence of
gripper elevation and descent drives, make
this design simple and light. When gripper
on one side of the parallelogram is used for
clamping, the second side moves in a given
direction moving the attached free grippers
by sliding along the surface. This method
is the fastest, although it has a compara-
tively low reliability and limited capabili-
ties with respect to industrial applications,
since there is no working support platform.
Moreover, this design is insufficiently rigid
and has limited lift capacity.

As a result, three types of mobile
methods for robots have been developed for
moving on wall surfaces: (1) the reverse-
hovercraft type: (2) walking (wheeled-and
legged-type) types; and (3) crawler types.
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Figure 4. Motion models of WCRs.

In Fig. 4 possible structures of these three
types WCR are illustrated. The differ-
ent types of these structures are examined
in Part IV. As shown in (Oomichi 1992,
Fukuda 1992a) few of these three types of
robots have been put into actual use.

At design of running mechanism for
wall surface mobile robot, the following two
points became clear (Fukuda 1992): (1) how
to prevent fall of the WCR due to gravity;
and (2) how to move smoothly. From the
analysis of possible motion methods we got
the following conclusions for design of loco-
motive mechanisms. Firsts of all, a way of
using magnetic force (Naito 1992, Hirose et
al. 1992, Aoyama et al. 1992) or a way
using a sucker (Fukuda et al. 1990, Hi-
rose 1986, Ikeda et al. 1992, Ikeda 1994,
Luk et al. 1990) or way by wall surface by
propelling power (Nishi 1992, Nishi et al.
1992, 1994) etc. have been proposed for-

merly to Item (1). As a characteristic of
the way using a magnet, a control system
is simple, and possesses the advantage that
standstill action stabilizes. But there is the
disadvantage of limited quality of the ob-
ject structure. Considering equipment such
as vacuum equipment, such as sucker, and
an inhalant mechanism etc, there is the big
advantage because quality of a wall surface
is not considered. Moreover, concerning a
way by propelling power, burden to a con-
trolling device becomes big with respect to
stability of standstill action.

A walking formula (Ikeda, 1994, Luk
et al. 1990, Hivose et al. 1992), a crawler
formula (Oomichi 1992, Nagatsuka 1986),
a wheel formula (Nishi 1992, Nishi et al.
1992) etc have been proposed formerly to
Item (2). A walking formula to overcome
an obstacle is in general preferable by its
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