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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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mobility and adaptability to the surfaces.
On the other hand, the contrary exists in
crawler and wheel formula. For wall surface
transfer robots, rapidness of work, certain
safety, laborsaving are important for the
specified workspace and an optimum form
needs to be decided in designing a running
mechanism.

Additional primary reasons are in
(Oomichi 1992): (1) climbing and descend-
ing capabilites are not sufficient to over-
come wall surface roughness (adhering to
irregular surfaces is generally inadequate);
(2) payload and speed are sufficient. High-
speed robots have a low load capacity and
visa versa; (3) abilities to travel on irregular
surfaces (such as steps or sloped terrains)
are lacking.

In (Oomichi 1992) existing systems
are also examined (see Fig. 5) the crawler
type yielding both high-speed and high-
load capabilities is determined and proves
to be the most practical design given for
the present level of technology.
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Figure 5. Speed and load characteristics of

WCR
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In this paper, as an initial step we
consider the following conditions in design-
ing a running mechanism of a wall surface
mobile robot: (a) quality of a wall sur-
face is not considered; (b) transfer speed is
fast; (c) control is easy; (d) robot is light
weighted. As a result, in consideration of
these point, we adopt the absorption for-
mula with a sucker, and the transfer for-
mula with a crawler. In this paper, the
crawler mechanism which possesses multi-
ple suckers on a crawler surface is proposed
as optimum fusion form of both promlems
(Fukuda et al. 1992, 1992b, 1994).

As a second step, for ensuring great
carrying capacity and load characteristics
of WCR in application to a variety of tech-
nological operations we consider a walk-
ing type of WCR with pneumatic grippers
formed by large suckers type (Gradetsky
1993, Chernousko 1994).

3. WALL SURFACE MOBILE
ROBOT HAVING MULTIPLE
SUCKERS ON VARIABLE STRUC-
TURAL CRAWLER

Different approach to vacuum adher-
ing crawler systems nammed “VACS” (Na-
gatsuka 1986) and their magnetic and pneu-
matic modifications in (Asami, 1994, Anon
1990, Oomichi et al. 1992, Naito 1992,
Aoyama et al. 1992, Fukuda et al. 1990,
Chernousko et al. 1994) are discussed. In
this paper, we study moving mechanism of
a wall surface mobile robot for hazard main-
tenance under gravity, which can cling to a
vertical wall or ceiling using vacuum pads.

The main idea or stable motion of
crawler is illustrated in Fig. 6.

Example 1. In ordinary case, the
momentum diagram (Fig.6a) at equilibrium
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Figure 6. Motion models of crawlers with different load capacity.

(in this case, py > p2) has the following
conditions (Nagatsu 1986):

v GH .

M = 351 P2 = 3p1776) P1 > P2 and
v_ o _GH .

3BL - IBLYJ6

V>S8CH H_1 gndV>3G.

When stable adhering mechanism is
applied, the momentum diagram at equi-
librium has the following conditions, and is
transformed to form as in Fig. 6b.

Ry = &gmzzgf, =ps3(1 + 55)BL;
C= % (2+n);

l+-z'T§
V(S+%)-GH
By = (5+%) .

S+C ) R2:V_R1;

V(S + £) > GH;
G

. H_ 1.5 _ 1

V > 0.5G

and

In this case the required force V' for
backing up of crawler on wall is decreased
6 times.

The first step examines the structure
of the crawler (Fig.7) which clinging to ver-
tical wall or to ceilings by means of vac-
uum pads (Fukuda et al. 1992b). The main
body consists of one crawler belt. The guide
rail bearings displace through the straight
frame of the robot and it is described in
Part II. The robot has two pulleys, one of
them actuated by a DC motor. The config-
uration of the crawler cannot be changed in
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this case. The vacuum pads are set on the
crawler so as to enable rapid mobility on the
surface. By this mechanism, the sucking
control system becomes quite simple com-
pared with the conventional one (Oomichi
et al. 1992). There are 20 suckers installed
on the crawler belt.

Based on these ideas, we designed,
manufactured and tested the prototype
Mark I (Fig. 7), which has fixed structural
crawler has 0.514[m] length between two
wheels, and has a total weight of 4.5[kg]. In
the experiment (Fig.8), Mark I has reached
maximum moving speed of 0.05 m/s on the
acrylic wall in upward direction. Mark I
succeeded in climbing smoothly on the sur-
face of a vertical wall and a ceiling, with
both rough and smooth finishes (Fukuda et
al. 1992b).

Moreover, we designed another ad-
vanced version of the wall surface mobile
robot Mark II (Fig.9), which has vari-
able structural crawler (crawler changes its
structural configuration).  This type of
robot can cling firmly to the curved surfaces
such as the surface of a tank, can change its
direction, can transfer to the other surface,
and can get over some small obstacle such a
duct on the wall. Mark II which is similar to
a caterpillar was manufactured and tested.
We provide here some moving experimental
results (Fukuda et al. 1992a, 1994).

Mark I is 0.6[m ] long (maximum to-
tal length) and its total weight is 4.6[kg]
(Fig.9). The crawler belt has multiple suck-
ers (described in Part IT). The valve opens
automatically when the mechanical switch
touches the surface, and closes soon after
detaching. The configuration of the belt has
to change so as to bend on the body, so the
belt has cutting and is decsribed in Part 1I.
There are 25 suckers on the crawler belt.
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Figure 8. Experiment scheme with Mark L

The main body cousists of one
crawler belt., and the main frame is par-
titioned into several pieces which are con-
nected to each other with springs so that
the body can change its configuration with-
out loosing its distribution capability. Here
we call this mechanism a multiple jointed
frame (for detailed description see (Fukuda
et al. 1992a, 1992b, 1994) and Part 1I).
The guide rail bearings go through the par-
titioned guide frames. The robot has two
pulleys and one of them is actuated by a
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DC motor. It also has another two DC mo- The experiments were performed on acrylic
tors for changing direction and transferring plates for all these four modes (Fig. 10).
to the other surface. The moving modes The experimental results are summarized in
of the Mark II are illustrated in Fig. 10. Table 1.
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(b) Turn mode (c) Transfer mode (d) Getting over mode
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Figure 10. Moving modes of wall surface mobile robot having multiple suckers on variable
structural crawler.
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Table 1. Runing experiments of Mark 11.

Mode Results
Acrylic Min. rotary radius:1.2m
Curvature | Copper Min.rotary radius:1.4m
Aliminum Min.rotary radius:1.4m
Turning Rotary radius: from -10° to + 10°
Transfering
from wall Transfer angle : from 0° to + 20°
to wall
Passing over
an obstacle | Max. section of obstacle: 20 mmx 20mm prism

4. ANALYSIS OF THE WCR ME-
CHANICAL SYSTEM FOR APPLI-
CATION TO A VARIETY OF ENGI-
NEERING PROBLEMS

The structure of the WCR may vary
depending on the task executed by it while
modular design of the overall system is re-
tained. The primary principles used in
modifying the WCR structure can be de-
termined by analysing realizations of the
system for applications such as cleaning,
painting, decontamination, and inspection.
For ensuring of great carrying capacity and
load characteristics of WCR for applica-
tion to a variety of technological operations
we consider a walking type of WCR with
pneumatic grippers of large suckers type
(Gradetsky et al. 1993, Chernousko et al.
1994). In first step we consier equilibrium
conditions for WCR on a surface.

4.1 Equilibrium Conditions for WCR
on a Surface.

We will examine the very simple
scheme of WCR shown in Fig. 11. The
robot comprises of a body and legs with feet
equipped with pneumatic (vacuum) grip-
pers. Defining the conditions that will guar-
antee reliable contact between the feet and
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the surface when given external forces are
applied to the robot is an important mechan-
ical problem which must be solved if reliable
WCR operation is to be ensured. Some ap-
proaches to solving this problem will be dis-
cussed next. The WCR’s load carrying ca-
pacity which are the forces that the WCR
must exert in order to remain on the suface
will be calculated for certain cases.

We choose Cartesion coordinate sys-
tem Oxryz with a fixed plane surface over
which the WCR is to move. We superim-
pose the plane Ory on this surface and di-
rect the z axis toward the WCR (see Fig.
11). We designate the radius vectors of
the centers of the feet ¢« = 1,---,n as

Figure 11. Prototype of WCR
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ri(zi,4:,0). The forces acting on a WCR
in equilibrium are as follows.

1) Ezxternal active forces (weight, re-
action from the cables, firehoses, and other
external objects). We denote the principal
vector of these forces R and their principal
moment about the point 0 as M.

2) Normal surface reactions. We de-
note the reaction force applied to the i-th
foot as N;k, where k is a unit vector along
the z axis,and N; 20,i=1,---,n.

3) Tangential surface reactions (dry
friction forces). We denote the dry fric-
tion force acting on the i— th foot as
F;,i =1,--,n. The friction forces lie in the
Ozy plane and obey Coulomb’s law of dry
friction:

4) The forces ®;k by which the feet
adhere to the surface due to a vacuum.
i=1,---,n. These forces are:

&, =(p-p)5>0,i=1,---,n. (4.2)

Here p is the atmospheric pressure,
p; is the pressure under the i-th suction
cup, and S; is its area.

For a WCR being acted upon by ap-
plied forces, we write the equilibrium con-

ditions as

Mg-i-zr,-[(Ni—fI),-)k+F.-]=0 ’
and project them onto the coordinate axis.
The summation is done everywhere over 1@
from 1 to n. We obtain two groups of equi-
librium equations:

R.+ Y (N:— @) =0,

M, + Ey.-(Ni - ‘I’i) =0, (4.4)
My = Z:l’,‘g(Ni = ‘I’i) =0

Rm + ZX,' = 0,

Ry + Z Y; s 0’ (4-5)

M. + Z(:E,Yt -y X;)=0

Here the projections onto the z,y, z
axes of the R and M, vectors, respec-
tively, are denoted by R, ,R,,R. and
M,,M,, M., and the projections of the F;
forces onto the z,y axes are denoted by
X Y.

Example 2.
State of WCR on Wall.
As a particular case of Eqs. (4.3)-(4.5) we
discuss here the conditions of stable equi-
librium of WCR on a wall for the scheme in
Fig.12. In this case the equations for deter-
mining stable equilibria are:

Stable FEquilibrium

2Nf; +2Nf2 +2}V,-1 +2N1.2 _4Fs =0

—2Npy(1+1,) + 2(Fy = Np2)l — 2Npl, - Wh =0

with constraints:

fri S uNp

2ffl+2ff2+2frl +2f1‘2"W=0 (4'6)
In this case the force W is
W < 4uF,. (4.8)

frl g P:er
fr? é ﬂNr2
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‘ll

fra

s * sz

Suction Cup

Wall

Figure 12. WCR with suction cups.
and we have the condition
N =Ny2=0 (4.9)

substituting Eq. (4.9)in Eq, (4.8) we obtain

.:?V,,[ :( +i{.)}7;+-_ljn- } (1.10)

From Eq. (4-10) the force F; can be deter-
mined and for a force W becomes

()

Safety Margin
MSIV

*Msill a)

oMSIl g, oty Region

Total Weighi W [kgf]

0 10 20 30 40 50
Suction force per Suction Cup F, [kgf]

Figure 13. Load capacity and safety region
for WCR.

2 1,
W= {(1 - 2TF,‘ - F} . (411)

Fig. 13 illustrates the safety defini-
tion of permissible total weight W for WCR
in dependence of suction force per suction
cup.

Let us indicate the conditions for
which a solution exists for the N; system
of equations given by (4.4) that will satisfy
the inequalities N; 2 0. To do this, we con-
sider a point K on the x,y plane, relative
to which the x,y components of the princi-
pal vector of the external forces and the ®;
forces are zero. The radius vector r* of the
point K is r* = (z*,y*,0),

., Yr®d+M

r* = -—

S yi® — M,
Y =
> ®;, — R,

Zq)l - R.r
(4.12)
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The following is a familiar statement.
If the conditions

> & >R, K=(z"y")eD (413)

are staified, where D is a region in the zy
plane and is a convex hull of all the points of
contact, then the system given by Eq. (4.4)
has a solution for which all N; = 0. The
conditions given by Eq. (4.7) are the neces-
sary and sufficient conditions under which
a perfectly rigid robot will not come loose
from the plane of contact.

In order for a robot to remain in
equilibrium, conditions given by Eq. (4.13)
should be satisfied and slipping should not
occcur. This means that, when rotating
about any instantaneous center Cy(z,y) in
the plane of contact, the moment of the ex-
tenral active forces should not be greater
than the moment of the frictional forces.
This condition, with respect to Eq. (4.1),
18

Mz — 2Ry +yR:| < 3. pil Fi| £ £ 32 pilNi,
Pe= [(w_mi)2+(y _y?)]%’ i=1,--,n
(4.14)
The left-hand side of Eq. (4.14) is
the moment of the active forces about an
axis passing through the point Cy parallel
to the z axis. The distance from the point
Cy to the i-th point of contact is denoted
by pi. The necessary and sufficient condi-
tions for no slipping to occur for a known
A‘.i is

Supw-lei g fy
Q = (M; —aRy +yR.)(3 piNi) ™"
(4.15)

The maximum here is choosen for all
z,y, including a point at infinity, that cor-
responds to the translational motion. If
the conditions given by Eq. (4.13) and Eq.
(4.15) are satisfied for the known normal re-
actions N; 2 0, then the WCR will be in
equilibrium.

Remark 1. Notice, that Eq. (4.4)
forms a set of three equations in n un-
knowns. Therefore, in general, when n >
3 the system is statically indeterminate
and the N; reactions are not uniquely de-
termined.  Additional considerations are
needed in mechanics for statically indeter-
minate situations to find the N; reactions:
elastic deformations and geometric imper-
fections (manufacturing defects) are taken
into consideration. When this is done, the
result obtained (the distribution of the nor-
mal reactions) turns out to be highly de-
pendent upon the rigity of the body and
support, and also upon the geometric im-
perfections.

We now consider some possible meth-
ods for further analysis of the equilibrium
conditions.

Example 3.

Model.
Additional data regarding the rigidity of
WCR construction and manufacturing de-
fects are not considered so that system
remains statically indeterminate. In this
case the WCR is said to be statically in-
determinate and the N; reactions can be
distributed in a manner that satisfies Eq.
(4.4). In this situation, we write the condi-
tion for nonslipping, Eq. (4.14), as

A perfectly Rigid

SUPr y,N; Q| é &

Here, just as in Eq. (4.14), the =,y
can take any value and the N;’s can be

(4.16)
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of any values that satisfy Eq. (4.4) and
the condition N; = 0. If Eq. (4.13) and
Eq. (4.16) are satisfied, the WCR will be in
equilibrium for any allowable reaction N;.
For this reason, these conditions are quite
naturally called the conditions for guaran-
teed equilibrium.

For verifying these conditions an al-
gorithm has been developed (Chernousko et
al. 1994, Abarinov et al. 1989).

A verifying algorithm. We
present an algorithm for verifying these con-
ditions.

1) Calculate projections of the princi-
ple vector R and the principle moment M,
of the external active forces (weight, reac-
tions of the cable and other objects) onto
the axis of the Ozyz system.

2) Using Eq. (4.2), find the &,
forces.

3) Using Eq. (4.12), find the coordi-
nates of the point K.

4) Verify that Eq. (4.13) is satisfied.
To execute this taking the size of the foot
into consideration we must choose the set
D as convex hull of all points of contact. If
instead of D a narrow set, namely, a con-
vex polygon D' C D with apexes at the
centers of the feet r; is chosen then these
conditions will be satisfied within some tol-
erance. If the points of contact of the legs
do not lie on a kingle straight line, then, for
reliability it is apparently worthwhile to use
the polygon D'; otherwise, D' is a segment
and we must now consider the entire set.

5) If either conditions in Eq. (4.13)
is violated, the WCR will become detached
from the surface. If both conditions are sat-
isfied, we verify the conditions given by Eq.
(4.16) in which Q is found form Eq.(4.15).
Verifying Eq. (4.16), presumes that a maxi-
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mum of the function 7" has been calculated
or estimated; i.e., a number g has been de-
fined such that sup,, n,|Q| < ¢. The con-
dition ¢ £ f guarantees that no slipping
occurs.

Example 4. Allowing the Longitu-
dinal elastic Compliance.
Let us consider a small amount of longitu-
dinal elastic compliance in the WCR legs;
i.e., we assume that

Niz_cihi}ci>0,i=11'”!n’ (4'17)

where h; is the elongation of the i-th
leg and ¢; is its rigidity. We denote the dis-
placement along the 2 axis of a point of the
WCR body on the 0z axis as h, and the
small angles of the body’'s rotation about
the z,y axes as a, 3, respectively. the elon-
gation of the i-th WCR leg can then be
written as,

hi = h+( + (oy; — Bx;) (4.18)

Here (; is a small amount of elon-
gation due to structural reasons: the dif-
ferent level of the points at which the legs
are attached or the difference in their length
within some average value (manufacturing
defects). Substituting Eq. (4.18) in Eq.
(4.17) yields

N; = —cih— ciyioy + cixi3 + .N?, J’VP
= —C‘;C,.
(4.19)
Here, the force N'is equal to the re-
action of the i-th leg when the WCR is
not displaced relative to its neutral posi-
tion, i.e., when h = a = 3 = 0. Substitut-
ing Fq.(4.19) into the equilibrium equation
(4.4), yields
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hY ci+a) cyi—BY cixi
= Rz + Z(N;O _Qi)a

hY ciyi +aY cy? — BY ciziyi
= Mz + Zyt(Nx - ®i)a

—h chxa 2 ECII:% S E ﬂz C,‘.’L‘?
=M, E:wz — &)
(4.20)

Equation (4.20) is system of three
linear algebraic equations with three un-
knowns: h,ca, and 3. The system of equa-
tions (4.20) was solved in (Chernousko et
al. 1994).

Remark 2. The solution of the
equation (4.20) can be obtained from a
transformation of this system. We intro-
duce a point A whose coordinates on the
Oxy plane are

th-rt zc‘zyz
2.6 ¢

The point A is the center of mass of
a system located at the leg points of con-
tact, and whose mass is proportional to the
rigidities ¢; of the legs. Assume that

(4.21)

=z, +za,0% =Y +ya

hiss =gt g 4 1. (4.22)

From Eqs. (4.21) and (4.22), we ob-
tain

Zciw; = ch; = 0.
Rewriting the system (4.20) and

transforming (4.19) using Eq. (4.22) we ob-
tain:

(4.23)

FUKUDA

K'Y e = R, + T(N? — &,).
hyaY e +aY cy? - BY iy,
=M, + Y yi(N? — ®;)

—hzadY ¢ —aZc..r Y. +,62c,:|:
=M, - Y z:(N? - &)

N; = —cil! — ciia + eiz}B + NP,

i=1,--,n.
(4.24)
While the determinant
=3 c,y? ez —(2 Cv"’ ya
=>;eﬁzm (S S
= 1’”1 = C yi
(4.25)

is nonnegative because of the Cauchy-
Buniakowski inequality, the system (4.24)
for «,3 has a unique solution (if A is
nonzero):

(MLY ciz? + M, Y cizly) A2,
(A/I,Z(:l zyt + M’ z(‘lyzz)A 1
(4.26)
Substituting Eq. (4.26) into Eq.
(4.19) yields the unknown normal reaction
forces N;.
The equality A =
only when the vectors (&,---

e
Il

0 occurs
,€n) and

(M, ,nn) are colinear. In this case
_x §=1-0.8 (4.27)
I

which physically means that all of the leg
points-of-contact lie on a single straigth line
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(A is a constant): y—ya = Az —1z4). Us-
ing Eq.(4.27) we find

N;= —ch' + cizi My (3 a::j.:lr;-z)*l
+N?, i=1,---,n.
(4.28)

The equations (4.19) and (4.28) de-
fine the amount of longitudinal elastic com-
pliance in the WCR legs.

Remark 3. Note one important cir-
cumstance. t is not the absolute values of
the rigidities ¢;, but their ratios that play
the major role in the resultant formulas for
calculating the reactions. In fact, in mul-
tiplying all ¢; by a coefficient ¢ > 0, the
determinant Aof Eq. (4.25) is multiplied
by p?, the h',a, 3 are multiplied by p~!,
and the N; of Eq. (4.24) and Eq. (4.28)
are unchanged. Calculations for the case of
identical legs, i.e., when

ci=e>0,=0 i=1,---yn
are especially simplified. In this case, the
value of ¢ emerges from the resultant for-
mulas and it needs not to be measured.
Remark 4. Notice that in some
cases it is adventageous to consider the
nonlinearity of the ealstic coupling in Eq.
(4.17), i.e., to assume that

N; = —Cghl, when h; > 0, N; = —c”;h,
when hf < O;Ct' > 0! c”1 > U, C: :/é (_’,,i&

which, in many cases reflects the true con-
struction features of the robot legs. This
complicates the calculations and obliges us
to examine different variants.
Modification of verifying algo-
rithm. Thus, when calculating the longi-
tudinal elastic compliance of the robot legs,
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algorithm for verifying the equilibrium con-
ditions is modified in comparison with the
algorithm presented in Example 2. Steps
1)-4) remain unchanged; however, step 5)
is replaced by the following procedure.

We are constrained by the rigidities
of the legs ¢; and by the initial elongations
(i. Instead of the (; we can specify the
forces N? = 0,i = 1,---,n. If the centers
of all the feet are not on a single straight
line (the condition y;/x; = A is not satis-
fied) A # 0 and the reactions N; are cal-
culated by means of Egs. (4.24), (4.25) and
(4.26); otherwise, when vectors y; and z;
are colinear (y;/z; = A\) we must verify the
condition M./M = A (it is automatically
satisfied when N}’ = 0) and then calculate
the N; according to Eq. (4.28). The condi-
tion that no slipping will occur, must then
be verified. Here we must calculate a max-
imum for the Q function, just as we did for
the scheme in example 2, but only with re-
spect to the x,y variables, which greatly
simplifies our problem.

Other approaches to calculating the
equilibrium conditions for a WCR are pos-
sible. If, for example, there are structural
defects, i.e., torsional rigidities at the points
where the legs are attached, we can resort
to more complex schemes, one of which will
be discussed in the next example.

Example 5. A Computation
Scheme that takes Torsional Rigity into Ac-
count.

We examine still another possible ap-
proach to finding the conditions for reliable
contact between the feet of a walking WCR
and a surface, which allows the necessary
calculations to be done in the following two
steps.

Step 1. For specific values of the
principal vector and principal moment of
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external forces applied to the body of the
WCR, we find the forces and moments act-
ing upon the grippers at the points where
they are connected to the rods, considering
all the feet to be surface of moment and that
the WCR is in equilibrium.

Step 2. By considering the feet to
be perfectly rigid bodies, we find the condi-
tions under which none of them will come
loose from the surface, or begin to slip on
that surface when acted upon by the forces
and moments calculated in Step 1 and the
force of the excess atmospheric pressure.
Eq. (4.2). The conditions obtained will be
taken as the conditions for reliability for re-
liable contact between the grippers and the
surface.

To illustrate this approach, we con-
sider the walking WCR of Fig. 14. The
WCR comprises of a body and two pairs of
identical legs whose feet are equipped with
vacuum grippers. The points at which the
legs are attached lie at the vertices of the
rectangle ABCD and the cylinders are par-
allel to the z axis. The contact between
each gripper and the plane zy is a circle of
radius r. The forces acting upon the WCR
are symmetrically distributed over a plane
that is perpendicular to the Ozy axis and
passes through a centerline of the rectangle
ABCD. The assumptions allow us to con-
fine ourselves to a “2 dimensional” problem
of statics.

The projection of the WCR on the
plane of symmetry is shown in Fig.14. We
denote the projection of the points of at-
tachment of the first and second pairs of
legs to the feet as A,, A and the points of
attachment of these legs to the body of the
WCR as By, Bs, and choose the point A,
to be the origin of the rectangular coordi-
nate system A;xrz. We use the following

designations: | = |A,By| = |A2B,| is the
length of the legs; a = |A,Az| = |B,Bs| is
the distance between the legs; M is mag-
nitude of the principal moment of external
forces applied to the body about the point
By; FS) FOM® i = 1,2 are the projec-
tions onto the z, z axes of the principal vec-
tor and principal moment of the forces ap-
plied to the i-th pair of legs from the cylin-
der side about the point A;.

Figure 14. Walking WCR.

The equilibrium conditions for a
WCR (considered apart from the feet) be-
ing acted upon by external forces and the
reactions of the feet are a set of three equa-
tions in six unknowns:

R,—F" - F{? =0,R, — F) - F® =
0,M — Rl — MM — M@ _ 45 -

In order to remove the static indeter-
mination, we assume that the legs display
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a small amount of elastic compliance on
extension and compression, and that their
counections to the body and the feet dis-
play a small amount of elastic compliance
on torsion. The consequence of this is that
the WCR body may undergo small displace-
ments relative to the A;xz coordinate sys-
tem. We denote the components of the dis-
placement vector for the point By as x,z
the angle of the body rotation relative to
the Ajzz coordinate system as ¢, the co-
efficients of lengthwise rigidity for a leg in
the i-th pair as ¢;,i = 1,2, and the co-
efficients of torsional rigidity at the points
Ay, By, By, A; as ky, ks, k3, kg, respectively.

The potential energy of the small
elastic displacements of the WCR is

O=Y% 1L, I =¢ 22
Iy = ca(z + ap)?, Oz = ki (5)3,
Iy = ka($ + )2, s = ka(%
g = ky(%)2.
(4.29)
Here, II; and II, are the poten-
tial energies of the longitudial deformations
of the first and second pairs of legs, and
I3, 114, 115, I1g are the potential energies of
the torsional deformations at the points of
attachment Ay, By, By, Ay, respectively.
The conditions for the WCR body to
be in equilibrium when acted upon by exter-
nal forces and elastic forces with potential
energy given by (4.29) are

o ol o1l

B;_Rw:'@ 8z

=R,, =M. (4.30)

We can uniquely determine the equi-
librium position of the WCR body, i.e., the
quantities x,y, ¢, from the system of linear
equations given by Eq. (4.30). The forces

and moments acting on the feet at the equi-
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librium position are found from:

= Masapi = My =1,

MW = 42 pY (14 2)FY,
all oIl 2

M® =l olls 4 (5 )

—(1+ 2)F?.

OMlgiyy
dx -

(4.31)
Analysis of Eqs. (4.29)-(4.31) shows
that as ¢; — oo,k; — oo(i = 1,2;j =

1,2,3,4) the elastic displacements tend to
zero (@ — 0,y — 0, — 0} and the forces
and moments of eq. (4.31) tend to finite
limits:

FY' = [k + ka(Ly — Lo)]/(eal2 D),
F¥ = [kq + ks(Ly — L))/ (e2l2D),
= (F1 - 1){[a21"2 + F312(Fg o FJ)]RZ
+TslaR, — TaM}A™Y,
3 - g, =FY,
MW = —ky Ly /(calA), MP

= —kaL1/(cal D),

Iy =1+4ei/er,

[ = (k1 + ko + ks + ka)/(czfz).

I3 = (kz + k3)/(cal?),

L, = [ag(T) — 1) + F312F1]RT
+F3[ﬂ.Rm = [13F1lﬂ’f,

Ly =UT[3lR, +al2R, — T2 M),

AN == Clzl—‘g(rl — 1)+Z2F1F3([‘2 —113).

(4.32)
Direct verification shows that the
forces and moments of Eq. (4.32) satisfy
the conditions given for the WCR body to
be in equilibrium.
We write the equilibrium conditions
of Eq. (4.13) and the conditions of nonslip-
ping for a single (the i-th) foot as:

iV 2 O, \MO| £ o(FP - FY),

IF:") 2 f(Fs" - ),
(4.33)
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The system given by Eq. (4.33) can
be conveniently written in the form

FO — FD 2 maz(|[FP/ £, |MO|/r).
(4.34)
Equation (4.34) in conjunction with
Eq. (4.32) are the conditions for reliable
contact between the feet and the surface.
In performing the calculation, it is
more convenient to calculate the principal
moment of the external forces not about the
point B;, as was done above, but about
point 0 located at the center of the seg-
ment Ay, As. The principal moments M,
M?* about the point B;,0 are related by:

M=aR./2+IR. + M*. (4.35)

Remark 5. We will give concrete
form to the relationships of Eq.(4.34) for
typical cases [23].

A. The rigidities and torsion are
small in comprison with the longitudinal
rigidity: ky = ki =1,2,3,4;¢;1* > k,j =
i 31

Going to the limit as k/(c;I%) — 0 in
Egs. (4.32) and (4.34) we obtain

M*

1A%

aR./2 -~ F{"a — IR, /2
+a|Ry|maz[l/(4r),1/(2f)],
—aR,/2+ FPa - 1R, /2
—a|Ry|maz(l/(4r),1/(2f)).
(4.36)

B. the longitudinal rigidities are
small in comparison with the torsional
rigidities: ¢1 = ¢ = ¢ k; = k, 1 =
1,2,3,4; I® <&

When this happens, Eq. (4.34) be-

M*

A

comes
F) = R./2 + maz(|R.|/(2f),
|M*/2r],i=1,2. (4.37)

C. The torsional rigidities at the
points where the legs are attached to the
WCR body are small: ki < c;i?,j =
1,2,i= 2,3,k = ks

The conditions for reliable contact
between the feet and the surface are in this
case:

aR./2 - FYa - IR, /2
+a|Rz|maz(l/(2r),1/(2f)],
—aR,/2 +F¥a
—IR; /2 — a|R;|maz(l/(2r),1/(2f)].
(4.38)
D. The torsional rigidities where the
feet are attached to the legs are small:
a=ca=c ka=ks =k, ki <ecl? i=
1,4,

M*

v

Mt

A

In this case the equilibrium condi-
tions for the feet are

M* 2 aR./2 - aF{" +a|R.|/f,
M* £ —aR./2+ aF? — a|R,|/f.
(4.39)
E. The torsional rigidities where the
feet are attached to the legs, as well as the
longitudinal rigidity of one pair of legs are
small: kl = k‘;, ’Cz = k;}, k] < Cglz,
ky € ko, 0y < ea,ky ~ cpl?.
Going to the limit as ky/ks —
0,k1/(c2l?) — 0,¢1/ca — 0, in Egs. (4.32)
and (4.34) we obtain

FY 2 e (3R, - M)

+maz (18], s |2k, - M|,

(2) < (c1a®+4ki)R.2c,aM"
Fa = 2(c1a+2k,)

+max [Jf;_;l., T(Tm—%ﬁ_ﬁ—ﬁ |%Rz — M*l] -
(4.40)
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4.2, Determing the load carrying ca-
pability of WCR.

We present the result of calculations
for a WCR (Chernousko et al. 1994) that
has the structure described in Example 4
and shown in Fig. 14. The geometric pa-
rameters of the WCR are: | = 0.044m (the
length of a leg); a = |AD| = 0.344m;b =
|AB| = 0.151m;r = 0.034m is the distance
from the WCR’s center of mass to the plane
at which the legs are attached to the WCR
body. The atmosheric pressure p is taken as
1.01.10°Pa /760 mm Hg static), and coeffi-
cient of friction, f as 0.5, which corresponds
to the friction of rubber on a concrete sur-
face. The forces acting on the grippers, Eq.
(4.2), are

b, =0 = '.yp'rrr2 = 366.8v(N), (4.41)
y=(p-pi)/p<l

Let us calculate the maximum mass
(including payload) that the WCR can sup-
port on a vertical wall. We assume that
v = 0.9. For simplicity, we also assume
that no external force acts upon the WCR
except weight, and that the WCR is ori-
ented so that the force of gravity g is di-
rected along the side AD parallel to the =
axis (Fig.14). In this case, the simplifying
assumptions made regarding the symmetri-
cal distribution of external loads are valid.

Example 6. Perfectly rigid model.

We perform the calculations initially
using the perfectly rigid model described in
Example 2. We place the origin of the coor-
dinate system at the center of the rectangle
formed by the points of contact at the cen-
ters of the feet and with the plane Ozy. The
coordinates x;,y; of the centers of the feet
and the components of the principal mo-
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ment of active forces are

T =2y = —a/2, 23 =24 = a/2,
Y1 =ya = —b/2,y2 = y3 = b/2,
R, =mg,R, =0, R, =0,
M: =0, My =mg(l+1n), M. =0.
(4.42)
Equations (4.4) used find to the nor-
mal reaction are

Ny + Ny + N3+ Ny =49,
—Nl +N2+N3 = N4 =0,
—Ny — N; + N3 + Ny = 2mg(l +1)/a.
(4.43)
It follows from Eq. (4.43) that

Ny + Ny =28 —mg(l +n)/a,
N3+ Ny =20 +mg(l +n)/a,

Ny + Ny =Ny + Nj. (4.44)

The coordinates given by Eq. (4.12)
for the point K are
z* =mg(l+n)/(4®),y" = 0. (4.45)
Obviously, the first of the conditions
given by Eq. (4.13) is satisfied, and the sec-
ond is given by the inequality z* < a/2.
Considering Eq. (4.41) and (4.45) we ob-
tain

2ad

= = 274.0v = 246.6kg.
g(l+mn) g

(4.46)
The function Q(z,y) in Eqgs. (4.15)
and (4.42) is equal to

m < my

Q =mgy(} piNi). (4.47)

We will calculate an exact upper
bound, Eq. (4.16), for the function given
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by Eq. (4.46). From Eqs. (4.43), (4.15),
and the last equation of (4.44) we have

Y piN: 2 Y |y —uilN;

= |y + b/2|(N1 + Ny) + |y — b/2|(N2 + N3)
= (N1 + Na)z(ly + b/2| + |y — b/2|

2 2ly|(N1 + Ny) = |yl 3 N

From this and from Eq. (4.46) it fol-
lows that

QI <mg(D>_ N (4.48)

On the other hand, going to the limit
as y — oo, in Eq. (4.47) we find an equality
is achived in Eq. (4.48) when this is done.
Therefore, taken the first equation of (4.41)
into account we have

sup|Q| = mg(Y | Ni) ™! = mg/(4%).
(4.49)
We write the nonslipping conditions
from (4.41) as mg/(4®) < f and, with the
help of Eq. (4.41), transform it to

m<m, =40 fg ! = 74.9y = 67.4kg.
(4.50)

The conditions for guaranteed equi-
librium in the case being examined are
given by Egs. (4.46) and (4.50). Because
mg > my, the load carrying capability of
the WCR is defined by the quantity m*.

Example 7. Longitudinal elasticity
of WCR legs.

We now use the scheme described
in Example 3, where only the longitudinal
elasticity of the WCR legs is considered. We
will say that the coefficient of longitudinal
rigidity for all legs is ¢. Then Eqs. (4.21),

(4.24) and (4.26) yield:

za=ya=0, ' =—-®/c,
M. =0, M! = —mg(l +n),
A = 2a?b?,
a =0, f=mg(l+n)/ca®),
N1 = Ny = @ —mg(l +n)/(2a),
N3 = Ny = ® +mg(l +1)/(2a).

It is apparent from Eq. (4.51) that

(4.51)

.Ng > 0,Ny > 0 for any m and N; >

0,N; > 0 only when m < my; (see Eq.
(4.46)). Because the N; satisfy the last
equation of (4.44), the maximum of the
function Q(z,y) coincides with Eq. (4.49).

Thus, calculations done according to
the scheme discussed in Example 2 yield the
same result that was found by the scheme
in Section 3.1:

m < m, = 67.4kg. (4.52)

Example 8. The computing scheme
with torsional rigidity.

We now calculate the maximumn al-
lowable mass using the scheme given in Ex-
ample 4 for the various relationships be-
tween longitudinal and torsional rigidities.
In making the transition to the “planar”
model, we assume that Fél) = Ff) =20,
where @ has been calculated according to
Eq. (4.41) and M* = —mg(l + n). We
perform the calculations according to Egs.
(4.36)-(4.40) for cases A-E in Example 4.

A. The inequalities

mgl + 2n + amaz(l/(2r),1/f] £ 4yprria,

mgamaz[l/(2r),1/f] = — 2n £ 4yprria
follow from the condition given by (4.36)
and, consequently,

-l'ypn'r?u

g{ [J+‘21,-+ﬂrrm.v((2_r,.) ’ % )]}

m Smi=
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B. From Eq. (4.47) we have

f b
and, consequently,

< B __ 4yprr?
m =M, = gmazx laf,(H-n}/r

=54.2y = 48.7 kg.

11
mgmaz [— %] < 4yprr?

(4.54)

C. For the case being examined, Eq.
(4.48) has the forms

mgl + 2n + amaz(l/1,1/f] £ 4vyprria,
mgamaz[l/r,1/f] = 1 = 2n < 4yprria,

and the maximum allowable mass is found
from the relationship

& 4'y1rrza
m § m, = gll+2n+amaz(l/r,1/f)]
=619y = 55.7 kg.
(4.55)

D. The conditions given by Eq.
(4.49) lead to

mg(2(l + ) + a/f] < 4yprria,
mgla/f - 2(1 +n)] £ 4yprria,

from which it follows that

2
m EmP= ﬁ%=58.8’y
= 52.9 kg.
(4.56)
E. This situation corresponds to that
in which the rigidity of the legs in extension
is much less than in compression (see the
comment in Example 2). From Eq. (4.40)
we have

mg2(l + n)g1(v) + maz(1/f,2(l + n)g2(v)/r] £ ayprr?,
g1(v) = [a(1 4 2v)]71,92(v) = v/(1 + 2v),
v = kl/(claz)

and consequently,

E

4~prr?

A

m=m

Remark 6. Analysis of the mZ(v)
function at an extremum shows that:

1) if f(l+n) £ r, then m,(v) in-
creases monotonically and

supysom.(v) = limy_semy(v) =
dyprr®flg;

2) if f(l4+n) >r and a < 2r,mE(v)
increases monotonically and
supy>omE(v) = limyaoemf(v) =
dyprr? [[g(l + )]s

3)if f(l4+n)>r and a 2 2r,mE(v)
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* T 9@+ g (v) + maz(1/f, 20+ n)g2()/r])’

(4.57)

has a single maximum when v > 0:

maz,som?(v)
=my (v.) = dyprriaf/g2f(1+79) —2r +a
v, = 1/2r[f(l+n) —7]7"

(4.58)

The parameters of the model being
examined correspond to situation 3), and
the maximum load carrying ability of the
WCR with respect to v is calculated ac-
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cording to Eq. (4.58)

m¥(v,) = 69.6y = 62.6 kg, v, = 1.3.
(4.59)

Here m; increases monotically from
58.8v to the value given by Eq.(4.9) when
v is varied from 0 to va., and then de-
creases monotonically, tending to 54.2v as
v — 00.

From here it follows that the load
carrying capability of a WCR can be in-
creased significantly by optimal choice of
the structural rigidity parameters. Equa-
tions (4.52)-(4.59) show that the design
maximum payload that a WCR can carry
without coming loose and slipping depends
upon the structural parameters.

A calculation scheme for a given
WCR must be chosen with respect to the
relationship between its structural and op-
erating parameters. In keeping uith these
conditions the WCR route, which includes
the type of step, and the track (where the
feet are placed) must be chosen. The calcu-
lation schemes discussed above can be per-
formed on a computer and used to verify
the reliability of contact between the WCR
and the surface over the entire path that the
WCR traverses. When this is done, the ver-
ifiable inequalities must be provided with
sufficient reserve to compensate for inaccu-
racies in the initial data.

E
*

5. ANALYSIS OF STABLE GRASP-
ING STRATEGY FOR WCR

When WCR starts its operations in
any goal position the creation of vacuum
to keep the WCR body in equilibrium will
depend on its posture. It is very impor-
tant that before starting operations WCR
body must be held in most stable posture.
So for a number of research work for gen-

eration of stable grasping strategies (Li et
al. 1988, 1989, Nguyen 1989, Salisbury
1981) have been carried out. But all are de-
voted to multi-fingered robot hands in ma-
nipulating type of robots. However, in this
paper stable grasping strategies for WCR
based on two quality measures (Petrov et
al. 1978): structured twist space quality
measure (7,) and structured wrench space
quality measures (R,;), have been found
out. Other quality measures may also be in-
cluded (Gradetsky et al. 1991), but for sim-
plicity and to illustrate the principle here
the stable grasping strategy based on T
and R, have been considered.

5.1. Analysis of Stable Grasping
Strategy for WCR.

Contact kinematics and transforma-
tion relations in this case are following. Let
us consider the following coordinate frames:
C\,- the inertial frame, i.e., the reference
frame attached to the wall; Cp- the body
coordinate frame attached with the erasp-
ing gripper of the WCR body; C};- the leg
coordinate frame attached with the last link
of the leg; Cp;- the local coordinate frame
attached with the i-th point of contact with
the leg of the wall; C,;- the instantaneous
fixed coordinate frame relative to the wall
attached at the i-th point of contact.

Note that the Z axis of Cpr; and Cy;
coincide, ® is defined to be the contact an-
gle relative to the two X axes. This is func-
tion of contact geometry.

Now it is well known that the opera-

tor
0 —Ws wo
T(w) = ws 0 —uy
—we  uwy 0
where
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w1
w= wo

w3y

when operated on the radius vector

gives the following results
T(w)fs = [wXf], = = [fXw], T(fs)w;

Using this result and transformation
principle we have deduced the force/troque
and velocity transformation relations be-
tween WCR. body to leg tips and leg tips to
the leg joints. The results have been sum-

N marized below in Table 2 and shown in the
fs=1| fa Fig.15.
fa
Joint Lontact
No. gF joints=m No. gF Contact=n fobot body
T=space r—space F
sace” | r o gm 7.(6) . ¢ o
N 4 - TE R Mpp
£=7,(5)
Twist g - space 7, (8) & ~space P ; (ch,:W)
Space j . n =
CER Eex W, cw

Figure 15. Transformation relations in wrench and twist spaces.

Table 2. Transformation relations between WCR body to leg tips and leg tips to the leg joint.

Force/Torque Velocity
Relations Relations
+ o M T
Robot body to leg tips Fer ) _ GX £E=G" L,C R.Cu
Mcr Wer.cw
Leg tip to joints T =JH0)X £=J,(6)8

136



S.V.ULYANOV, K. YAMAFUII V.G.GRADETSKY T. FUKUDA

where G - grasp matrix,
X - the contact wrench,
£ - the contact velocity vector,
Ji(6) - leg Jacobian of the robot.
With this background we shall now
try to evaluate the two quality measures T},
and Rg.

5.2 Grasp Planning.

There are two main steps for grasp
planning : 1) selecting a good grasp on the
wall; and 2) using the cooperative action of
the legs to take the WCR body in a proper
grasping position.

In this part we shall study how to
generate the good grasp based on two
quality measures: twist space quality mea-
sure and wrench space quality measure.
Then the performance is being measured by
constructing the performance measurement
function PM = f(T,, R,),

PM = T;R; ¥ (5.1)

where the value of v will depend on the
type of work the system will perform.

As an example, for stable grasping
function, more weightage should be given
to wrench space quality measure R, rather
than manipulability quality which is charac-
terized by twist space quality measure T,.
Then we have choosen the values of v as
0.2.

Evaluating of twist space and
wrench space quality measures. Our
next step is to evaluate T, and R,. Let
us model the gripping task by two task el-
lipsoids Er and Fpg, one in twist space
and anotler in the wrench space. Also let
us assume stiffness control is used for the
WCR legs. Hence leg o; is related to é; by
o; = K;b;, where K; is the desired stiff-
ness in the direction D;- the task direction
expressed in body coordinate.

In the generalized form we can rep-
resent

Er=aF; X +c¢ (5.2)

and

Egp=BE:X +d (5.3)

where o and 3 are the scaling parameters
responsible for the size of the ellipsoids, F;
and Ej are the structured matrix given by

&y 0 D!
E, = [Dy,---,Dg] : : = DéD? (5.4)
0 bg V3.
and
Joint Contact ¢ Kobot body
&.
Twist
Space —

Figure 16. Structured twist space quality measure T,.
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01
Ey = [Dy,- -+, Dg]

X,e,d € R5,|X| £ 1; for simplicity
we shall assume ¢ =d = 0.

A. Structured Twist Space
Quality Measure T,.
Let us assume a unit ball in

R™(O < R™), the space of leg joint veloc-
ities, and define the structured twist space
quality T, by

Tq = Supaera,

such that j;(0O7") D GY(Er) (56)

The physical meaning of T, is as fol-
lows. The unit ball O] in the leg joint
velocity space is mapped into the space of
contact velocity by J;. On the other hand,
gripping task ellpsoid is mapped back into
contact velocity space by G*. Function T,
is then the largest a such that G*'(Erp) is
contained in J;(O]") (see Fig.16). In other
words the WCR body velocity of size o can
be accomodate by leg joint velocity of unit
magnitude.

Theoretically T}, is the ratio of struc-
tured output (the task ellipsoid) over the
input (i.e., the leg joint velocity).

From Fig. 16, it is evident that T}, is
at its maximum if the inner ellipsoid has the
same size and orientation as the outer ellip-
soid. Now using the expression J;(O7") =
aF1X € R, (aE1X,(JiJ})'aE1X) S 1
and GY(Er) = {oG'E1X € R" : X €
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0 Dj
: | = DaD! (5.5)
Tg DE)
Rf|X| £1}.
From Eq. (5.6),we have G'(E7)
c J(O) if and only if (aG'ErX,

(L J) taG'E 1 X) S 1 for all |X| £ 1, or,
a?sup(G'Er X, (NJf)'G'E, X ) £ 1, or
a’sup < X,/G'E))(JLJ})"IGIEX <1
which is equivalent to s

a Lo VHEIG(N ) I\GIE, )}

mar

(5.7)

or, a = a;;,?M’, whereM =
{(BiG(J;J}) " 'G'E} and 04, M is maxi-
mum singular value of the matrix M. Hence
from (5.6),

T, =0, 02 M

(5.8)

B. Structured Wrench Space
Quality Measure R, .

To evaluate wrench space quality
measure R, let Of C R" be unit ball in
the leg wrench space and o,,,4(J;) be the
maximum singular value of J;. We define
the structured wrench space qaulity

Rysupser(3, such that G(O}) 5.9)
D ER)‘J;J-{}J.J'(']I) (0'
The physical meaning of R, has been
elaborated in the Fig.17. As before it can
be evaluated as
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Joint St Fncecy N ; ARobot pody
A A N % |
R (1 v 4 Y ey
Space — — -7 —"—-l—-)——;' ——1—|—r—)'—""
A M e ol
Tmax(,) |

Figure 17. Structured wrench space quality measure R,.

R, = omis {E5(GG") ™ Eaoh, (11)}

= 01:1:1/12}\:
(5.10)

where

N = Ey(GG") ™ Ex00, (1)

C. Determination of Stable Pos-
ture.

After calculating the matrices M
and N, T, and R, can be evaluated by the
singular decomposition data of the matri-
ces. Then the posture matrix (PM) incor-
porating T, and R, is to be evalnated.
Then we will have to draw the following
curves: posture (0;;) vs. T,;0; vs. R,
and 0;; vs PM, and we shall select that
posture (6;;) corresponding to what T,, 2,
and PM will be maximum.

5.3. Results of Simulation.
For simplicity let us consider a two
dimensional model. Let: 1) the contact be

modelled as point contact with friction; 2)
the leg spacing be of two unit; 3) G is fixed;
and 4) the WCR body is constrained to
move vertically, This leaves the system with
a single degree of freedom. Let®;; be the
generalized coordinate of the system and we
study how ©;; affects the structured grasp
quality measure.

Construction of Grasp Matrix
G. Steps which are to be followed for con-
structing the grasp matrix are: 1) specify
a body coordinate and obtain the coordi-
nates of each contacting point; 2) determine
the unit normal and two orthogonal tangent
vectors to the contact point; 3) pick up a
torque origin in body coordinates and the
particular choice of the torque origin.

Computation for Leg Jacobian:

)

Jra
0

0

Ji = LegJacobian = (
Jr2

where

T = Cosae  —Sina —8Sinf;; —Sin(0 + 612) —Sin(011 + 012)
L1 =\ Sina Cosa Cost, Cos(fy) + 6h12)  Cos(0); + 0,2)
Jry = —Cosae  Sina —Sinfly; —Sin(0y — 022) Sin(f21 — 023)
L2= 1\ _Sina —Cosa Coslly;  Cos(0y —b22)  Cos(f2y + 623)
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where o = 0 the orientation angle of the
WCR body; other constraints are
elg =TT — 2@11,62[ =T — 0]_1 and 011 -
022 =7 = (011 + O12).

Other Computations. Value of

0 0 0
K=| 0 19 o |,D=1,
0 0 100

unit matrix.

6 = diag{0.8 0.7 0.02}; 0 = diag{8 133 2}.

For two contact points the grap matrix

-1 0 1 0
G= 0 -1 0 1
0 -1 0 -
u 49
& |
~ R,
s g7t [ ?
B - | PM
B g5 | A
s -
N 43r ]
8 il |
& '1'-I 1 L1l 1 1 I.‘ 1 L
0 g1 g3 45 4§71 49

8,,, radian

Figure 18. Quality measures T, R, and
performance measure PM as function of ©y,.

Knowing D, é and o, structured ma-
trices F; and FE> can be computed from
Eqgs. (5.4) and (5.5), hence we can calcu-
late T, and R, from Egs. (5.8) and (5.10)
respectively by singular value decomposi-
tion data of M and N. Figure I8 shows
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plots of quality measure and the perfor-
mance measure as a function of @,;. It
is evident from Fig. 18 that the optimal
posture of WCR. corresponds to the posi-
tion A where ©1; = 0.7 radian (40 degrees
approximately).

6. CONCLUSIONS

Significant attention in many coun-
tries has recently been focused on the design
of robots for service use, which has inde-
pendent robotic capable of movement un-
der complex conditions in the presence of
obstacles. In this process the organization
of robot motion along vertical or inclined
surfaces with reliable adhesion to these sur-
faces represents one of the fundamental the-
oretical problems, since such surfaces rep-
resent an important part of many different
structures. The capacity to travel along
such surfaces requires the robot to main-
tain significant adhesion forces that must
be rapidly and reliability controlled by the
control system. One of important areas in
such research is the improvement of grip-
pers, particularly, vacuum grippers. For
moving on surface of complex configura-
tion, which includes horizontal and verti-
cal section, it is more important to de-
velop combined mobile systems that contain
WCR and horizontally-mobile robot with
linkages. The wide variety of possible mo-
bile systems is due both the extensive range
of travelling surfaces and the variety of in-
dustrial problems requiring specific equip-
ment. Combining such a equipment, as well
as the required sensors, with a mobile trans-
port system also represents a serious prob-
lem. In this light, the development of mo-
bile robots capable of climbing vertical or
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other complex surfaces represents a funda-
mental theoretical problem with a wide va-
riety of applications.

Concerning running experiments, we
represented the robot moving quickly and
smoothly on a wall surface and on a ceil-
ing. With variable structural crawler mech-
anism, the wall surface mobile robot can
cling firmly to the curvature, change its di-
rection, transfer to the other surface, and
get over some obstacle.

The development of the scientific
field concerned with the construction of
integrated WCR and horizontally-mobile
robot with an advanced sensor system will
require additional capabilities including au-
tonomous decision-making on advancement
in vague environments under extreme sit-
uations. In these cases, complex mo-
bile robotic systems must incorporate el-
ements of an advanced intelligent system.
Hence supervisory control used today will,
as robot system advance, be gradually re-
placed by more entilligent control that will
be capable of solving such problems in
changing of extreme conditions.
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