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. 1.INTRODUCTION

This information package should give a First introduction in
prcblems appearing by application of industrial robots and
mapnipulators especially in small- and medium scale Factories.
The industry of many smaller -develcping and developed-
countries is daminated by such factories.

In field of application of industrial robots and manipulators
today  experienciss are available mostly Ffor large sialed
factories ( e.g.car fFactories, steel works, factories For the
production of electronic devices...) mainly in industrialized
countries. A bresde. introduction of industrial robots in
sraller countries will be more difficult than in larger and
more industrialized countries. In addition other critecias and
facts have to take into consideration.

Therfore this short information starts with various
definiticns foo industrial robots used today., A survey about
the different types of commercial available industrial robots
yields to an outline about roubot applications and application
examples. OF great importance are statistical datas For thr
diffusion of rohots into the production in small a3 well as
large~ sraled industries, After these moce general statetents
srizcial  emphasis will be devoted to small and redium  scale
Factorins, Technical, econcmical and sorial implicatinns
related to the introduction of robots in souch fFactories nainly
in developing countries will be discussed, Finally the
inportance of the introduction in davelnpirg countrics s
underlined and recormcandations for an efficient and ocorasful

application are giveen,




1. Robot definition and classification,

Industrial robots as a tool for automatization have been
developed for the improvement of the people from recurring,
monotuncus activities.

Industrial robots form a part of manipulators which might be

subdivided as indicated in Figure 1.
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Figure 1: Maninulators

The simplest and alsc "classical” manipulators were developed
for the nuclear technique. These "Telenpecrators” were mranual
contrnlled by an operator.The other group of manipulators ace
progrerrable either fixed or flaxihle, The first categocy

include Aall simple "nick end  place” divicns which aie




applicated mainly for machine loading and for simple assembly
operations. The second category - Fflexible programahle
manipulators- are called industrial robots.
From the various definitions which are used today two will &Le
given in the following:
The first was propcsed by the International Grganization for
Standardization (1S0)
” The industrial robout is an zutcmatic position-controlled
reprogrammable, multi-Junctional manipulataor having
several degrees of fresdom capable of handlirg materials,
parts, tools or specialized devices through variable
prcgramred motions for the performance of a variety of

tasks”

Very clcse to this IS0 definition is that used by the British

Ruobot Association. According to the Japanese Industrial

Standards (JIS) a rohot is defined as
" A mechanical system which has flexible motion Ffunctions
aralogous to the motion fFunctiorns of living organisms  or
combines such motion Functions with intelligent fFunctiaons,
and which acts in response to the human will. In this
context, intelligent functions mean the ability to pecform
at least one of the following: Judgzament, recngnition,
adaption or learning.”

The key words in tlese definiticns are programmable or

reprogrammable and variety. Robots can easy programned for a

nunber of different functions, whereas automated machines are

designed exclusively for a specialized function,

Robots can he classified from varinus ponints of virw. Socre of
thi:se are:

- Load capacity

- Arm geometry (kincmatic stroacture)

- Drive =system

- Control system

- Accurascy




Load capacity: Usually the robots available today are
subdivided in the following groups:less than 2kg, 2 to 20kg,
up to 100kg and over 100kg. The maximum load capacity tcday
amounts approximately 1000kg.

frm__g=cmetry: According to the human hand the rebot has to
realize 6 degrees of freedom. From these the arm has to
realize wusually 3 degrees of freedom. These can be either

translatorial (T) or rotational (R). In Figure @
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most frequently used structures are collected together

with their working space and the percentage of using.

For

Arm with three translatorial degrees of freedom, type
(TTT), cartesian robot: The gripper maves in three
different directions controlling the height, the width and
the depth of the operation. It gives the arm a great
accuracy but makes it slow.1%4% of the robots wsed today
are of this type. .

Arm with one rotational and two translatorial degrees of
freedom, type TIR, IRT or RIT, cylindrical robot: While
the type TIR isn’t used today the other two kinematic
structures ( TRT,RTII) are frequently applicated. 47% of
the robots used today are of this structure

Arm with two rotational and one translatorial degree of
freedom, type TRR,RIR or RRT, polar or spherical robot:
Only the latter two types are now in application (14%),
Arm with three rotational degreas of freedom, type RRR,
revolute or antiropomorphic robot: These are the mast
flexible of robotic arms, capable of reaching nooks and
crannies that others cannrot (25%).

different applications, different configurations may be

appropriate. A revolute arm might be the best for reaching

into a tub,while a cylindrical arm might be the best suited to

a straight thrust between the dies of a punch press.




In every case the arm carries a wrist assembly to orient its
end effector as demanded by workpiece placement. Usually the
wrist realizes the other tree degrees of freedom necessary for
reaching each point in the working space with a
predeterminated orientation. In the case of three rotational
drgrees of frezsdom these are labeled pitch, yaw and roll
analogues with the aircraft terminology. In many cases
,depending of the type of work, the geometry of the workpiece
etc. the robot is able to work with less than six
articulations. The total number of degrees of freedom ( the
number of axes) is together with the size of the working

spece, an indication of the degree of versatility

Driv 2 systems: Each robot articulation requires an cwn drive

system. Robot drives can be electrical, pneumatic, hydraulic
or some combination of theses

- Pneumatic drives use compressed air, are lightweight, fast
and relatively inexpensive. Unfortunately thece drive
systems are very difficult to control of either sprad or
pecsition, two essential ingredients for a sucessful robot.
Therefore they are mainly used for simple pirck and place
devices with 1little load capacities. They are found in
approximately 25% of robats.

- Hydraulic drives works with compressed Fluids, are more
expensive than preumatic drives but much stronger. One
disadvantage might be the leaking. On the other hand
advantageous is the compactness of the drives, the high
levels of force and power together with an accurate
control, Approximately 30% of the robots are driven
hydraulically.

- Electric drives are used in approximately 0% of robnts,
Typical forms are servomotors, stepping motors, pulse
motors, linear solenoids and rotational solencids. They
are the strongest, least energy consuming but the most
erxpensive robnt drives. The rontrnl is very easy and

accurate.




While the pneumatic drive has a strong defined application
area the crossover point between hydraulic and electric drives
may vary with robet configuration and the rabots intended use.
Every drive has its advantages and disadvantages &and will

eventually find its proper place.

Control system: The control system for a robot is extremely

impaortant and uswually quite complicated. The main functions of
the control system are

- the pasition control of each arm (servocontrol),

- the trajectory computation,

- sensor processing,

- program interpretation and

- external links,
Robot controls typically wuvse one or mare mMicroprocessors
internally to implement these Functions. Not all robots or
applications require all these five functions

- Position control (servocontrol): From the pnint of view
of control robots can divided into two main groups

a) Open loop controlled (nonservo-controlled) robots and
b) Closed loop controlled (servo-controlled) robots.

Open 1loop controlled robots have no feedback of the actual
positions of the arms for evaluation or correction. Their
motions are dztermined by a simple sequence controller and
mechanical hardstops or limit switches. Rohots wtilizing this
technique can be cost effective for repetitive tasks with a
limited number of motions.
Closed 1loop controlled robots are equipped with encoders or
resolvers on each axis provide the current position
information, Comparing the current position to the cormmanded
position and driving the actuator to eliminate the difference
forms the basis for the control.It provides the mnst flexible

form of control and is widely used for industcial robots.

In point to point C(PTP) control each arm is controlled hy an
independent position controller. Betueen preprogrammed points
each Jjoint Freely runs at its maximum or limited rate wntil

reaches its Ffinal position, There are three w.3ys of




cantrelling point to point motion independently:

- sequential Joint control (PIS-S): Only one arm at a time
is activated

- uncoordinated Joint control (PTP-U): All arms are
activated but there is no coordination of motion between
points

- terminally coordinated Joint control (PIP-T): The
individual arm motions are coordinated so that all arms

attain their final positions simultaneously.

Contingus path _contrel: This type of control is used where

continous path of the "handpoint” or endeffector is of pri.uary
importance to the application. This motion is produced by
interpolating the control variables fFor esach arm fFrom its
initial value to its desired final value. All Jjoints complete
their motions simultaneously yieslding to a cocrdinated Joint
motion.Continous path control tachniques can be divided into
three hasic categories based on how much information ahnut the

path is used in the control calculations:

- conventional control approach: The controller have a

stored raepresentation of the path it is to follow.

~ "fFeed-forward control”(preview control): The znntroller
us2s  some  informations abnut hnw the path chainges

irmediately ahead of the robot current loczation.

- "path planning” ("trajectory calecwlation”) approach: Using
a mathematical “model” of the arm and 1its 1lecad, the
controller precomputes an acceleration profile for each
Jonint. This approach has hezen used mainly in  advanced

robnts,

- Trajectory computation: Complex mathematically, it diaus
heavily on the computational capabilities of the control
cemputer, The control computer have to deteimine the

propec combination of movorents of each axis o joint  n




that the resultant combined displacement produces the
desired motion. A central aspect of trajectaory computation
is the conversion from robot coordinates ¢ angles or
lenghts of the jJoints) to world coocrdirates (¢ cartesian
coordinates of the handpoint) and vice versa. Anocther
probhlem is the calculation of the "cptimai”
acceleration/deceleration profile. Overshoot is
undesirable, but too conservative a profile may slow the

robot unnecessarily.

Sensor procassing: Sensors alert the control to activities

and events beyond the robot. Bssed on this knowledge, th

control can adjust the aris trajectory, coordinate
activit.es with other machires, or rcecognize error
—onditions. Sansors such as for vision and focce

measurorent  produce additional,complex input sigrals to
the cobot control. By monitoring a Focce sensor, Ltihe robot
contrnl can cause the arm to follow part 2ages or avercare
assemhly  jamring  points., Himilarely, coastant  seasor
monitoring during arc welding prompts adjustmant of the

trajectory to fill in part gaps.

Program intecpretation: The cohot program is the ssguence
of commands or steps that the robnt should Follow to
accourplish a task. There ara mainly two ways to creite a
program:off-line and on-line., Cn-line pcogramming (teach
mode) is done on-line using the robot. The robot is moved
in the desired positions either by hand (direct trarh in )
or by the drivas actuated hy a teach pendant, a joystick
or a raster slave device (indirzct teach in). Theoa pnints
are stored and also the uhnle sequence. This method fs
very easy to leacrn, but it tics up Lhe robot during Lhe
teaching and 't can be tedious for long or complex
programs,

Robhot  programms  can also be prepared off-lire withoot
wsing Lhe 1obot, The oprrator enters comirands by arcans  of

a terminal  in a cohot progeanming languacge, The ooy acs
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can now prepacred without disturbing the robots operaticn
and complex tasks involving extensive branching or sensors
are wmwuch easier to program. On the other hand the
knowledge of a distinct programming language is recessary
for the cperator
- External links: Links ketieen the robhot controller and an
external computer are offered at the wmost commaercial
avallable robots. There are several reasons for including
this Function in a roboit control. One common motivatian is
the desire to storage robot programs on a large host
caonputer eleminating the nsed For storing maedia  like
cassette tapes at the rohot. Another reascn could bLe the
conrection to a CAD/CAM system.In this instance the
gecsetry data stored in the CAD/CAM system defines the
robot tonl path, Creating the robot program with the €Al
data reduces the rolot programming time and minimizes the
chances for error. As an added henzfit the graphic
tecrminal can display an animation of the camplet:sd rrobot
piogram  for detecting inefficient cell layouts, prohkabhle
cnllisions Lketwecen the rcocoot and the workplace and  jJoint
limit chezks. The robot control computer could also used
collecting datas for maintenanca and production control.
Accuracy: Experiences Pras shown that the accurary depends
mainly from the lecad capacity and the dynamic perforsance.,
Robots with a higher load capacity have alsa a larger working
space and are therefore less accurate than small sized robots,
It is also guite lngiral that, with a heavier load (moment of
inertia), a higher opecrational spmed or a larger operating
space, it is more complicated and exgensive tom attain the
requiread accuracy. Very close to accuracy is reliability and
safety. Peliability is defined as the capahility of an
industrial robot to perfocm the given task under specified
ojperating  conditions., The main safety requirement is  the
goarding and mrotection of the whole uncking Area and  tre
prevention  of  unauthorized aceess, In Lhis cuncection,

anjppopriate training of personel entering the goarded areca to
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pecform their functions is also required. More than 60% of
industrial robots used today guarantee a positioning error of

less than 1mm.

Some of these classification characteristics mentioned before
are identical with the main parts of an industrial rchot wich

are shown in Figure 3 also in form of a block diagrarm.

Figure 3a: The rohot
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These parts explained in detail, are the arm, the drive
including the gear and the control computer.Additionral parts
are

-the gripper including the gripping device

—incernal sensors or pasition measurement system

-exterrnal sensors.

As pointed out earlier the gripper realizes usually three
cdegrees of fFreedom. These can also be either trarslatorial or
rotaticnal. A important part of an industrial robot are the
gripping devices or a2nd effectors. These are mounted at  the
last 1link of the gripper and are the moving components which
have to grasp, l1ift and manipulate workpisces or tonls. Being
less adaptable than human hands, rebot hands have to be chosen
or designed specially for j .rticular industrial application.
Thase "hands” are less flexible and may have to be included
along with the special tooling requirercnts of Lthe job. Host
of the hands used today are without any sense of feeling or
touch. In developping o-e sensor equipped hands,

Interral sensors are mounted on each joint Ffor giving the
actual position in rohot coordinates., Encoders, resolvers or
other devices on each robot axis provide current position
infarmation,

External sensors: As pointed out earlier "intelligent” ¢obots
of the Future have to he equipned with sensors. These sensors
give the contrnl computer of the robot additicnal informations
about the surrounding. As shown in Figure 4 exiernal sensors
availahle today may be assigned to four main groips:

- tactile sensaors serve for maeasurement of foreces and
mements usuwally between the gripping device and the objuct
or between the gripper and the end effector.

- proximity sensors deliver informations ahout presence,
distiance, speed of approximation ... They are working
without contact, .

- visual sensors are of great importance for tacks  in
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connection with assembly operations (part identification,
orientation...).They are working mainly with TV cameras.
avditive sensors are now in development and serve Ffor

speech recognition.

c._Main areas of robhot anplications.

While the last chapter of the present infarisation package
deals with problems of robot definition, of robot anatomy,
of robot control etec. In this chapter which is based on
generally available information sources,a brief review is
given of the field of applicatiaon.

Today there are mainly two reasons fFor the application of

industrial robots

- Ratiornalizaticn

- Humanisation

The rationalization effect results From different fFacts
e.g. increasing of the flexibility of manufacturing
devices, increasing and uniforming of the product guality,
increasing of the productivity. The effectivness of each
robot application will be also affected by costs resulting
of periphal devices, installations, room and enargy,
programming, maitenance, personal education. On the other
hand lower salary costs, a higher pr. 'uctivity, a hetter
and constant quality are obtained in the most cases.

From the viewpoint of humanisation the application of
industrial robots yields to elimination of the worker from
monotanous actions, delivecation of the wourker from
noxinus envircnmental facts (reat,dust,noise..),
increasing of the wporking satisfaction, increasing of the
srcurity at the working place,

Therefore the major application areas of industrial robots

include:

Pick and place type nperations, in which case simple point
P 4p } ’

to paint contiolled devieces  avre usually  soufficient,
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Examples FfFor those operations are machine loading and
unlcading, simple pall<tising, glass handling, brick
manufacture, press work, packing and package distributing,
warehouse <ervice, foundry work, heat treating, coating
and electroplating, investment casting, die casting,

forging and metal ccating.

Welding rabots, which are the largest in terms of
population since the automotive industry employs the
greatest number. Point to point as well as continous path
controlled robots were widely applied applied for: spot
welding, arc welding, seam welding, Flame cutting, laser

welding and plasma cutting.

Machining robots requiring a rigid body and arm structure
with adequate positioning repeatahbility. They have often
to change tools and/or hands Lo accomodate different Jobs.
Machining applications include: drilling, routing, shecet

retal Fabricaticn and composite materials manufacturing.

Cleaning and deburring applications with special purpose
tools. Such robot applications often need adaptive force

feedback sensing as well as automated robot tool changing.

Spray painting applications.

Automated assembly and inspection, which is probably the
most interesting and fFastest growing area of applications.
This is due to the potential of the rapidely growing
market of the assembly industry and its complexity 1in
programming, tooling, sS2Nsory fFeedback proressing,
interfacing with other devices and communicating with

remnte computers.

In the following a short survey on applications of industrial

robots will be given. The applications mentioned boefore are

assigned to five groups




- Spot welding

- Arc welding
- Spray painting
- Assembly

=~ haterials handling

Spot welding anplications:

In spot uwelding metal pieces are Joined at a number of spots,
This is accomplished by passing a large electric current at
low voltage through the metal.The materials to be joined are
clamped bketuwsen Copper or copper-alloy electrodes between
these the current flows. In this small area lncalized heat is
preduced and the pressure exerted by the electrcdes is Joining
both wnrkpieces. Parameters affecting the quality are the
current intensity, the welding time and the pressure.

Over the past decade the main application of industrial robots
througghout the world has been in the Field of auteomaotive snnt
welding. 1263 Ceneral Motors had installed a line of 26 rohots
for spot welded car hodies and this was followed in 1970 by
Daimler Benz with o©ne robot for a bodyside spot-walding
operation. From those beginnings the number of robits
increases., fAn efficient application is ensured in mnst cases
for medium series. For small series the peripheral devices are
too expernsive and therefore a manual welding is to prefere.
Large szries are welded by means of multiple point welding
machines. One of the main advantages of the robot is the
flexibilty which allows the welding of different workpieces
e.g. different car bodies. Additianal equipprents for a spot
welding rohot are the gun, the supply for conling water and
welding current and the transformator. Usually thess rnhots
are programned by direct or indirect teach in,

A spot welding robot shnuld have the follonwing Featuces:

-6 or 7 preeferably rotational degrees of Freedom ( arm  of
type RRR )

- stiff but small construction
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- load capacity from 60 to 100 kg
- accuracy less than 1mm
- simple programming

- high maintenance

6rc uelding applications.

In this process the heat required to fuse the metal surfaces
together is derived from an electric arc. The temperature in
the vincity of the arc rises rapidely to as much as
6500 deg.F. At these temperatures a small pool of molten metal
forms in the work, and the end of the electrode also melts to
contribute additional metal to the pool. Therefore the
electrode have to be electrically conducting and compatihle
with the material welded. A typical form is a metal wire
continously fed. Starting with carbon electrodes more advanced
techniques are usi:d teday. Examples are the so called Heliarc
procass , the Tungsten Inert gas process (TIG) and the Hetal
Inert Gas technique (MIG) also known as Gas Metal Arc Welding
(GiirW) . Trerefore arc welding equipments cemprises a gas lire
through which the electrode wire is threated. The line and the
wire terminate in a welding gun. Control equipment propels
the wire through the gas tube and governs its rate of travel.
The direct current necessary for these methods is usually in
the range 100 to 200 amperes and 10 to 30 volts. Control is
also nrnecessary For ensuring an optimum distance netuwoen
electrode and workpiece. Good electric arc welding requires
close control of the welding gun along the weld path, Loth in
position and speed.

Some of these tasks have to be carried out by the robot. It
Job is mainly to guide the gun around the programmad path with
the desired orientation and to signal when it is ready to
proceed. The welding unit controller docs the rest. nfrc
welding robots have usually implemented progams for moving the
gun in form of a straight 1ine between twn points or in form
of a circle given by three points. A path is plroyrarsed  hy
stocing of a sufficient number of pnints. The conlcenl compotor

alrulale additional points for creating the desicted path with




sufficient accuracy.

Spray painting applicatians:

Painting is the coating of suirfaces with a liquid mixture Ffor
the purposes of decoration or protection. Today spray painting
by rmeans of pressured air and a spray gun is commanplace  in
the industry especially .n the automotive industry. The path
of the spray gun is not defined precisely. It depends mainly
of the experience of the operator. This technique is more an
art than a science. The spray painting environment has always
had the reputation of teing one of the worst which huran
operators have tn encaunter.
For spray painting the path is important. Its end points are
unimportant since a paint trajectory could theoretically start
and finish outside the confirnes of the workpiece. Tharfare for
these applications robots with continous path control ¢
CP-robots ) are necessary. The robot have to emulate nearly
the action of an experienced painrt sprayer with a positioral
accuracy better tran Z2mm. The programning of the robot have to
ke done by an expert who, with the robot on low pouer so that
the arm is more or less weightless, leads the unit thro:nigh
movem:nts necessary to give the workpiece a coat of paint.
Programs are changed by ramoving tape cassette and replacing
it by another so that, if necessary, many hundreds of
different programs can be stored awdy as the rohbots repertoire
increases. The main advantages using robots for spray painting
are:
- Dealing with a hostile environment (noise, carciogenic
materials,particulate matter)
- Processing with less enercgy (reducing fresh air
requirements, reducing exhaust ).
- Improving paint quality (less dict, wuniform build,
consistent quality level, cope with specialized spray
techniques).

These facts yield to redurced material costs, creduced

warranty,reduced  in-house repairs and reducing direct  labor




costs. To meet the demands of what will clearly be a lucrative
market,several robot builders are preparing their robots Ffor

this application, and competition may be fierce in the years

Assembly applications:
The autcmated assembly is one of the fFields with the bhighest
estimated growing rates. Assembly operaticns are mostly wvery
difficult for robots. Therefare the rocbots which uwere
available until now (robots of the fFirst generation) are not
equipped with the necessary "intelligent” abilties.
Today automated assembly by means of rabots is limited to very
simple operations with few parts. Restrictions for robot
application in this field are given by
- the parts have to he isnlated (the "grip in the box” 1is
not passible fn practice )
-~ industrial robots suited for assembly nperaticns must have
either sensors or an extrem accurate pesition control
- parts with little differerces in the surfaces require

expensive visual recognition systems.

Today scme robots with the necessary capabilities for assembly
operations will be developped and few of them are already
available. Because of ecomomic reasons simple assembly
operations are carried out today hy w~eans of “assembly
machinas” with less fFlsxibility. These assembly machines are
equipped with primitive pick- and place robots with bigh
accuracy (¢ less than 0.0lmm ) owing to the mechanircal
hardstops or 1limiting switches. This assembly machines are
mostly a combination of varinus modules for ensuring a
pnssibly high reuse value,

There 1is a great concentration of worldwide research
activities with the goal to make the rubnts a bit more

sensitive for assembly oprrations.

Matecial handling applications:

For most of these operations simple pick- and place tobols ara
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necessary. flaterial handling by industrial rcbots is carried
out in various industries on different machines (e.g.casting
machines, forging machines, presses, plastic machines, foundry
machines, machine tools, brick machines, glass machines....).

The lcading and wunloading of machine tools is already a
classical field for using robots. One problem are the parts
with a great variety of surfaces, gecrmetric Fforms and
materials. This spectrum requires different endeffectors
(gripperhands) as well as various feeding and arranging
devices. For locading of one machine tool a robot with 4
degrees of freedom and en arm structure TIT or RIT will be
sufficient in most cases. Linking of more machines requires
more complex robots with 6 or more degreses of Freedom and a
kinematic structure RIT or RRR. In this case the control
computer of the machine and of the robot must he coupled. In
the Ffuture the robots have to serve more machines witch are
possibly srranged in Fflexible production cells. For this

purpose the robots should have

- a large working area

- a high load capacity

- more than five degrees of freedom
- flexible gripping devices

- sufficient storage capacity in the control computer

For feeding of presses a high fFlexibility of the rohbot is
necessary. This results mainly from the small or medium series
¢ 10000 to S0000 parts ) and the small cycle times ( 2 to 10
seconds ). Therefore frequently retooling is necessary.

Special requests on the robot are

- large working area
- quick and simple programming

- additional functions for control of press functions,

In most cases press Feeding is an application firld with
inhuran working conditions e.g. nnise ( BO to 100dB(AY), high
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temperatures (up to 500 deg on the gripping device? especially
at forging presses. Similar problems arise by casting machines

and processes.

Various other applications:
Other applications of industrial robots are deburring of metal

parts, grirnding and polishing of surfazes (metallic and
nonmetallic), cutting of nonmetallic materials (e.g.fibre
glass-reinforced plastic) and palletizing operati ns. Each of

these applications requires special features of the robot

3. Diffusion of robots into preoduction.

The industrial robot-market is growing steadily all cver the
woril. Pobcis are wused in large mancfacturing companies
specialized in distinct fields (automotive industry,
electrical industries) as well as small companies. The presant
chapter gives some estimates of the current world robot
population and forecasts aof its growth cver the next decade.
The level of international conllabaoration in this Field is very
high owing to licensing and intergovecrnmental agreements and
the growing activities of transnatioral comparies in this
sectar.

The total number of robots in service in 1981 has been
estimated at 30,000 units, in 1882 at 39,000 units and in 1583
at 50,000 units excluding manual manipulators and equipment
with a fixed, unchangeable sequence of operations. Including
of non-programmable maninulators, the total number of units
may be four to five times larger. If the prese.t trend
continues, i.e. if the total number of units is doubled every
two years, around the y2ar 2000 more than 10million robats
could ke expected to be in use /6/.

ficcording to other soucces, some 1 million robnts can  he
expected to be in wuse by 1330. A more precise forcast
published by OECD /6/ is presented in Tahle 1
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Annual growth rate

1981 1985~ | (percentage)
1981-85 | 1985-90
Japan 9 500 27 000 67 000 %0 20
United States 4 500 15 000 56 000 35 30
Sweden 1 700 4 100 8 300 25 15
gzgzi:{'aepublic of 2 300 8 800 27 009 40 25
United Kingdon 113 2 T00 10 000 40 30
LﬁFrance 190 2 100 6 500 '23___<mm"_3§-_.4
' Table 1:Estimate of robot populatian
The pumber of units in less optimistic forecasts are until
half of them in the Table. Other estimaticns bases of annual
growth rates of 20 to 30%.
Table @2 shows the countries which are include in Table 1
arranged in the ordec of the density of rohots. According tao

these Table Sweden is the most "robotized” country followed hy
Japanrn and the FRG.

e e . N i S
Number of | Industrial Bensity
Country installed | workforce robots per
rotots (thousands)] 10,000 workers
Sweden 1 300 1 352 9.6
Japan 13 000 19 556 6.6
Cermany, Federal Republic of 3 500 11 334 3.1
Belgiun 361 1 322 2.7
United Kingdom 1l 152 5 272 2.2
United States 6 250 29 114 2.1
France 950 7574 1.25
Ttaly 100 7187 0.9

Tahle 2:Robot installations and rmplogment




Of interest could ve the distribution of industrial rcbots in
the application Fields mentiaoned above. Unfortunately there
are only numbers concerning distinct countries available.
Therefore as a typical example the distribution of robots in

the FRG is given in Table 3 for 1981 as well as a forecast for

1339.

1981 1990
abs y 4 abs. y 4
_spot_welding | 800} 35 |/ 300 | 25
| arc welding | 230 | 10 | 230 | 20 |
- painting | 230 | 10 } 80 | 6,5 |
assembly ) 100} 4} 2760 | 23
hendling  } 520 |23 | 180 [ 16
various 7420 18 1150 9,5
Total 2300 100 12000 100

Table 3:Use of industrial robots in the F.R.G,

1381 approximately 35% of the robots were :ipplied for spot
welding operations- mainly in the automotive industry- 1330
the percentage will decrease to 5% while the arc welding will
increase from 10% to 20%. As pointed out earlier the as=embly
application will have the highest growth rate ( from 4% to 3%
). The spray painting and handling operrations decresses also,

Despite high growth rates, the robot industry is  still  a

3
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relatively small industry. Total output in 1382 was only in
the order of 3% of that of the machine tool industry. However,
those aspects with make the robot industry important- one

could even say strategic- are the following:

- It has avery high growth potential, which may in the long

term, result in its becoming a large industry.

- It has become a symbol of factory automation in general
and thus has a considerable indirect effect on the wide

diffusion of fFactory automation equigment.

The robhot industry is a high-technology industry which in saome
respects differs fFrom other comparable high-technology
industries swuch as microelectronics and telecommunications
industries. These differences stem mainly from the fact that
the development of robots, to a higher degree thaa that of the
above mentioned areas, is based on the integration of a
multitude of technologies from a variety of industries-—
machine tools, computers, process control, sensor technology,
software and various kinds of applicaticon knowlwdge such as

welding, painting, assembling etc.

_related

Y4.Technical ,economical and social implicati

P
)
i

i

introductiaon of reobots in developping countries

The present cdecade is characterized by the rapid diffusion of
microelectrunics in industry which will lead to innreases in
labour productivity and to significant changes 1in the
structure of Jjobs. One examnple for this developrent are the
industrial robots. Robots have produced a numbher of ecosnomic
and social changes. Among them are an improvement in
productivity, greater humanization of working 1ife, prevention
of industrial accidents, improvement of product goality, and
early veturn on capital investmenls.

These economic and social effects stominezd Foom the fact  Lhat
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industrial robots are flexible and versatile, featuring a
greater freedom of movement similar to that of upper limbs
( arms and hands ) of human beeing. This has enabled the
automation of small batch production, and the introduction of
industrial robots has changed the production system from a
man— machine-system to a man-robot-machine system. This change
in preduction system means that pecple have beaen released from
dangerous, unfavorable works.
As pointed out =arlier the advantages of industrial robots are
a high speed operation, reduced value of work—-in progre:s,
guick automatic resetting of equipment and tool changing,
availahility of equipments 24 hours per day and high
‘ reliability. Improved utilizaticn of capital asseis may also
supplement ecoromic bznefits considerably:

- As the manual Jjobs and operaticns in which robots replace
workers are nzturally those that are most harzardous,
physically ard mentally demanding, tiring etec., It is
obvinus that the robot is generally more consistent on the

Job and its use will significantly increase net output

- The prime issue in Justifying the introduction of robots
is labour displacement,either by transferring workers and
opeirators from hazardous working conditions to more

convenient jobs or simply by saving labour éosts.

{) - The intrcduction of robots significantly helps to meet the
demand Ffor higher product quality and a veduction in the
time lapse between receipt and confirmation of the
custormers ocder and its Filling. Hanufacturng processes
equippad with robots seem more competitive in the market,

as has heen preved in the autcmotive industry.

- Among the othsr economic effects, those concevrning raw
material and energy savings are most important. Automated
material requirement  planning provides for optimom stk
levels  of varinus raw materials, 3u%embly parts,

semi fFinished  purodoucts ek, In ~ddition to the
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optimization of energy consumption various organizational
structures and processes may be simplified, such as
maintenance, dispatching, transport, accounting. invoicing

and other financial opsrations.

On the other hand,rohot costs consists of:

The purchase price of the robot installation, including

accessories, peripherals etc.

Maintenance and periodic cverhaul.

Operating costs.

Cepreciation (retucrn rate of investment )

Personal costs including training.

0f interest for devoping countries will ke the price of
the robot. As mentioned before the price depends on the
rumber ofF articulations, the working space, the leading
capacity and so on. But it is a great difference bztueen
the price of the robot and the price of the whnle “robot
working place”. In most cases the costs of the periphal

devices amounts up to three times of the robot.

Special tooling might include special CoONveyors,
transformers, welding guns and special controlling

equipments needed for the interface with the workplace.

fny uwell-implemented robot system working approximately
two shifts. Therefore a regular maintenance and a perindic
overhaul are necassary. The annual costs for these
purpo~es  amounts  approximately 10% of the acquisition

costs but depgends also on the job and on the environment,

The operating onsts include power requirencnts  and

therefore energy costs wuhich are higher for  antomated
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manufacturing than for ma~ual operations.

- It 1is mostly assumed that the "life” of the robot is 10
years. This yield to a payback of three years for
cne-shift operation and 1.5 years for a two-shift

cperation.

The sucessful introduction of robots into an existing plant
depends of the "readiness” of those involved to accept new

technology and adapt to new methods of work.

The industrialization in the 1Sth century was scmetimes
characterized by the term "first technical revolution”. Now we
have been since about twenty or thirty years in the period of
a ”"second technnlogical revolution” which is determined by
cybernetics and systems approach. The microelectronics and
therefore also the rochots may be the begin of a "third
revolution”,

This technolocgical process widened the scientific,
technological and economic gap in the world between
industrially developed countries and thase in the process of
such a development or still being in a pre-industrial state
but with a quickly growing population. Difficulties may arise,
too, when such modern production methods e.g. robots are
introduced to quickly. Developing countries very often have a
long history of advanced culture. By a brusque change to a
modern industrial structure and the concentration of
population in bhig cities such countries may 1loose their
traditicnal identity. Gther problems may arise when scientists
and techniciens of these countries stay during their education
for a long time in highly industrialized countries and then
return to their hume countries. They have to adapt themselves
and the advanced technologies to the economic and
technological situation in their cnuntries,

Therefore an efficient introduction of industrial robots in
developing countries requires first a developed infrastructure

to enable modern production methcis
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This infrastructure might be influenced by the following

factors:

- Government policies: This factor includes 1legislatian,
appropriations, or regulations that influenced the robot
introduction 1in a country e.g. funding for research and
development, antitrust and patent laws, procurment

policies, market protection policies...

— Technological factors: These fFactors are basic for
supporting the development of the robot introduction in a
country e.g. research and development infrastructure,

access to technology...

- Economic factors: These Ffactors are decisive Ffor the
continuing success of robot and related fFirms e.g. venture
capital, competition among producers, market
characteristics, economics of scale and experience, wage

rates...

- Cultural Factors: These factors depend on geography,
history and type of governement e.g. mobility of workers,

producer-buyer relationships, commitment of employees..
Each of the described factors in the four groups needs to be
considered carefully to determine whether it will Ffacilitate

or inhibit the development of industries equipped with robots.

S.Importance of application of robots in developing countries

As painted out earlier the characteristics of the new
technolngy associated to those of the robots, will lead,
certainly, to changes in the whole production process. CAD/CAM
technology combined with robots tends to become configurated
in a totally automated plant designed to explore all t(he
capabilities and the potential of the robots (spred,
precision, wversatility, e.t.c.), At present in the plants

using robots, these are integrated into human-scale production
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methods. A more efficient way of robot application wculd be
the building of new automated plants, based on programmed
robots, capable of altering the scale and speed of the
production function.

The application of CIn, CAD/CAM and of robots in the
manufacturing process tends to alter the interrnatiocnal
division of labor and the relationship of competitiveness in
the world market. These new production technologies permit
producing on a world market scale, although the plants may be
situated in a relatively small territory market (e.g. Hong
Xong, Sinrgapore, Taiwan ) hundred or thousand miles away from
another. The benefits of this development of the productive
system will be appropiated, almust exclusively, by
transnational conglomnerates, wha put into practice a new
international division of labour, drawing from the comparative
advantages of each country and region, where their
subsidiaries are installed.

Under these conditions, projects integrated on an
internaticnal scale, and based on complementacity and the
exchange of parts and components become highly profitable, due
to gains resulting from tne transfer of technology, from under
and over- pricing of exports and imports and from incentives
granted by the governments of newly industrialized countries
(developping countries) eager to attract foreign investments
of risk capital.

The introduction and generalization of technolngies based on
microprocessors like CIM and robots result in reduction of
capital per output unit, while representing an increase in the
organic composition of capital, making the Firms more
capital-intensive. This yields to the mobilization of large
resources for the Formation of capital difficult to achieve in
developping and even in the newly industrialized countries.

Cn the other hand, the proportiénal reduction of labor costs
in the total cnst of the final product, tends to redurce and,
eventually, to eliminate the the advantage of lower wages 1in
the developing countries. Thase made pnssible the production

and export of consumer goods and manufactures goods in gencral
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in recent years. The widesprea: use of CIM and robots in
integrated and fully automated processes, restores to the more
developed countries, the means of competing in the production
and sale of manufactured goods, previously highly
labor-intensive (e.g. the textile, footwear and steel
industries). Addad to the problem of the fierce cocmpetition
for markets in deep recession and crisis, is the Fact that the
newly industrialized countries (Mexico, Brazil, South KXorea,
etc.) structured their industries and manufacturing processes
on electromechanical based technologies. With the penetration
of micrcelectronics into all branches and sectors of ecomomnic
activity, machines and equipments invested become obsnlete and
prematurely depreciated, although the investment were made at
the expenses of a heavy external and internal indebtment, with
dramatic reflexes on the economic and political perspectives
of these countries.

Furthermore, the new technologies as CIM and robots will cause
the 1loss of innumerable jobs, besides the problem of a
perrmanent structural unemployment.

These are scome Facts and ideas underlining the necassity for
introducing new technology and especially industrial rcbots in

developing countries.

B.Guidelines for the introduction of industrial robots in

developing countries

ARlthough a lot has been said about the transfer of technology,
the appropriate technology, the soft technology in connection
with robots and CIM as well as FNS. A glance at the subject
will confirm that technology is related to many Ffactors: to
the scientific knowledge, to the culture, to the education, to
the economy, to the history, to the geography, to the national
resources, to the politics to mention only these.

Considering the existence of these relations, any attempt to
acquire or to develop a national technnlogy, or to use it for
the wellbeing of a cnuntry or of humanity in gensral, could

base itself on an approach which considers techinlngy as an
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element in a complicated societal system.
For an efficient introduction of industrial robots in
developing countries the classical procedure of systems

approach might be used. This is summarized in Figure S.

Understanting the problem

|

Coilecting the informatijon

l

Analvsing the information

1

Concelving Csslole
salutions

1

Evaluvating the solutions

|

— o Applving the solutions

&>

Moditying if necessary

J

Figure S:Classical procedure of system approach /S/

Beside these "technical” facts the following socio-economic

problems have to be considered:

-~ Industry, government and unions must cooperate in economic
and business planning at medium-long term, disclosing the

emergent changes, and their impact on employment,

- The firms and industries mnst affected, must identify the
most wvulnerable categories of workers, well before their

tasks become obsnlete and are eliminated.



- FEducational and training facilities ought be established,
to recycle workers, eliminated from their jobs, for new

qualifications required by the market.

- Firms and public administration should organize to offer
adequate jJobs to thcse who have been displaced from their

work, paying if necessary, the ccsts of relocation.

- A special Found, besides that of unemployment insurance,
should be instituted, the resources to be used for defray
the costs of the transport, supporting and training of

dislocated workers.

Literature used for this introductory article

/1/ Desoyer,K.; Kopacek,P. @nd Troch,l.: Industrial robots and

manipulators. 0Oldenbourg, Gnchen, 138S (in German).

/2/ Engelberger,J.F.: Robotics in practice. Kogan Page,
London, 1381.

/3/ Z2eldman,M.1.: What every engineer should know about
robots. Harcel Bekker Inc., 1384.

/4/ Rattner,K.: Flexible manufacturing systems and their

impact on Braziiian Society. Preprints of the IFAC-
Symposium on " Systems approach to appropriate technology
transfer”, Vienna 1983, p.50-59.

/57 Benmokhtar,B.: Some ideas about the use of systems
approach for technology development. Preprints aof the
IFAC- Sympnsium on " Systems approach to appropriate
technology transfer”, Vienna 1983,p.151-158.

/6/ Production and Use of Industrial Robnts., United Nations
Publications, ECE/ENG.AUT/15, New York 138S.

The publications collected in section 1]



II. Selected Publications




e e s mmne e G e e . . e ————

e

IThe State of Industrial Robotics

13

- What today’s robots can do and what the future lolds.

Having grewn up 2 fan of l<rac
Asimov (see rcference 1) and having
watched countless reruns of Lost in
Cpace, 1 always think of a machine
with human characteristics when the
word robe! is iaentior.ed. The iinage
of R2D2 from the movie Star Wars
must appear in many people’s minds
when they hear robot; however,
robots that walk, ta'k, and rahibit
other humanlike behavior are <ill not
practical,

Today's industrial robot (the raest
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comzaen kind) is not as glamorous as
some of us imagine, but it plays an in-
creasingly important ro'e in manufac-
turing. (The automobile indusiry is
todzy’s single largest employer of

‘robiols. Photo 1 shows three robo's

doing spot welding on an assembly
line.) Present applications include but
are not limited to spot welding, grirnd-
ing, spray painting, machine-toal
leading, and die casting. Sorne of the
points covered in this article are the
chacsificztion of industrial rubots and
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a description of robot subsysterns
such as sensors, end effectors, control
systems, and power/drive sysiems.

Also, I have described some ratot
manufacturers and the systems they
sell. I have included references and a
list of robo! manufacturers so that if
you are interes’ed, it will be easies for
you to obtain details.

Let me emphasize that the material
Fresented hereis only a description of
the existing technology and is not
imeant to provide detailed design
criteria. 1 will rot be covering the
sociological mesils or shosteainings
el industrial tchots, ner the econcraic
justification for the vee of 1obots in a
manufactuiing  fa.ility. Thece are
strong  arguinents both for  andl
against the uae of tobiots, and ta dei!
with this icsue fairly seontd tole 3
wparale asticle. As for
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Ftoto 1: Three Unl=ction robots velding on an automobils assembly line. Spot
velling and arc welling are two areas in wkich robots are used externsively by the
cutomakile indusiry.

pesformance of a variety of tasks.”
The key words in this definition 2re
reprogramrrable and varfety. Robols
can be pregrammed for a number of
different functions, whereas
automaled machines are designed ex-
clusively for a spedialized function.

herefore, in some applications,
robots are superior to fixed-task
automation. Raobots can execute a
series of spot welds during the

velop a representative example. If
these topics irterest you, see
references 2 and 3,

Definition and Background

The Robotics Institute of America
defines a robot as "a reprogram-
mable, multifunction manipulator
decigned to move material, parts,
tools, or specialized devices through
variable prograamed motions for the

assembly of a particular car model
and can casily switch welding pat-
terns as required for other mouels.
No retooling is necessary. As anatter
of fact, if a robot is no lenger needed
for welding it can be reprogrammed
for other functions such as tool
loading or material handling.
Uniraation Inc. of Danbury, Con-
necticut, introduced the first in-
dustrial robots to the U.S. during the
1960s for use in die casting. Later,
Urimation became the leading U.S.
robot manufacturer and, in 1981, had
$56 million worth of sales and more
than 5030 robots in operation
worldwide. A rumber of otker com-
panics also manufacture or distribute
irdustrial robots in the United States,
2morg them Cincinnati Milacron of
Cincinnati, Ohio, and ASEA Inc., a
Swedish comprny with effices in
White Plains, New York. ASFA's In-
dustrial Robot Division is one of the
major parlicipants in the U.S.
rcbotics market. This year it has 2dd-
ed four engineering centers 2nd a rew
manufecturing facility. A number of
large U.S. firins kave 2lso annnunced
plans to enler the market, the most

notable being General Electric 2nd
IBM.

At the end of 1981, an esti:nated
14,000 robats were in operation in
Japan, 4400 in Western Furope, and
United States.

4100 in the Even
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CASTESIAN CCORDINATES

POLAR COCROIINATES

A BN oo s A

CYLINSRICAL COGRDINRTES

REVOLUTE CCORDI!NATES

Figure ¥: Four differént arm geometries uzed in robotics. In order 10 moze the end of the
robot arm lo any point in space, there must be af least three drgrres of freodom.

though U.S, robot rnanufacturers feel
they lead in rescarch, they 2dmit that
the Japar.cse lead in the application of
robotics, for a number of reasons. In
Japan, the gnvernment d:.monstrates
an active interest in robotics because
rebots increase  productivity  and
enhance the Japanese economny.
There is 2's0 a shortage of labor in
Japan, so the worlers are not as resis-
tant to robols as Aserican workers,
In fact, Japarcse workers often will-
ingly azcept robols in the workiplace.
U'S. manzgvinent is usually focuned
maze on short-term profit than on
tong-ten planeisg and, (S orcfose, is
s Mot socpend appregiiately to
predactivity decliaes, Future projoc-

tions place total robot sales for the
United States at over $1 billion in
1990,

Robot Fundamentals

A way of classifying robots is ac-
cording to their level of technological
sophistication. The first category in-
chides Towe-technolegy sobots that are
not servo controlled (ie., their
mcverents are powered dicectly,
with no feedback or ce¥ <coriection),
have a limited number of pragrom
sicps, and usually deinoneatrate ypond
repratability, The next category ine-
clivdes pedimntechnelogy  rohnats
that wtilize «erve soecl sninne for ac-
airete potion and velocity centrol,

These robots contain microprocessors
or minicomputers as the basic control
element, and because of the flexibility
associated with the digital cemputer,
you can easily reprogram their se-
quence  of operations. (Teday’s
robots, which are featured in this arti-
cle, fall into this second category.)
The last level of classification in-
cludes high-technology robots with
all the features of medium-technology
robots but with one important addi-
tion, exteinal sensors that provide in-
formation about the external environ-
ment and consiJerably enhance per-
formance. Video cameras, proximily
sensors, and tactile sensors are ex-
amples of external sensors that might
be found on advanced robots. Only a
few robotic systems in cperation
today incoiporate external sensors,
and these should stil]l be considered
experinental.

In order to be vseful, a robot must
have the following attributes:

#2a hand to giip a workpicce

®an a:m to move the hand in three
planes

02 wrist with two or three articula-
tions

esufficient power to move limb and
workpiece around

smanual controls so that an ¢perator
can contro! lirnb motions

#3a meinory to store a sequence of in-
structions

®2a means of executing a scuence of
instructions stored in memory
oability to function at speeds equal
to or grcater than a person

o cliability

The above attributes are provid-d by
two m2jor component systems in an
industrial robot: the power/drive
comporents (such as the arm, wrist,
and end effector) and the control
system (consisting 1nost often of a
digital comnputer and feedback sen-
surs).

The primary purpeie of the
power/diive sy<tein ig Lo pocition 3
teol or ethir end effer tor oy
the sphere of influce of the 1t
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in robotics. Each geometry has its ad-
vantages and disadvantages depend-
ing on the particular application. For
examaple, the rcvolutecoordinate
configuration would be more ap-
propriate for picking parts out of a
bin, while a polar<oo:dinate system
would be more appropriate for trans-
ferring parts between metalcutting
mzchines. Photos 2 2nd 3 show
robots with polar<oordinate and
revolute-arm geometries.

The most general-purpose robot
will have six degrees of freedom as il-
lustrated in figure 2. As well as hav-
ing the ability to move the end of t&
arm to a specific point in space, ‘he
robot should have three more ar-
ticulations at the wrist in order to
orientate the end effector for the job
at hand. Thoto 4 shows a wrist with
thiee articulations: swivel, yaw, and
bend.

Usually, two methods are veod to
ove the clements of a robot.
Hydraulic drive is used for large
robots where heavy loads are ¢n-
counlered, and electric drive s 1:ecd
in smaller rabots where accuracy is
important. Thisis not 2 hard-and-fac
rule but, in gereral, is true. Preu-
matic drive is sometimes used- on
robots but, beczuse of poor pasition
and speed control, is less popular,

Hydraulics is a popular drive
method because hydraulic cylinder
and motors zre compact 2nd provide
high power and force. With ploper
feedback, hydraulic drives can wffer
good pesition and velocity control. A
Unimate 4000, shown in photo § with
its cover off, is a good Mlustration of

RADILL MUTION

BAIST SwivfL

@ ROTARY MOTION

B

!’ Pt

MOTICY

Wy nf gt

the rechanisins of a hydraulic ds iven
robot. Hydralic cylinders that pro-
vide 2 Lncar 1n0tion aze often veed in
robots because they zre ineapensive
and reliable. Phato 6 showing a
Unimate 4000 undesgeing a test with
3 450-pound weight should give you
an idea of the lifting capability as well
as the riechanical ccraplesily of a
hyd:aulic robot,

The electricdiive nethod for
robols with lr-g desaandicg Wiing ra.

GErenvnls pelnrily  vees merotore
with gear traing or Sinear a0t tore,
Where povition aecarary in (o il
elctric diive s
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Tre ASEA rolot showwn in ploto 3
u~s an 2ll-electric diive.

The control systera for a robot is
extremely important and  usuelly
quite com"irated. The mmain function
of the control system is to dizect the
moticns of all the robot’s cler ats. It
must allew for human override as
well 2 autorratic operation. Another

nciion is to allow for a sequence of
ins'ructions o be ¢atered and then
executed,

© At present there are twio methods
to pregram the movements of a
tobot. The first is for a human
¢;<:ator ty move the robot throug
the oppro; date soquiace of mations,
usirg the imanual conirols, The con-
trol system “recwmbers” this se-
grence thea plavs it back at a later
tme. This can be vizwed as teaching
2 robot a set of operstions and allows
fo: very casy progromaing.

The «reond ticthod nees e plicit in-
s'ructions, Theracticn of the rabot s
controled by ieuing a sequence of

that
Sends, One covimend anight be to
rove the Gid offcctor to a speific
Fointin spece, w ik waald pegoire

ot the Yt Lt e g

.
(ST

the bt

Pou

nands

DR A Pren

-

SRS NLE W

feera kot yecinbls a personal eormputer

tiun and generate control <ignals that
move the limbs in soch a wey that the
end effector moves to the correct
place.

With a cortrel scheme using ex:
plicit in.truciions, you can program
the velocity and acceleration of each
movement and choose the path the
end effector will take. Unimation has
a commercially available robot
langrage  <"ed VAL that uses this
progiamming method. Currently,
VAL conirols Urimation’s small
electric-driven  robot, the Puma,
vhich is shown in photo 7.

The control cys*en for the Puma is
shownin pheto 8. The rontrol system
is Ike a <mall pecconal counputer
system. Ne'e the beyboard, video
display, and flopoy-dick diive. The
complexity of the contrel sy-tern and
power/drive circuits for an  elec-
troechanical robat s illictrated in
photo 9, which chows the incide of
the control conenle for the ASFA
maodel rumber IR 6 rotiot,

Frd efforivrs are v of e najor
reasang are s0 vereatile,
Robots v cndeffi ctors for g ping,

1ol ots

. . . 2
veerine, gt e Greypy Pling
3 v’ 1

jretto e al v nete [l re-

FPhito 9: The comyplealty of an elce-
trorcectanical

contral wnit is il
Lstrated by this inside vivw of an
ASFA model nwrviber IRE-6 control

corsele.

—— e

quirer.ents for gripners are nume: ous
end can be very specific. For forging
applications, heavy-duty gripsers
that can withstand great temperatures
ere needed. Handling flat metal sheets
requi:cs either vacuum or magnetic
grippers. For machine-tool loading,
special grippers that hold a number of
different tools are necessary. There
are special grippers that can handle
glass tub s and plate glass.

The creative design of different
grippers allows robots to perform
many different tasks. Photo 10 shows
asimple general-purpose grinper used

“on the Unfinate 2000 series robot,

Acide from picking up objects, the
end effictor rmay be a special-purpase
tool, such as the welding torch shown
in photo 11 or the high speed cutting
teol shown in plioto 12.
Asmentiored earlier, it is desirable
to have a number of articuletions at
the wrict so that the eind Hecinr can
be positioned correctly, Fhoto 12
shows an end effcctor that has a
ching tool s well 2o a preinity
ifl'h, haoth Of
vhich are verd to wire the yrosition

of the vosdpice, In

concor and a anicroo

s s le,
. 1
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8 FhLoto 14: The Unimation Apprentice
wple of a specialpurpess
.
tdssigied te et the doriandin
reguitesients of arc wolding
e e e e
3 -

- o Unination
. "Apprentica Puma Puma Unimate Unimate | IRb6 18560
. 250 600  2000B 42008
Nunber of . . .
A ¢rgrees of 5 6 ] 315 3106 {56 5106
2 frccgom -
Repeatatility 0040 0002 0004 0050 0080 {0008 0016
{inches)
Load capacity 10 2 5 300 450 13 132
1 {»ounds) - 3 .
Programming -
cayacity N/A WA MN'A 2048 254 15000 15,000
{no. of ;oints) :
Fover requized 1.0 05 15 110 340 20 70
{kilowatls) ’
Cost 39 50 54 55 89 75 5
{5 x 100) : T
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. Specifications for Seven Industrial Hobots

Table It Represcrsative sample of induztrial robots available on the mo:Let today.
Nute the iange of cost and cepacities; this gives Zesigrers lecway to produce robotic

systems for a uidy vadiety of purpoces,

Ceie e vl e e e ma e e e et e am s e e e e e .
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ed for the tazk, Jtie poseble te niove
the e ¢ffector eround the worb picee
to put either the t20! of the rensors in
porticn by bording the vorist joint
then eveicieing a yaw miztion,

Systems ead Applications

Up to this point, 1 have leen
discussing the Cunponents of in-
dustrial robots, Now I would fike to
talk 2beut vysteas that ace available

P B

and how they compare to each other.
Performance mieasurements used to
coinpare robots are position,
repeatability, number of deygrees of
freedom, power reduiremen!s, naxi-
mum-ifting capacity, number of con-
trol opiicns, and, of course, cost.
Table 1, which outlines the specifica-
tions for seven different robots,
presents a reprezentative sample of
what is available on the market.

Photo 14 shows the Unimation Ap-
prentice robot, which is relatively
small and e2sily movable. It was
designad for on-ite arc woelding in
confined spaces (such as the rib cec-
tions of a ship bull). ASEA alsowells a
small electric-riven robot (see ploto
15). The conducion I diaw from 1.:ble
1 is that a larze nu:nber of diffcirnt
systans are availstle and 2 de<iyner
has a lot of flrsibility in choneing a
syslem,

Table 2 gives a breakdown of the
five tsjor industinl application s for
rehots, The diz cacticg indinlry veis
the first to apply inducteinl rebots A
robot canload a diccanting raackine,
rgacsch the poart, and Lim eff (v
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Photo 16: The Apprentize robol in action,
welding a s'eel structure.

material. Robets are especially suited
for die casting because of the harsh
environment that exist- in a foundry.

Welding is another area where
robets have been used extensively.
Photo 16 shows a Unimation Appren-
tice arc welding. Good arc welding
requires close control of the welding
gun along the vield path. It is essential
that both position and speed are con-
trolled to obtain a uniform weld with
no unnecessary metal buildup or
" blowhcles. Rebots provide the posi-
“tion and speed accuracy needed in arc
velding as well as in spray painting.
For spray painting, it is important
that the robot be able to follow a

-

w08 will become lirger.

Spot Tool Spray Assembly
Welding Loading Foundry Painting me Other
35% 20% 15% 15% 10% 5%

Table 2: The five major modern applications for robots. As the science progresses,
roboats will be used for a vaniety of industrial purpeses, so the rercentage of “other”

predefined path in order to obtain a
uniform coat of paint. For details of
robot applications, see references 4
and 5.

The Future

All of the examples here are of
robots that can follow only a specific
set of instructions. They are not
capable of recciving information
about their surroundings and adapt-
ing lo changing conditions. In the
next five years, advances will be
made in the areas of sensor tech-
nology and the application of intelli-
gence to robotic systems, giving a
robot the capability to respond to a
variety of environmental sitvations.
Specifically, advances in vision and
artificial intelligence will allow robots
to becone more 2daptable.

At Genesal Motors Rescarch Lab-
oratories, work is being done on a
vision-based robot system that can
recognize and pick up different-
shaped objects moving on a conveyor
belt. Advances in sensor technology
will make proximity and tactile sen-
sors commonplace on robots,

S READ THIS IF YOU WANT TO SAVE MONEY s$
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Another issue that must be dealt
with in the near future is the
standardization of robatic sub-
systems. Standardization should not
limit new and irnovative design but
should allow for a common means of
interfacing robots to computer-zided
design/computer-aided manufactur-
ing systems. We will certainly see ad-
vances in robot<contro! larguages,
such as VAL, in the near future. @

!
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Computer Contiol of
Rehotic Manioulators

First, a review of the various clésses of kinematic
control — then, a lock at the evolution of

A robotic manipulator may be defined 2s a mullidegree
of freadom open-loop chain of mechanical kinkages and
joints. It is designed to perform mechanical operations
which normally requise the maripulative skills of humans.
These mechanisms, driven by actuators, are capable of
moving an object from initial to final locations or along
prescribed trajectories.

Basically a robot consists of three components: the
power supply, the mechanical unit, and the controller. The
controller has a threefold function; first, 1o initiaie and
ferminate motions of the manipulator in a desired se-
quence and at desired points; secord, 1o siore position and
sequence data in mermory, and third, 10 inlerface with
external cevices. Robot controllers can be step se-
quencers, pneumaltic logic cystems, dicde matrix boards,
electronic sequencers, MiCroprocessors, of minicom-
putors,  Tr.e complexily of the control delermines the
capabhilities of the robot.

40/AUGUST 1932 MECHANICAL ENGINEERNG

prograrmming languages

David D. Ardayfio, Hardy ). Pottinger
Univerety of M.isoun
R."a, Mo.

Nonservo-Controlled Robots

From the point of view of control, robots can be divided
into two main types: nonservo-controlled robots and
servo-controlied robots.  Nonservo-controlled robots iave
their arms in an open-loop fashion belween exact end
positions on each axis, or along predetermined trajectovies
in accordance with fixed sequences.

Sequence Conlrol.  Motions of a nonservo robot are
limited by mechanically adjustable hardstops on each
snechanical joint or axis. Fach axis can therefore mce
in an open-loop fashion 1o only two positions. A sequence
control uses stepping switches or pneumatic logic se-
quencers capatle of executing single problems of about
24 consecutive sleps, or electronic prograrmmable con-
trollers with greater program capacity.  In addition 1o ini-
tiating the motions of the manipulator, these conlrols also
transmit and receive signals 10 and from other e uipiment
with which the robot operates,




P CWARMONS EVRY s T e T

i

T Qg

IV g

lani

O Corvayor
—

Rodot

[

Fig. 1 Point-fo-point contzof in heavy parts transter op2-ation.
(1) Tuming station, (2) Drifling station, (3) Threading s*ation.
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Limit-Switch Conlrol. In a limit-swilch-conYolled robot
more than one position can be defired along an axis by
indexable stops inserted or withdizwn automatically. A
sequence typ > conlrol steps through a number of preset
fogic steps, which causes one or more joints (o move until
the appropriate fimit switch on the axis is reached.

Servo-Conlrolled Robols

Servo-controlled robots incorporale feedback davices
on the joirts or actuators of the manipulator which con-
tinvously mezsure the position of cach axis.  This permits
the cony ol 1o stop aach axis of the manigla'or at any point
within its total ranje, rather than at only two, or a few
points. Servo-coni dlied robots have much more mani-
pulative capability than nonservo robots by being able to
position a 100l or gripper anywhere within the lofal work
enveiope. The coitrcl'ors in <2rvo 10hols may be clec-

tronic sequencers, minicomputer- or microprocessor-
based control systems. This class of control systems has
magnetic or solid-state electronic memory devices for
storing a taught sequence of motions in digital form.,
Polnt-to-polgt (PTP) Control. In point-to-psint control
each joint is controlled by an indegendent position servo
with all joints moving from position to position indepen-
dently. A typical configuration for point-fo-point motion
in machine loading operations is shown in Fig. 1.
Teaching a robot for point-lo-point motion is done by
moving each joint (or axis) of the robot individually until the
combination of joint positions yields the desired position
of the end effector. When this position is reactied, the
position of each joint is stored in a memory device. In
replaying the stored points, each joint freely runs at its
maximum of limited rate until it reaches its firsi position,
There are theee ways of conlofling point-tn paint intion
indepeaduntlys 1, sequential joinl control (FTS-3); 2.
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uncoordinated joint control (PTP); and 3. terminally
coordinated joint control (PTP-T).

Sequential Joint (PTS-S) Conlrol. Sequential joint
operation is the activation of one joint at a time, while all
other axes are immobilized. A single joint may operate
more than once in a seguence associa‘ed with such a
motion. The resulting path of the manipulator end eflector
will have a zig-zag form associated with the motion di-
rections of the maniputator joints. Sequential joint contol
results in immediate simplifications in the con’rol of an
industrial ;obot. However, sequential control causes
longer point-to-point motion times. This type of control
will be helpfu! for highly modutarized progranunable as-
semblers where individual joints could be easily arranged
into multijcint manipulators.

Uncoordinated Joint (PTP-U) Control. In this mode,
the motions are not coordinaled, in the sense that if one
joint has made soime fraction of its motion it does not imply
that all other joints will have made the same fractions of
therr respective molions. \Vhen each joint reaches ils final
position it hoids and waits until all the joints have com-
pleted their motions. Since there is no coordination of
motion between join's, the path and velocity of the end
elfeclor between points is not easily predicied.

Terminally Coordinated (PTP-T) Joint Control. This
is the most useful type of point-ta-point conirol.  The in-
divicual joint moticas are coordinated so that ali join's atiain
their final positions simultaneously. It is used primarily
in applications where only the final position is of interest
and the path is not a prime consideration.

Conlinuous Palh Control

This type of control is used where continuous path of
the end effector is of primary importance to the application.
Continuous path motions are produced by interpolating
each joint control variable from its initial value 1o its desired
final value. Each joint is moved the minimum amount re-
quired to achieve the desired final positions to give the
robot tool a controlled predictabie path. All the joint
variables are interpolated to make the joints complete their
motions simultaneously, thus giving a coorcinated joint
motion.

Continuous path control techniques can be divided into
three basic categories, based on how much information
about the path is used in the motor control calculations.
These are iflustrated in Fig. 2.

The first is e conventional, or servo conirol, approach.
This method uses no information about where the path
goes in the fulure. The controller may have a stored
representation of the path it is to follow, but for determining
the drive signals 1o the robot's rotors, all calculations are
based on the past and present path tracking error.  This
is the control design used In most of today’s industrial ro-
bols and process control systems.

The second approach is called previaw control, also
known as “leed-forward” conliol, since it uses some
knowinige about how the path changes immedictely ahead
of the robot’s current location, in addition 10 the past and
present racking error used by the servo controller.

The last category of path control is the “path planning”
or “'trajectory calculation” approach. Here the controlior
bas available a complete description of the path the ma-
ripulstor Shoutd (ol'c w from one point 1o another, Using

e —




* -——

. v e,

[p———

CRToTES

T N M = e S = b s T —

.y

2

Fig. 3 Synchrorization of continsous path with a MOVINg CONveyor.
(1) iosiructed paint path, (2) Moving conveyor.

(8) Path ooﬁ"ol with oriertation chang‘e : v ,: (b) Stm'k;fu fne bath gurniaration

with controfled velucity

Fig. 4 Cartesian coordir.ate control,
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Fig. 5 Robot program

" a matheimatical-physical “model” of the arm and its load,
it precomputes an acceleration profile for every joint,
predicting the nominal motor signals that should cause the
arm to follow the desired path. This approach has been
used in some advanced research robots tc achieve highly
accurate coordinated moveinents at a high speed.

Typically, robots using continuous path contro! are
taught by the operator physically grasping the unit and
leading it $vough the d2sired path in the exact manner and
speed the robot is to repeat the motion.  While the device
is moved through the desired path, the position of each axis
is recorded on a conslant tlime base, thus generating a
continuous lime history of each axis position. Every
motion that the operator makes, whether intentional or not,
will be recorded and played back in the same manner.
Since the operator must physically grasp the robot, it must
be cesigned 1o be essentially counterbalanced and free,
s0 that the task can be performed. Therefcre this control
Is generally limited 1o light-duty robots.  Since the operator
is manually leading the robot tvough the desired sequence,
the teaching is instinctive and there is no concern for the
psition of each axis.  Another characteristic of this type
of control is that considerable memory capability is re-
quired to store all the axis positions needed 1o smoothly
record the desired path.  For this reason, magnetic tape
and disk storage means are generally used. .
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ming la~juages evolution and classification.

Carlesian Motion Control

In cartesian motion generation, the locations are ex-
pressed in terms of the cartesian coordinates (x, y. 2)and
orientation angles of the robot 100l relative to a reference
frame (world coordinate system) fixed in the base of the
robot. The use of transformations is especially advan-
tageous where refative translations and rotations are 1o be
performed. However, the use of cartesian coordinates
to define locations can be at times somea what inaccurate
due to the complexity of the computaticns necessary to
convert between the cartesian cordinales and joint avges
via homogeneous transformations.

Cartesian motions are generated by applying an inter-
polating function to the cartesian location of the manipu-
lator’s tool tip and rapidly transforming the interpolated tool
lip location 1o joint commands. The path is prescribed in
rectangular space and requires that the kinematic equa-
tions of rotion be solved in real time to contiruously ouiput
to the axis servos. Figure 3 shows the path of the tool
center point (TCP) for a typical mave, in which the path is
along a slraight line even though the orientation has
changed linearly along the path. The velocity profile for
a carlesian motion, with an acceleration span at the be-
ginning and a decaleration span at the end of the path, is
also shown.




NIy

v—— e

e

RS

When teaching such a system, the computer solves the
equations of motica so that the axes are coordinated to
give the desired motion, such as straight up in the z
coordinate direction, or left in the x coordinate direction.
The operaior thinks only in terms of the desired motion of
the end elfector, not the motion required at the axes.
Similarly, the operator can change the orientation of the
end effector about a point without changing the position
of the point, or independently change position or orientation
of the end elfector relative to the TCP.

Cartesian motion conirol is useful in full tracking ap-
plications requiring synchronization with a moving con-
veyor using a stationary base robot, as in Fig. 4. In the
elementary form of stationary base tracking, the robot is
taught the task while the conveyor or part is in motion.
During replay of the taught program, the speed of reptay
and the speed of robot motion are synchwonized with the
iine. While this typa of rack'ng system is satisfactory for
point-to-point tasks, continuous path tasks requiring the
TCP to maintain the same velocity relative 1o the part as

"when taught, cannot use this system uniess the conveyor

speed is constant without int2rruption in its motion. For
example, when automotic - assembly-line spray painting,
if the conveyor stops, the rabat cannot stop but must
continue to mdve at the same velocity relative to the part.
For cases where constant uninterrupted conveyor speed
cannot be ensured, “full racking™ capabilily is required.
The net effect of this capability is to perform the task,
relative to the part, independent of conveyor motion.

Coordinate Model Classification

Servo-controlled robots are nearly always compiter
controlled and “programmed” in a procedural language
which may vary considerably in complexity, depending on
the flexibility of the robot. Robot programming languages
may be divided into three categories, according to the
focus of the programmer.

At the lowest level are the Joint Model languages. Here

- the programmer’s attention is focused on the control of
(_individual joints, actuators, and sensors. ML, as well as

most nonservo-controlled robot command languages,
could be placed in this category. )

Most commercially available robot languages are in the
category of Manipulaton Model languages. Here the
programwmer’s attention is focused at the end effector or
manipulator 100l tip, and the task is to guide the tip from
point to point through cartesian-coordinate space. Lan-
guages in this caleqory include Unimation's VAL, Ofivetti's
Sigla, Bendix’s Teach, and Phillips’ INDA as well as several
well-known languages in the research community such as
MiT's WAVE. -

The third category of robot lanquages are the World
Model languages. Here the progyammer’s job is more goal
directed. End effector motion is described in terms of the
position and motion of the objects being manipulated.
Thus the programming can Lir gely be done off-fine in terms
of a preestablished data base describing the parts 1o be
assembled, or objects to be manipulated. This concept
is more in line with an integrated CAD/CAM approach than
the first two categories. Languages in this category in-
clude IBM's Autopass, Stanford’s AL and LAMA, Purdue’s
PAL, and the University of Edinburgh’s RAPT,

B > 7" Classification of Robot Language
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= s | = s
Rodak : - § § i : §§ 23
. Lengueg HEARIE L
Wave L - ] J
VAL - -
AL . 3
ML - - .
Autozass -
Pointy . .
e e e [ S L _—— - -
Sigis -
] 1 RN S S S
MAL b .
PAL . .
LAMA -
M - L
Robex hd »
inda - L] )
S — PR S
Teach - *
Help »
Rad - - L}

Language Evolution

Figure 5 shows a sampling of some existing robot pro-
gramming languages. They have been categorized ac-
cording to the previous models, as well as whether they
are used commercially or in a research environment (see
Talble). As might be expected, the commercial lang:ages
tend to be the more straightforward and conservative
Manipulator Model types, whereas mosi research inlerest
is in the World Model category. Where it was ava'iable,
evolutionary history and the influence existing highdevel
languages have had on robot programming, has been in-
cluded.

Summary information for each language includes the
name (e.g., VAL), date it fiest appears in the fiterature (e.g.,
1975), developing organization (e.g., Unimation), and
whether it is intended mainly for commercial (C) or re-
search (R) use, whether it is considered a single tack (ST)
or multitask (MT) language, and the type of coordinate
model on which the lanjuage is based (WM world rmodel,
MM -manipulator model, JM. -joint model),

Basoed on & paper contributed by the ASME Cormpuler
Engingaring Division
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Computer Aided RManufacturing——
A Stepping Stone to the Automated Faciory

Athough the automated factory seems lo be just around the corner, it may be
qute some walk 1o reach that cerner. And even though a number of large manu-
f2cturing companies are getling close to it, it still isn't the real thing. Maybe a lot
more has slready been done thar is generally realized.

A Al\.) H L \' Con ROL Enz

sgtymahc factory is like a cske in the
~i3xing The flour, the egge, the raisias,
<3331, speces, and all other ingredients
z:e there, but the czke isn'trezdy. You
«2ed 16 add something 1o ke il a
wtcle. 1o bind it together —dough and
v3ang The plain factis that there is no
sszh thing yet as a completely aulo-
rsted factory. Today, only separate
;ecesexisl, in various slages of devel-
tpment and implem.ztation, of a sys-
nmthatis olenselerred to as the sulo-
v34c faclory of the future. Also, if you
*33 the means lo Cormamission an zute-
r-sizdlactory loday, you wouid discov-
= Mat nd single manu'actuier makes
1ol the cumponents. Thus, you might
3¢ o H-P for a factory flost reporting
5,5%em, 1o Calma for soltwere, I Wes-
T hause for something else, and so
wicovin the line. And proviZzd you get
#1he components under one oo, ycu
»2faced with z problem belore which
¢+¢n the builders of the Tower of Eabel
stombled.

Communicatrons—the glue
<" 2ol he ingredients, beleved crucial
> eutomatic factory success, thatl is
imissing foday is a unified irtraplant
-“Wnunicahions lick. VWhithoul cornmu-
) -..'uns you cannol even slart (alking
-2et Ihat factory. Currently, the com-
“~wcations or the data highway is be-
"2 "ackled by a pumber of manufaclus-
3.andthe race s onfo be the lirst one
oduce a winrer good enaugh 1o
Tltine a standerd. A relsted tzck,

ol standardization, is in the bands
2 latnnat Burezu of Standards Is

sl the 130 S (initial Graphics Ex-

* cﬂ Standsed) will permil transpor-

* My of geometne modehing software
“3 many commercially available
'- \.Ws;slcms CAM:i, inits turn, re-

'y covered the subyoct of designirg
.' * Frocestors a3t the 1Gh Annual
Wi 203 CAD-CA4 Graptues U-irg

IR Fort Worth, 1X Lack of 2 v

Slnmunicalons stzndind and the

Ptz chmanafacturer bas its ov.n
“uotis a sirong insenlive 1o pu.,h

A quick salution,
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plant-wide CAD-CAM nelviotk, Boeing
decided 1o solve the commumicalicns
probiem by creating a translator. That
device wauld then erabie the already
existing componen!s such as iEM com-
puters 15 lalk 10 4pplicon’s C4D sys-
lem, which would 12tk 16 Computervi-
sion’s system, &nd s3 on.

The project veas eventuzlly complet-
edbut the catch was that it took Boeing
several years o cuinplete it, and the
governmenl helped in footing the bl
Anybody smalier than this azrospace
g:ant probably do-:sn’t have the re-
sources o undertzke such 2 tack.

Expensive alterratives

The aliernztive, and problems, of tying
logether syslems fram many sources,
€a’hspazhing ils 0w language, is well
ducu..-‘..!ed at Bocing Faced with the
gzrgantuzn lask oi mxplemer.ting a
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Profitable Robotic Work Cells Result From
Interconnecting the Islands of Automation
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Grirre tohite and soaeral machire tools into “work cell” arzangea.ents Con-
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inatry tiong 1 and iom the work 13-
tisns (the varous machine 10ols, frans-
fer he components, and 1obols that
m.ahe up the prrhcular cell in ques-
tion) Since the iwiethgens e and capa-
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rhine tools, a GCA cverhead ganiry 1o-
bot, @ GCA Cunroc sobot controlier. an
inspechon maching, and a visivn sys:
fem. The Curnnet ¢n2bies the Cun-elt
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netl via GCA's Metwork Inlerface Units
(NIU). The GCA NIU is @ miopro’ es-
sor-based coinpilern c apahie of 1alhing
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SECOND GENERATION ROS.JTICS

FProfessor Alan Pugh,
Departmant of Electronic Engineering,
University of Hull,

Hull,
En3land.

1. Introduction

During the early years of their existence, Industrial Robots represented a solution in
search of a prcblea, At the first International Sywmposium on Industrial Robots held in
Chicago in 1970 (ref. 1) the delegates were treated to a brief catalogue of robot
applications in industries which were invariably hot, smelly and involved jobs requiring
a great deal of muscle power. This was the era when the industrial rolot was a cere
curfosity and its existence was known only to a relatively few informad industrialists.
It was the combination of the industrial robot with the problem of spot welding automobile
bodies which allcwed the versatility of the industrial rohot to be properly explofted.
This single application transformed the industrfal robot scene overnight which resulted
in an escalation of the nunber of robots employed in Irn2ustry coupled with a literal
coveraje {n the media which in turn stizulated interest to extend the application of
frdustrial robots to other industrial tasks.

Despite the increasing use of robots in industries having a hostile environment - for
example dyecasting and forging - the greater success in application has hitherto bkawen
in arecas where precise contact with the work place has not Leen an essential
Injredfent of the application (ref. 2). Ia addition to spot welding which falls intn
this catejory, paint spraying has been a pupnular and successful application and
cor.siderable success in recent years has been established with seam welding., while the
ind:strial rotot was oriqginally concelved with a point-to-point mrde of operarfon, it
has bern the continuous path rode of oprration which has darfnated most {nlustrial rotot
anlicationg, The situation existing now s that retnts haive become a natural and
essential feature for the establishment of a manufacturing process particnlarly £ this
1s befng assenhled on a green-field factory site. No longer do potential ucers need
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to waft for soce alventurcus fndc-trialist to €xtirirent with appliceticns fur the
first tice; b>st of this has been dae and applications in the ron-scnslry handling
and preocessing areas are wvell catalojued. Further, develcpoents in rehot structures
and cechaniszs now give the user a superb range of devices/products froz which to
chonse as ary visit to an exhitition of robots will drmcrnstrate.

2. Wrere is ‘generation 2' 2

From the very tejinrning of inlustrial robot technology, the praspect of intelligent
Ccu:trol coupled to environsz
*corner® is now over ten years old and

'‘ntal seasors has been 'just around the corner'.  That

still no really satisfactory realisation of
the 'second generation' has Leen forthcoring. The
dezcnstrations of ‘artificial intelligence' at the

irpres<ive and proczising

First Interritional Sycposiuz
(tef. 1) gave way o r-re relevant realisaticns of tensory interaction during the
1970's and a few cornsrcial vision systems are now
however, represent the projuct of rescarch of al

aveilatle (refs. 3, 4, S5). T.ese
it a decade ajo and demand a high
contrast irmage for reliadble operation.

Cost too plays its part as a deterrent in the slujzgish approach of the *second
generaticn®. We sce ajain the natural reluctance of injustrial uwsers not wisking to
ke first in the field. Acknowledjing that substantial developzents might exist 'ehind
the 'cloused doors' of industrial confidentiality, only a few brave experirents towards
the 'second gencration' have éppeared in the technical press. Incentive plays its
[art in the use of sensory control for certzin applications and the microelectronic
industry has previded a need for such radical thirking. Exatples of this work have

been prtlished for scme time (ref. 6, 7). The reed for vision in this industry is
assocfated with the high degree of visual feeltack remired during the act of d-vice
fabrication and accezbly and the substantial georetric content of integrated circuit
prllets has encourajed the application of machine vision to the 1%

hlen of automatic
aligroent ard wire tonding. The irjartant

aspect of this anplicaticn which has
wnstrated reliable cperation rust be the relative eace of
and the illu-rnation of the assembly area.

control of the workplace

Can this syccess in the u<e of Sensery control be regarded as a realization of the
‘grreration 2° root?  Some wonuld argue that it das but rest =>u3}d not accept the
sipwrcialist wochanised Landling as representative of versatile

. HTr At - ak
I.rn_u;l:x‘.,-‘..vle
Autormation'. Published attrupts of sensory control of rotots for shop-floor

a;plication are difficult to find. Sinjyle experirental applications of both visual

and tactile feeltack Live loen feplem-nted although we have an esample in the United
Kirgdon of a company rarketing as a st.andard featwure a vision controller for paint
everal yrars of ci=rating expvricnce,

spraying (ref. 8) which is supported by s

The application areas for the first Generation robots are rarely associated with

autonated assembly excepting the applicaztions of non-prograr~ahle placre..ent devices
{or rohots). The breakthrough required to extend the aspplication of prograrsable
rotwts into automated assembly which will open the door to flexible manufacturing
systems can only be realised with sensory conirol to support the assemhly pronsess,
Despite recent developnents in robot architecture (ref. 9), no programtable robot
offers the kind of positiconing precision to permit Teliable asrs

ably to take place
without iniovations of senscry eontrol of the simplicity of the ’rermte centre
corpliance' (ref. 10).

Futorated projgrammable asserbly coupled with LeRSOry
interactive handling Feprecents the g23l which bLest d:fines ‘grneration 2' retetics.
Tre rsnufacturing arezc which irvalve :mall to redius cized batches dominate in
the industrjal scene and thoe are the arcas which are starved of aute .ated

sector, a yrest deal of work is still regquired

solutions. To achicve ruccess in this
before the flexibility offered by Lighly eapersive "gincration 2° devices can be

Jnetified.
3. Vizion reaearch

Tt is perhags vicion nere 1han the sorces of teach and hearing wivich haa attracted the
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greatest research effort. However, robot vision is frequently cornfused with vision

aprlied to automated inspection and even the artificial intellijence aspects of scene :
aralysis. If an uniformed cozparison is macde between the techanlogy of picture s
processing and the reqiirezints of robot vision it is not possible to reconcile the :
arparent divide which exists between the two. i

Tre essential rojuireszeats for success in robot vision might be surzarfised as §~

follews:

. low cost

. reliable operation

. fundasental simplicity
* fast image processing

L ease of scene illumination

These rejuirewents are often diacetrically opposed to the results of research effort
published by research organisations. The processing of grey-scale imzjes at high
resolution often provides inpressive results but inevitably this is achieved at the
expense of processor architecture and processing time. Dedicated imije processing
systers {ref. 11} will attack the problem of processing speed in a most {opressive

wiy but there is often a desire on the part of neany researchers to identify an area

of te-chnolojical challenge in imaje processing to satisfy their own rescarch motivation
ratlier than atte-pt a simplification of the imajying problems.

Frotably the single aspect which causes difficulty but often cverlocked is the control
of illu-ination of the work area. This problem hes been attacked by soze researchers
using ‘'planes of light' (ref. 12, 13) which might be regarded as a priwitive applicetion
of structured lighting i.e. super-imposing on the work area a gewsstric pattern of

light which is distorted by the wark pieces. The success of this approacn is cenifested
in the sirplicity of birary imige processing and a reduction in the magnitude of

visual data to be aralys==d (ref. 14), Developzents of early demonstrations of robot
vision using tack lighting of the work area Lave reached a stage of restricted
indastrial application (ref. 15). However, a feature of sersory technigues which have
industrial potential, is that they are often applfication specific and cannot be

applied generally. ’

The experiments linking image processing of televised images with robot applications
(for example ref, 16). are in their infancy at present; the cost is high and the
reliability of imaje processing is unlikely to be satisfactory for some time to

come.
4. Iraje resclution

Sensing for rotot applicatiens is not d~pondont on a relentless pursait for devicaes
with hiyher and hijtar resolurtion. The fundlsnental consideration mist be in the
selection of optim= resolution for the task to te exscuted. There {s a tendency

tn aszuze that the higher the resnlution then the greater {s the application ranje for
the sy-tem. At this point in our evolution, we are not exploliting the 'state of the
art’ as wiuch as we should., Considerasble success has been achicved nsing a recoluticn
a3 low as 50 x SO0 (ref. 6). With serial procenuing architectures, this recolution
will grnevate quite sofficient grey-s-ale data to test the {ngennity of {mage
procensing alyorithns ! Should processing tise approach abont 0.5 seconds, this will
te roticeshle {n a rotot acsocisted with hardling. Heowever, for welding appli{cat{cns,
the i~ a0 preccaaisg tine must be cven faster.,

High recoiation syotens are required In applications {nvolving asterated fr-ection
and plartiure deta rotriceal where speed 15 sonetires not such an {nportant criterfon,
This ~oin oot Le confusel with the reeds of seninry robot syutens,




S. The sersor crisis

Ferhaps the key icsue in the productioncf the sensory robot is the availability of
suitakle sensors. The following represents a summary of sensing reguirezents for
ro>ot applicaticns:

¢ presence

. ranje

* sinjie axis measurecent (or displacezent)
. 2-dirersional locetion/position

* 3-dirensicnal location/position

* thercal

* force

for which the follewing sersing devices or meth>ds are availahle.

Vvision Tactile

. Fhotc-detector *  Prohe

b Lire2r array *  Strain gauge

* Area array *  Plezoelectric

. TV cazera *  Carbon materieals
* Laser (triangulat{on) i Bis.rete arrays

o Laser (time of flight) * Intejrated arrays

. Optical fibre

Other
hesustic *  Infra red
. Ultrzsonic detectors/eczitters *  Radar
hd Uitrasonic arrays - * Majretic preximity
b Microphones (voice control) * Ton!sing radiation .

Tr.e only satisfactery location for sersors 1s on the robot manipulator itself at or
rear the ead effector (ref. 14, 17). Locating an image sensor above the work area
of a rotot suffers from the disadvantaze that the robot ranipulator will obscure its
cwn work area eand the metric 3isplacecant of the end effector from {ts destiration
cast be ceasured in an absolute rather than a relative way, Siting the sensor on the
end effector allows relative ceasurecents to be taken relducing cons{derably the need
for calibration of mechanfcal position and the reed for iraging linearity. Sensory
feelack in this situation can be reduced to thre simplicity of range finding {n some
appiicaticors,

wWhat 1s cissing from the tersor market are devices specifically taflored to be
integrated close to the gripper jaws. Tre pronice of solid-state arrays for this
particular application has not aterialised which is primarily due to the commercfal
incentives associated with the television industry. It might be accurate to predict
that over the rext decade iraging devices ranufactured primarily for the television
rarket will be hoth small and cheap enough to be useful in robot applications,
However, at present, arca array cazeras are extrerely expensive and, while smaller
than most therrfonie tute careras, are far too large to Le installed in the rejion
cf a grifier. Mast of t' .2 carly prctotype arrays of nolest resolution have Leren
aandsned.
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It is not an exajjeration to suggest that no icaging sensors exist which are ideally
suited for robot 2pplications. The use of dynamic RAM devices for image purposes
(ref. 17) has proved to be a minor breakthrcugh and gives an indication of the rujged
apprecach which is needed to achieve success. Soce researchers have attacked the problem
of size reduction by using coherent fitre optic to retrieve an Image from the gripper
area (ref. 16) which imposes a cost penalty on the total system. This approach can,
hcowever, exploit a fundazental property of optical fibre in that a bundle of coherent
fikres can be sub-divided to allow a single high-resolution *maging Jdevice to be used
to retricve and ccombire a numrer of lower resolution icages from various parts of the
work area inc’uding the griprer - with each subdivided bundle assocfated with its

own optical arranjecents (refs. 18, 19).

Iirear arrays have been used in sitcations {nvolving parts moving on a conveyor in
such a way that rechanfcal motion {s used to generate orne axis of a 2-dimensional
1=age {refs. 12, 1B8). There is no reison why the saze technigue should not be
associated with a robot minipulated by using the motion of the end effector to
gererate a 2-dicensicnal frage. Also implied hire is the possibility of using
circular scaining of the work area or even taking a stationary image from a

linear array.

Tactile sensing is reqjuired in situaticns involving placeczent. Both active and
pssive cocpliant sensors (ref. 20, 10) have not only been successfully demonstrated
but have eaperfenced a perfod of develepment and application in the field. The
situation surrounding tactile array sensors s quite different. Because the

tactile arrays are essentially discrete in design, they are inevitably clumsy and
are assaciated with very low resolution. Interesting exgperiments have been reported
(ref. 21, 22, 23, 24) and an exciting development for a VISI tactile sensor is to be
published (ref. 25).

Expericents with rasge sensing have bteen literally researched and some success has
teen achicved with acoustic sensors and optical sensors (including lasers). The
whisker probe (ref. 24) can new be replaced by a laser altermative with obvious
advantages. Laser range finding is well developed but under-used in robot
applicatisns although the use of laser probes sited on the end effector of an
industrial robot mikes a natural autematsd dizensforal inspection systemnm.

It is clear from this brief catalogue of sensing methods that a great deal of

chaos surrounds the sensor world. What we must work towards {s some element of
mrdularity in sensor design to allow for the optimum sensing method to be
incorperated {nto a given application. No single sensor can prcvide the solution

to all problexs and bigger does not always mean better. However, the recent

exciting developzents In 'szart sensors' which incorporate primitive image processing
(front-end processing) will be most welcome. A comprehensive survey and assesscent
of robotic sensors has teen published by Nitzan (ref. 26).

6. Languijes and Software

The fnvolvement of the stered-program couputer in tiie present generation of robots does
no more than to provide an alternative to a hard-wired controller excepting that the
corputer provides an Intejrated zemory facility to retain {ndividual ‘programs’.

Software and lanjuajes became a reality for most users with the introduction of VAL
(ref. 27) which incorporates the capablility to interpolate linear motion between

two oints and provides for co-ordfnate transformat{on of axes. Further, VAL

allows for transfoirmation hetween vision and rachine co-ordinates (ref. 28). Machine
training or learning using VAL can te achieved ‘off-line’ rather than the 'teach by
showing' which §s the method used by the majority of present gerneration robots.

Work §s naw ualer way on lanquajes for assembly (ref. 29, 30) which will give to the
$eneory robot systed antonnmy of act{on within the requirements of the assembly task,
Further, a coroedn asserbly languaje will permit the same i{nstructfons to be repeated
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on different rolot hardware :in the saze way that cosputer programs written in a

cozoon language can be executed on different cachines. The lesson to be learred here
is that we must discipline ourselves to a co-zon assexbly lanjuage before a prolif-
cration of lanjuages creates a situation disorder. It is still early days to consider
an assezbly task being executed by an 'off line® assec>ly lanjuage as part of a CAD/
ChM operaticn. One of the stepping stones regquired in this revolutiorary process

is the establishment of some 'bench carks® to compare and test the relative rerits

of assemhly languages.

7. ngglgggggﬂge:arks

The injredients vhich comprise the second generation robot are:

* mechanisms with speed and precision
. cheap and reliadle sensors

* elegant and rugged software

In all of these areas there exists a significant deficiency of development and perhaps
a need for an innovative breekthrough. We have seen previnusly the shortfall in
sensor rejuirenents and the nced for good supporting software has only been adnitted
in recent times. With the exception of rmechaniscs specifically designed for dedicated
tasks, no existing robot device alone can really provide the precision necessary for
asserbly operations. A pronmising way to proceed is to use a programmable high speed
canipulator for ccarse positioning, coupled with a *floating® table which incorporates
features for fine positioning (ref. 31).

When 1t is recertered that recearch demonstrations of *generation 2' rolwots heve been
avzilable over the past decade (ref. 32,33,34,35,36,37) it is salutory to recognise
that predictions for the future made over this perfod have not been realised. A
survey of the current situation in robot vision has been piblished recently (ref. 38).
Tt would be a trave person who now predicted where and when the ‘generation 2°' robot
wiuld take its place In ind:wstry. With the wisdom of hindsight we kncw that there

is still a vest a2mount of research and development required coupled with an industrial
ne~d for a 'generation 2' robot. Perhaps this need will first appear in the textile,
pottery or corfectionery industries (ref. 39) to provide the 'shot in the «im' for
‘guneration 2° just as spot welding did for 'generation 1' a decade ago.

Over the past two years, the United Kingdom has introduced g-overnzent funding to aid
and support ipdustrial aspplications as well as providing a cc-ordination projyrarme
of rcsearch and development in the universities. Surveys of industrial requirencnts
and rescarch partnerships in the U.K. have recently been published (ref. 40, 41).
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1V, FANUFACTURERS AND RESEARCH INSTITUTES

Each of the fellowing lists must be incormplete. UWorldwide
there &re a lot of manufacturers as well &s research and
deveicpmant  institutions dealing with industrial robets.

herefore orly sore of them may be included

List of robot ranufacturers

The fcllowing list contains selected manufacturers of

industrial robots wvorldwide.,

ARBG ANCERSEN APS
HeJjrevsenget 7, Thuro
DK 7S Cverhorg

Narmark

AREG-TELEFUNKEN
Industrie-anlagen, A41 U17
Lyorer Strale 6

B-6000 Frankfurt/Main 71

AJAaX MACHINT TOOL CO.LTD.
347/0855 Ringwuod FRoad
Bournemnuth BH11 BNE
England

AIERICAN ROBOT CO.
354 Hockstown Road
Z1intan, PR 1403°6

UEA

AOEA ELECIRCNICS DIUYSINN
5-7°183 Usesteras

Saeden

ATLAS FOPCO TONLS AB




Sickla Allee S
S-10460 Stockholm

Sweden

AUTINMARTIX

1000 Technology Drive
Billerica, A 01821
USA

BENDIX

21238 Bridge Street
Southfield, MI 48037
USA

BOSCH INDUSTRIEAUSRUSTUNG
Postfach 300220

Kruppstr. 1

G-7000 Stut:gart 30

CINCINNATI

21S S.UWest Stcreet
Lebanon, OH 452083
UsA

CLOOS SCHWEISSTECHNIK GHMBH
Postfach 121

D-6342 Haiger

F.R.G.

comasy S.P.A.

Uia Rivalta 30

1-10093% Grugliasco (Toring)
Italy

DAINICHIKIKO CD, LTID.

Xusai Cho

Naknkoma-Gum Yamanachi




Japan 400-04

DEA S.P.A.
Corso Torino 70
1-10024 Moncalieri Torino

Italy

DEVILBISS

300 Philips Ave.
Toledo, OH 43612
usA

FANUC
5-1 Ashigacka 3-Chome
J- Tckyo 1891

Japan

GEBR. FELSS GMBH
Stein 2

D-7535 K@nigshach
F.R.G.

GENERAL ELECIRIC CO.
P.0.Box 17500

Orlandao, FL 32860-7500
usa

FIBRO GMBH WERK 1]
Postfach 1120
D-83854 Hassmersheim
F.R.G.

FUJ1 ELECTRIC CO.LTD,
Shin-Yurakucho Bldg.

12-1, Yura Xucho l-chome
Chiyoda-Ku, Tokyo 100
Japan




GRACO Robotics Inc.
12898 UWestmore Av.
Livonia, Hichigan 481S0
usea

HALL AUTOMATION LTID.
Boughton Road

Rugby, Warwicks., Cu21 1UB
England

HIRATA
5-4 Myotaiji-Machi
Kumamotu 860

Japan

HITACHI LTD.
Nihon Bldg. 2-6-2 Ohtemachi
Chiyoda-Ku, Tokyo

Japan

IBM ADUANCED MANUFACTURING
Boca Raton

Florida

UsA

1GM GMBH

Strafe 2A, Halle M8
A-2351 Wr .Neudorf
Aﬁstria

INTELLEDEX INC.

33840 Eastgate Circle
Cnrvalls, Oregon 87 333
USA

INTERNATIONAL ROBOMATION/INTELL IGENCE




2281 lLas Palras Drive
Carlsbad, California 382008
usa

KALASAK]I HEAUY IND.LTD.
4-1, Hamamatsu-cho
Minato-Ku, Tckyo

Japan

KUKA (JWKA KELLER & XNAPPICH)
Postfach 43 13 49

Blucherstr. 144

D-8S00 Augsburg 43

LAMRBERTON ROBOTICS
26 CGartherrie Road
Strathclyde MLS2 DL
Scotland

MANTEC
Grindlacherstr.2'48
D-B8540 Furth
F.R.G.

MATSUSHITA LTD.
3-2, HMinami semba
Minami-Ku, Osaka S42

Japan

MICROBO
Avenue Beauregard 3
CH-2035 Corcelles

Switzerland

MICROBOT INC.
4Y53-H Favendale Dr.
Calieornia 94043




uUsA

MITSUBISHI LTD.
1-1 Daikou—-Cho
Higashi-Ku, Nagoya City

Japan

NACHI FUJIXOSHI CO.
3-S5 Shiba Hamamatu-Cho
J- Tckyo

Japan

NAKANIPPON ELECTRONICS CO.,LTD
4330 gamacho Kita-Ku
Nagoya '162

Japan

DLIVETTI

Uia Torino 6B

1-10080 S.Bernardo D’Ivrea
Italy

PENDAR ROBDTICS
EBBW Vale

Guwent NP3 5SD
England

PRAB INC.

6007 Sprinkle Road
Kalamazoo, 11 49003
UsA

REINS GMBH & CO !
Postfach 1160

Im Weiding 14

B0 8753 Obernburg

F.R.G.




e RENAULT
Centre Parly 2, P.B.70
7B150 Le Chesnay

France

SINMMERING-GRAZ-PAUXER AG
Mariahilferstr. 32
A-1071 Wien

Austria

SIEMENS AG

Postfach 120
Uernerwerkdamm 17-20
0-1000 Berlin 13

TGSHIEA, EVERSHED ROBOTICS LTD.
Bridge Road, Chertsey

Surrey KT 16 BLJ

England

TRALLFA NILS UNDERHAUG a/S
Postfach 113
N-4341 Bryne

Norway

UNIMATION INC.

Shelter Rock Lane
USA-Danbury, Conn.06G810
USA

VOEST-ALPINE AG
PostFach 2
A-4010 Linz

rustria

VDILXSWAGENWERK AG




Postfach
Industrieverkauf vD-3
D-3180 Wolfsburg

WESTINGHOUSE ELECTRIC CO.
400 Media

Pittsburg, PA 15205

usA

YASKAWA ELECTRIC MFG.CO.LTD.
Ohtemachi, Chioda-Ku
J- Tokyo

Japan

ZRHNRADFABRIX FRIEDRICHSHAFEN AG.
PostFach 2520

Lwentaler Strafe 100

D-7830 Friedrichshafen 1




Research Institutions and Universities

In the following some Research Institutions and University
Institutes dealing with robotics and related Ffields are

collected.

AUSTRIA

ARGE "Industrieroboter und Handhabungsgeridte”
c/o Inst.fur Mechanik, 309

Techn.Universitiat Wien

Karlsplatz 13, A-1040 Wien

Yustria

Inst.fir Fertigungstechnik, 311
Techn.Universitdat Wien
Karlsplatz 13, A-1040 Wien

Austria

Bstecr .Forschungszentrum Seibersdorf Ges.m.b.H.
Lenaugasse 10,A-1082 Wien

Austria

Inst.fFOr Systemwissenschaften
Universitdt Linz

A-4Y400 Linz, Auhof

Austria

BELGIUH
Institut de Mechaniqie Appliqure
Universite Libre de Bruxelles, Avinue F.D.Roosevelt S0

B-10S0 Bruxelles

Belgium

Institut de Mechanique



Universite de Liege
Rue E.Solvay 21, B-4000 Liege

Belgium

BULGARIA

Institute of Industrial Cykerretics and Robotics
Bulgarian Acacemy of Sciences
Bl.2 Akad.G.Bonchev, Sofia

Bulgaria

CARADA

Division of Mech.Eng.
National Research Coucil of Canada
Ottawa, Canada, K1A CRB

Canada

Bept.of Electrical Eng.
Ecole Polytechnique Montreal
Montreal

Canada

Dept.of Systems Design
University of Waterloo
Waterloo Ontario,
Canada N2L 3G1

Hydro-Queberc Research Institute
1800 rFontee Ste.Julie

Nuebec

Canada, JOL 2PO

CZECHOSLOUAK]A

Faculty of Fl:ctrical Eng.

Czech T=chnical University
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Karlovo nam.13,121 35S Praha 2

Czechoslovakia

Dept.of Control K335 FEL
Czech Technical University
Karlovo nam.13, 121 35 Praha 2

Czechecslovakia

FINLAND

Control Eng.laboratory
Helsinki University of Technology
Otakaari SA, SF-02150 Espoo

Finland

Electronics Laboratory

Technical Research Center of Finland
Oulu

Finland

Dept.of Electrical Eng.
Tampere University of Technology
Tampere

Finland

f FRANCE

Laboratoire d’'Automatique et d’Analyse des Systems
Centre National de la Recherche Scietifiqus
7, Avenue du Colonel Roche, F-31400 Toulouse

France

Laboratoire d’Automatique de Nantes
UAa 4.823 E.N.S.M.
F 14072 MNantes LCedex

France




FEDERAL REPUBLIC OF GERMANY

Fraunhofer-Institut fUr Produktionstechnik und Automati-
sierung

Postfach B00463,DB-7000 Stuttgart 80

F.R.G.

Institut fOr Dyramik der Flugsysteme
BFULR Gberpfaffenhofen

B-B0O31 weflling

F.R.G.

Lehrstuhl fFie Steuerungs- und Regelungstechnik
Techn.Universitat Hinchen

Postfach 202420, [-8000 Munchen &

F.R.G.

Institut FOr Informatik 111
Lehrstuhl fir Prozefrechentechnik
Universitdt Karlsruhe

Zirkel 2, DB-7500 Karlsruhe

F.R.G.

Fraunhofer Institut (IITB)
B-7500 Karlsruhe
F.R.G.

Fachbereich Autcmatisierungstechnik
Universitdt Paderborn

D-47380 Paderhonrn

F.R.G.

Institut fOr Roboterforschung

Universitat DBortmund
D-4600 Dortmund
F.R.G.
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Institut fUr Regelungstechnik
Technische Liniversitat Darmstadt
Carmstadt

F.R.G.

GERMAN DEMDCRATIC KREPUBLIC

Zentralinstitut Ffor Kybernetik und Informationsprrzesse
der AdW der DDR

Kurstrasse 33

DOR- 188G Eerlin

GIR.

Institut FUr Technische und Bicmedizinische Kybernetik
Technische Hochschule Ilmenau

fm Ehrenberg

DBDR- 63 Ilmenau

GOR

GREAT BRITAIN

Eng. and fAipplied Sciences
University of Sussex
Falmer, Brighton BN1 90T
England

HUNGARY

Institute of Computing and Autumation
Hungairian Academy of Srciences

Kende w.13-17

H-1502 Budapest

Hungary

ITALY

Dipartimento di Ingenieria Flettronica
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Seconda Universita di Roma
Tor Vergata,Via O.Ka:imondo
[-100173 Roma

Italy

Dipartirento di1 Infurrcatica
U~iversita di Rema "la Sapierza”
Uia Fridessiana 18, 1-00184 Roma

Italy

Dist
University of Cenca

Via Cpera Fila 1la, 1-16145 Genocva
italy

:

Tvnetrtuto o

g Floecttreteonica & di Flettronica
Eniversita di Padova
r

Via Gradenigo 6A, 1-35131 Padova
Italy

ISEAEL

Istzel Inctitute of Technuology (TRECHNEICND
Haifa 32000

Isrcel

JAFAN

Coempoter Systers Dept,
Fuchu Works, Toshihba Corp.
Jazan

Cept.of Me-chanical Eng.
Faculty of Eng.Sciences
Crnba University

Togyuraka, Cozka .60

Japan




~Rutomation Feseavch Laboratory
K

o University

w
- G
—~

Gokesho, Ui, Kyoto B11

NETHERLAND

Oept.of Electrical Eng.,Controcl Lab.
CTelft University of Technology
P.0.B.S031, 2800 GA Celft

Wetherlards

ire
Fept.cf Electrical Erg.

Tuente University of Technoloegy
P.O.BE.217, 7200 AE Enscheade

The Netiherlands

Division of Engireecing Cybecrnetics
The Norwegian Institute of Techoology
N-7034 Trondheim-NTH

Norway

PEGPLES REPUBLIC OF CHINA

Harbin Institute of Technnlogy
Harbin

China

Dept .of Precision Instruments
Tsinghi:a University

Beijing

P.R.C.

pOLAND
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Institute of Mathematics and Control Eng.
Warsaw Technical University
Pl.Jednosci Robotniczej 1
00-6bl1 UWarzawa

Poland

SFAIN

Departimento de ingenieria de Sistemas
Universidad Politecnica d: Madrid
Madrid

Spain

Dept.of Automatic Control
Universidad Pnlitecnica di Valencia
Ualencia

Spain

Institut de Cibernetica
Diagonal 647, 0BO0O28B Barcelana

Spain

lipto.de Automatica

E.T.S. Ingenieros Industriales
- Universidad de Zaragoza

Zaragnza

Spain
SOUTH AFRICA
SWITZERLAND
Department de Meranique
Ecole Polytech e de Lausanne

Irstitut ce Mirrotechrnigue
CH-1015 lausanne




Switzerland

SWEDEN

TURKEY

Dept.af Computer Eng.
Bogazici University
Bebek-Istanbul

Turkey

UNITEN STATES OF AMERICA

Bept.of Electrical Eng.
University of Florida
Gainesviile, Florida 32611
UsA

Kobotics Institute

University of Southern California
Los Angeles, CA S00BS-0781

usa

School of Electrical Eng.
Cornell University
Ithaca, New York 14853
usa

Dept.of Electrical Eng.
University of Kentucky
Lexington, Kentucky 405C6-0046
usA

School of Engineering

Rensselaer Polytechnic Institute
Troy, MNew York 12181

USA




< Dept .of Electrical Eng.
State University of New York
Stony Brook, NY 11794
usAa

Dept .of Electrical and Computer Eng.
Syracuse University

Syracuse, New York 13210

usA

Dept. of Electrical Eng.
Purdue University

West Lafayette, Indiana 47307
UsA

Industrial Systems Division Center for Manufacturing Eng.
National Bureau of Standards

Gaithersburg

USA

Charles Draper Laboratory
555 Technology Square
Cambridge, MA 02133

usAa

Artificial Intelligence Lab.
Stanford University

Palc Alto, CA

usA

Robotics Institute
Carnegie-Mellon University
Pittsburgh, Pennsylvania 15213U5A

Dept.of Electrical and Computer Eng.

Drexel University




Philadelphia, PA 19104
2 USA

Dept.of Electrical Eng.
George Washington University
Washington D.C., 20052

UsA

Laboratory for Perceptual Robotics
Dept.of Electrical and Comp.Eng.
University of Massachusetts at Amherst
uSsA

Center for Systems Studies, Dept.of Electr.Eng.
Yale University

New Haven, Connecticut 06520

USA

Jet Propulsion lahboratory
California Institute of Technology
Pasadena, California 91109

USA

USSR
Institute of Control Sciences
Profunznaya,Mcscow
USSR

YOUGOSLAVIA
Faculty of Electrical Eng.
Toplicka BB, Sarajevo

Yougoslavia

Robotics Department




tfiihailo Pupin Institute
Uolgina 15, Beograd

Yougoslavia

S3






