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ABSTRACT

The use of remote teach controls for programming industrial robots has led to concern
over programmer safety and reliability. The primary issue is the close proximity to the robot
arm required for the programmer or maintainer to clearly see the tool actions, and it is feared
that errors 1n robot control could result in injury. The further concern that variations in teach
control design could cause “negative transfer” of learning has led to a call for standardisation of
robot teach controls. However, at present there is insufficient data to provide suitable design
recommendations. This 1s because previous researchers have measured control performance
on very general, and completely different, programming tasks.

This work set out to examine the motion control task, from which a framework was
developed to represent the robot motion control process. This showed the decisions and
actions required to achieve robot movement, together with the factors which may influence
them.

Two types of influencing factors were identified: robot system factors and human
cognitive factors. Robot system factors add complexity to the control task by producing
motion reversals which alter the control-robot motion relationship. These motion reversals
were identified during the experimental programme which examined observers’ perception of
robot motion under different conditions of human-robot orientation and robot arm-
configuration. These determine the orientation of the robot with respect to the observer at any
given time.

It was found that changes 1n orientation may influence the observer’s perception of robot
movement producing inconsistent déscriptions of the same movement viewed under different
orientations. Furthermore, due to the strong association between perceived movement and
control selection demonstrated in these experiments, no particular differences in error
performance using different control designs were observed.

It is concluded that human cognitive factors, specifically the operators’ perception of
robot movement and their ability to recognise motion reversals, have greater influence on

control selection errors than control design per se.
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CHAPTER 1 - INTRODUCTION

1.1 Background
Since robots were first introduced into industry in 1961, there has been rapid, if

inconsistent, growth in their number (IFR, 1989). In 1988 it was estimated that there were
over 280,000 industrial robots in operation worldwide (BRA,1989) and even this figure is

conservative by Japanese standards since 1t includes only those machines defined as robots by

the Robotics Industries Association (RIA), USA (ANSI, 1986). According to the RIA, a
robot must be reprogrammable and multifunctional whereas the Japanese definition includes
non-programmable, fixed-sequence devices and automated guided vehicles (AGV'’s)
(JISHA,1985). Because of the confusion arising from these different definitions the
International Federation of Robotics (IFR) 1s now proposing standardisation in robot definition
and data collection (Rook, 1990). The growth in robot numbers reflects widespread
applications 1in all aspects of manufacturing partly due to their cost-effectiveness; the economic
advantages of replacing manual labour with robotics have been demonstrated 1n improved
product quality, increased productivity and reduced costs (Foulkes and Hirsch, 1984). This

has led to fears by the labour force that they will face unemployment and wage reductions as
they compete with this increasingly developing technology (SME, 1985). Pro-roboticists
argue, however, that the workforce will be displaced rather than replaced, and point out that
robots have brought about improvements to working conditions in industry by taking over
hazardous and monotonous tasks (Engelberger, 1980). On the basis of an extensive study
carried out in the USA in 1985, it was predicted that 80% of workers whose jobs were taken
over by robots will be relocated within the same companies and that the robot manufacturing

industry itself would create more than 44,500 jobs by 1995 (SME, 198)5).

Within industry, new jobs are created by the introduction of robots in programming,
maintenance and supervisory tasks (Kafrissen and Stephens, 1984; Morgan, 1984).

Programming involves providing the control instructions required for a robot to perform its



intended task (Jablonowski and Posey, 19835), including defining the path of motion between
locations as well as the functions to be carried out. Maintenance includes tool setting, fault
diagnosis and calibration of the robot and its associated equipment. Supervisory tasks include
monitoring of the robot whilst in its operation and ancilliary tasks such as loading and
unloading workpieces from the robot and cleaning of tools etc (M. Gray, 1984). These jobs
require new skills of the workforce and critics argue that they may be forced to undertake jobs
to which they are 1ll-suited (Salvendy, 1985), and that consequently, they may find these jobs
worse than those which the robot replaced (Schraft and Nicolaisen, 1986). Ironically, one of
the main criticisms 1s that these human-robot interactions present new and unexpected hazards
in the form of collision with, or trapping by, the highly flexible robot arm (see Bonney et al,
1985; Lee, 1985; Nagamachi, 1986; Percival, 1984). Although there are very few accidents
reported, some fatalities have occurred (Nagamachi, 1986; NIOSH, 1984) and this has led to

the 1mage of robots as undesirable "monsters” intent on causing human injury (see Figure 2.2).
In truth, however, the cause of robot-related accidents 1s usually found to be ineffective

safeguards or 'human error' (Jiang and Gainer, 1987).

As hittle data is available on robot-related accidents, the research reported here has

concentrated on reliability in performance which in turn may benefit safety within human-robot

interaction. In particular, the interactions involved in teach control programming have been
selected for examination. This was partly because this type of interaction 1s unique in that it
can necessitate or be enhanced by close proximity to the moving robot arm, and thus can
constitute a distinct hazard which cannot easily be safeguarded (Parsons, 1988). The other
reason was that the author's interest in robotics stemmed from a previous study of the design
of instruction manuals for robot programming (Gray, 1986). This enabled the author to gain
limited experience of the programming task. Observation of the difficulties experienced in
achieving correct movement of the robot arm channelled research interest into the examination
of performance reliability in robot motion control.

Robot motion control 1s the element of teach control programming in which the robot arm

is physically moved between locations; there are several reasons why reliability in motion



control 1s desirable. First, constant correction of control motion will increase programming
time which may extend robot down-time. Second, the need to perform this task at close range
to the robot arm could put the programmer in danger if control errors are made (Parsons,

1988). Third, control errors resulting in robot collision could cause costly damage to the robot

or other equipment.

Researchers interested 1n robot teach control have associated poor performance reliability in

robot motion control with vanations in teach pendant design (Cousins, 1988; Levosinski,

1984; Parsons and Mavor, 1986; Parsons, 1988). This may cause 'negative transfer' effects
in learning whereby experience in using one control design adversely affects ability to use a
different control design (Edwards, 1984; Helander and Karwan, 1988). In response to these
concerns there has been a call for standardisation in teach pendant design with the aim of
promoting "Uniformity, effectiveness, simplicity, efficiency, reliability and safety of
operations” (Cousins, 1988 p. 429). Unfortunately current guidelines for robot teach pendants
offer no specific recommendations for the most suitable design of motion controls (see for
example ANSI/RIA, 1988 'Proposed standard of human engineering design criteria for hand
held control pendants' and HS/G 43, 1989 'Guidelines for industrnal robot safety’ sections 38-

50 teach pendant design). Instead, they provide general requirements for unambiguous
direction labelling and the compatibility of control actuation with 1ts corresponding robot
movement in accordance with user expectations. Surprisingly little research has been carried
out to experimentally evaluate motion control design and what little there 1s has provided
insufficient and sometimes contradictory data (Brantmark et al, 1982; Creed, 1987; Ghosh and
Lemay, 1985; Podgorski and Boleslawski, 1990; Rahimi and Azevedo, 1990). This 1s most
likely due to differences in their experimental design and analysis techmiques and as such their

results offer no route to coherent recommendations for motion control design.

Whilst the issue of teach pendant design variation is undoubtedly important for
performance reliability, 1t has been observed both during experimental evaluation (Creed, 1987;
Ghosh and Lemay, 1985) and on-site (M.Gray, 1984) that programmers sometimes make



errors because they are confused by unexpected reversals in the relationship between control
movement and robot motion. British guidelines suggest that such reversals are produced by
changes in human-robot orientation which adds to the complexity of the task beyond that of
adjusting to different control designs and recommend that "The operator must know where to

stand 1n relation to the robot in order to obtain the correct control orientation" (HS/G 43, 1989
para. 50). Indeed, in his experiment Creed (1987) showed that control performance was most
reliable when the operator was positioned in front of the robot. Moreover, at other orientations
performance reliability was influenced differently by the control design used. Unfortunately,
whilst the HS/G recommendation offers a solution to this particular finding, it is not generally
practicable that robot control programming should be confined to a single operator position as
this would defeat the object of the remote control facility. Furthermore, the observations of
Ghosh and Lemay (1985) suggest that motion reversals are not simply the result of changes in
human-robot orientation but may also be produced by certain configurations of the robot arm.
However, neither they nor other researchers have examined this issue in more detail and yet it

would seem that this data would provide important information for control design

recommendations.

1.2 Research aims

The research work so far carried out relevant to robot teach pendant design and usability
has been somewhat superficial. Several studies have described the physical variations between
different designs and yet no-one has questioned whether or not alternative control designs
share the same functions. This has important implications for the feasibility of standardisation.
The first aim of this research was to address this 1ssue, specifically to examine the task of robot
motion control using alternative teach control designs and to determine how similar their
functions are.

The experimental assessments of control usability previously reported are far too general,
encompassing numerous variables within the control task. As such their results are difficult to
collate or even to compare, and are therefore of little use for design guidelines. Part of the

reason for this is that the control task is influenced by many factors which have not been



considered in previous research. These factors, such as human-robot orientation and robot
arm-configuration give, rise to motion reversals which may not be anticipated by the operator.

The second aim of this research was to explore these factors in detail and to determine the

conditions of moton reversal.

It, as stated in the British guidelines (HS/G 43, 1989), such factors add complexity to the
control task, 1t would be expected that control performance would be less accurate under
conditions of motion reversal. The third aim of the study was to experimentally evaluate

control performance under such conditions, and to compare the effect of alternative control
designs on performance of the robot motion control task.

It was hoped that the results of this work might lead to a thorough understanding of the

factors which influence performance reliability, from which suitable recommendations for

control design could be made.

In summary then, the aims of the research reported here were to:
1. Fully explore the task of robot-motion-control using a teach pendant.
2. Identify factors which may influence performance reliability in such a task.

3. Assess the effects of these factors on performance using different teach pendants.

1.3 Organisation of thesis

Thus thesis 1s divided into eight chapters. In chapter 2 a literature review is presented
which has been split into two main sections. First, a general review of industrial robots, their
applications and safety issues is presented. This is followed by a detailed review of teach
pendants and of the research work carried out 1n this area from which the research objectives
are derived. Chapter 3 outlines the principles of robot motion control, thus a description of
robot types, modes of programming and types of motion 1s given. Also a detailed description
of two teach pendant designs 1s presented to demonstrate how teach pendants are used to
achieve robot movement and the consequences of design variations for control selection. In
chapter 4 the robot motion control task is examined with particular reference to the sequence of

decisions and actions that are required. Consideration of the human operator as information



processor led to the development of a framework of the control task which illustrates how the

factors of interest may influence performance reliability. Chapter 5 outlines the experimental
methodology and a full description of the experimental equipment is given. In chapter 6 all the
experimental work 1s presented, together with the results and discussion of each of its stages.

A discussion of the experimental findings and their implications for the control task and teach

pendant usability 1s given in chapter 7. Finally, chapter 8 presents the conclusions of this

research and suggestions for further work.
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CHAPTER 2 - LITERATURE REVIEW

2.0 Introduction

It 1s apparent that there is a need to examine safety and performance reliability issues in
robot teach control programming; therefore it is convenient to divide the literature review
chapter into two main sections. For background information, the first section provides a
general review of industrial robotics, their impact and applications and the safety issues which
arise. The second section then examines the robot teach control process and research work

carried out 1n this area.

2.1 Robots in Industry

2.1.1 Definition
The first industnal robot was developed by George Devol and promoted by Joseph

Engelberger who founded Unimation Inc. (USA) 1n 1961. The robot was patented as a

reprogrammable manipulator and was designed to perform "simple but heavy and distasteful

tasks in industry” (Engelberger, 1985, p.3). Since then, the term "robot"” has taken on many

connotations from being any automated machine to the more 'humanoid' mechanical beings

portrayed in science fiction novels (Asimov, 1967).

The definition of an industrial robot that 1s most universally accepted today is that
developed by the Robotics Industries Association, USA . A robot is defined as “... a
reprogrammable, multifunctional manipulator designed to move material, parts, tools or

specialised devices through various programmed motions for the performance of a variety of
tasks” (ANSI, 1986, p.6).



The Japanese, however, provide a different defimtion. Theirs encompasses a much wider

range of machinery which includes non-programmable machines such as fixed-sequence
devices and manual manipulators such as automated guided vehicles (AGV's) which are not
regarded as robots according to the ANSI definition (JISHA, 1985). This has produced a
degree of debate and contention, particularly where comparisons of robot numbers in use are
concerned (Yamashita, 1985). For this reason the International Federation of Robotics (IFR)

1s currently intending to standardise robot definitions as well as data collection methods (Rook,
1990).

Taking the ANSI definition as standard, a robot can be distinguished from other automated
systems and traditional machinery on two main aspects;
(1) It is reprogrammable which means that it 1s not dedicated to a single task but is able to
perform many different tasks. For example, where product models may change frequently, as

in the automotive industry, it 1s generally less costly to reprogram a robot than to rework or

purchase additional hard automation (Korein and Ish-Shalom, 1987).

(i1) It is flexible 1in its range and type of movement which allows a wide range of applications

such as spray painting, assembly, materials handling etc.

2.1.2 Why use robots?

The first application of an industrial robot was the loading and unloading of material from a
die casting machine in a General Motors Plant in 1961. Meyer (1985) states that many of the
early robot applications took place in such areas, where a high degree of hazard or discomfort
to humans existed; examples being materials handling, foundry operations or welding. Here
the benefits were immediately apparent. They could relieve the human operator of hazardous
tasks where posture problems (e.g. lifting and handling tasks) and exposure to harmful

substances or conditions occur such as when working with poisonous fumes, molten metal or

UV radiation (Parsons, 198)5).
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Today, however, the decision to introduce robotics to an industrial process is based as
much on the economic advantages, resulting from improved quality, increased productivity and
reduced costs, as on the removal of human labour from hazardous or unpleasant work
(Foulkes and Hirsch, 1984). In fact, the economic criteria can sometimes far outweigh any

other for introducing robot technology into the workplace (Engelberger, 1980).

2.1.3 Robot numbers

By far the largest user of industrial robots 1s Japan, currently holding 68% of the world
population with 176,000 robots (IFR, 1989). This figure only includes machines defined as
robots according to the ANSI defimtion whereas numbers quoted in Japanese publications are
considerably higher. For example, one set of figures published by the Japanese Industrial
Robot Association (JIRA) 1n 1985 claimed that 206,000 robots were in use in Japan (Rook,
1987). According to the IFR figures, however, this number has not yet been reached (Rook,
1990). The next largest single country user 1s the USA holding a 13% share (32,000 robots),
whilst European countries account for the remaining 19% (48,207 robots). Table 2.1 shows
the number of industrial robots in use for each of the main user countries in the years 1981 and
1988. Prior to 1981 there were no coherent figures published. During this seven year period,
there has been an approximate seven-fold increase in the world population of industnal robots,
although the rate of increase has not been constant. Between 1982 and 1985 the rate of
increase was approximately 42% but this fell dramatically in 1986 to 25% and was even lower
In subsequent years.

It can be seen from Table 2.1 that the UK is a relatively small user of industrial robots with
only 2% (5,034) of the world population. This figure falls far short of the predicted 12,500 by
1990, according to a Department of Industry survey carried out in 1980 (Ingersoll, 1980).
This is because the rate of increase in the UK has been much lower than the average expected
value of 30% per year (Engelberger, 1980), at about 17% per year since 1987. According to
the press, this has been due to investment cutbacks and the removal of Government subsidies
(Guardian, 1986).

The distribution of robots in UK industry applications is shown in Figure 2.1. It can be
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Table 2.1 Number of industrial robots in use worldwide in 1981 and 1988

Japan* 21,000

* only includes ANSI definition of robots

** 1ncludes other countries
Source: IFR (1989)

Figure 2.1 Number of robots used for a range of applications in UK

industry (1989)
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seen that the largest area of application is welding and the largest single application is injection
moulding. Moreover, robots in other applications appear to be very much fewer in number.
This trend is in contrast with other EEC countries which have a more even spread of robot
applications. However, it is forecast that the injection of foreign investment into UK industries
and the increase of overseas-control of automotive plants in the UK, by companies who are
keen users of advanced automation, could alter these trends and boost robot application in the

UK (Rook, 1990).

2.1.4 Applications

The economic benefits that robots offer has led to their introduction to many types of
industrial applications, some of which have already been mentioned. These are usually
grouped into seven categories as follows; material handling, machine loading and unloading,
welding, machining, spraying, assembly and inspection (Groover and Zimmers, 1984; Meyer,
1985). Table 2.2 shows some typical examples of industrial applications of robots 1n each
category (adapted from Meyer, 1985, p.809) and Table 2.3 indicates the primary benefits
achieved for robotising each category (also from Meyer, 1985, p.810).

Material handlin

For many industries this application has been considered to be the primary function of a
robot. It utilises the basic capability of transporting objects from one location to another (i.e.
'pick-and-place' tasks). The objects carried may be of a variety of sizes and weights ranging
from small gear components to car body panels. White and Apple (1985) state that in 1983
more than 50% of the robots installed in the United States were performing material handling

tasks. Examples of robot material handling tasks include; transfer of parts from one conveyor

to another, transfer of parts from a processing line to a conveyor, or palletising parts and

loading.
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Table 2.2 Examples of industrial robot applications

Manufacturing Robot applications
operation

- moving parts from warehouse to machines
- stacking enqgine parts

Material handling - transter of auto pans from machine to

overhead convevyor

- bottle loadinc

- transtfer of glass from rack to cutting line
- loading auto parts for grinding

- loading auto components into test machines
Machine - loading gears into CNC lathes

loading/unloading - loading hot form presses

- loading a punch press

- loading die cast machine

- painting of aircraft parts on automated line

- painting of underside of agricultural equipment

Spray painting - application of prime coat to truck cabs

- application of thermal material to rockets

- painting of appliance components

- spot welding of auto b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>