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SUMMARY

In this paper a procedure is proposed for a rational and
optimum use of robots. It is the result of the lessons learned
by the author in the course of his consultancy and teaching
activities on manipulative tasks and programming capabil-
ities of robots.

One of the chief aims of this paper is educational, and has
been set on the basis of students’ practice with robots in the
Laboratory of Robotics at the University of Cassino, Italy. A
second goa consists in highlighting and teaching how
robots versatility and flexibility can be easily exploited
during robot’s operation when a task is properly modelled
through elementary actions. An elementary action, repre-
senting a small manipulative operation and consisting in one
or few simple instructions given in robot language, can be
easily performed by the robot’s programming capability.
Some examples have been reported to better illustrate the
ideas and the procedure proposed, whose main advantage,
also from an educational viewpoint, consist in providing a
simpler method for analysing manipulations for robot
design and programming.

KEYWORDS: Robot programming; Manipulation analysis; Ele-
mentary action.

1. INTRODUCTION

Nowadays robots are widely used, particularly in dangerous
and repetitive industrial processes and also for their
economic convenience in manufacturing and assembly
operations. However, industrial robots are generally con-
sidered to be the most complex systems in the field of
automation, so that their use is usualy restricted to
applications requiring users with high level education and
continuous training.

This paper reports an attempt to develop a teaching
approach for a simple training of robot users based on the
fact that the versatility and programming capabilities of a
robot can be considered in a complementary light with a
view to propose a simple procedure to analyse and program
any manipulative task for industrial robots.

This paper’s educational aim has been set on the basis on
observations made on students practice with robots in the
Laboratory of Robotics at the University of Cassino, Italy; it
has also been achieved by using simple and basic assertions
with a view to develop a methodology which can be
understood and applied by practical engineers, who usually
only run robotic systems and are not used to perform
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analysis of manipulation operations and robot program-
ming.

The key idea proposed in this paper is based on the
concept of elementary action, defined as the smallest
operation corresponding to the simplest robot action
requiring one or few program instructions. By breaking
down a manipulative task into a sequence of elementary
actions it is possible to deduce flexible programming both
with clear manipulative items and program instructions.

Analysis procedures for manipul ation such as assembling
operations and the related simulations usually result in
suitable programming after the sequence of manipulative
tasks has been trandated into robot language through
specific computer packages or by specialised operators.
There are some extremely sophisticated computer packages
as for example GRASP by BY G Systems Ltd.

In general, the problem of manipulation planning cannot
be formulated in an anaytical form since rules and
congtraints, also of a heuristic nature, are often impossible
to express by simple formulas. Several specific and
advanced techniques are available both in the literature and
commercial market for off-line robot programming: for
example, assembly sequence has been planned by using
CAD-CAM systems to evaluate and simulate the capabil-
ities and behaviour of robots during operation,*? or to
model and design an object-oriented robot programming;®
by using suitable graphs which can be optimised by means
of genetic or fuzzy logic agorithms*® or by using
algorithms which are based on Petri nets, like in reference
6.5

In addition, for practical reasons, great attention has been
paid to a smple and effective way of teaching robot
programming as is also indicated in reference 7 in which a
Computer Assisted Learning method for robot programming
has been proposed with its attribute of simplicity.

The educational theme of this paper aims at answering
the need that has emerged in the teaching of robotics and
robot programming basics for simple and clearly under-
standable methods for manipulation analysis. The simple
methodology proposed has been and can be useful aso in
industrial applications because it enables industrial manag-
ers to understand how to improve robotized workcells
productivity and/or efficiency by using procedures with
easy physical interpretations.

The author's experience in the field of teaching and
consulting has been reported in this paper with a view to
better explain the proposed procedure and the advantages of
using it. Particularly, comments have been reported to


https://doi.org/10.1017/S0263574799001745

530

highlight the procedure’s simplicity and practical feasibility,
also supported by a numerical evauation of actua
efficiency.

MANIPULATION AND ROBOT REQUIREMENTS

A robot has been defined by 1SO as a versatile and re-
programmable device capable of performing a variety of
manipulative tasks. Some other definitions with small
conceptual differences have been proposed as is the case
with IFToMM, defining a robot as a,° “mechanical system
under automation control that performs operations such as
handling and locomotion”. On the other hand, manipulation
can be thought of as “controlled movement of object” .

However, it is commonly accepted that the basic
properties for an automatic machine to be considered a
robot are mechanical versatility and programming flexibil-
ity, as for example in references 9, 10. These features must
both belong to a robot, otherwise a device with mechanical
versatility only is a manipulator, and a machine with
programming flexibility only is an automatic device. Thus,
for example, a CNC lathe may be very sophisticated
electronically and be a very flexible machining device,
however it can never be considered a robot since it has no
mechanical versatility to perform operations other than
turning. By the same token, a mechanical manipulator
capable of performing several kinds of movements cannot
be considered a robot unless it is equipped with the electric
and electronic devices needed for programming capabilities.
Indeed, mechanical versatility consists in a machine's
capability to perform different manipulative tasks thanks to
the properties of its mechanical structure and in particular
because of the kinematic chain. Therefore, versdtility
depends on mechanical design and structure and it can be
modified only with structural or dimensiona changes. In
particular from a technological viewpoint, versatility is
strongly related to the Mechanics and Mechanical Engineer-
ing of the manipulator structure.

On the other hand, programming flexibility consistsin the
capability to perform different manipulative tasks thanks to
the properties of the programming language used, and is
particularly the result of instructions and sequence updating.
Hence, from a user viewpoint flexibility depends on
software capability, whereas from a designer viewpoint it
depends on hardware capacity.

Following the aforementioned considerations, versatility
and flexibility in arobot are complementary in the sense that
the main advantages of one aspect can be fully exploited
only when the other has been properly designed and used.

Therefore, for arational and optimum use of a robot the
basic problem lies in how to exploit a robot's two
fundamental features in a complementary and simultaneous

way.

A PROCEDURE FOR MANIPULATION ANALYSIS

A key issue for an optimum use of robotsliesin the fact that
a robot should be introduced to a user by stressing that
versatility and flexibility are equally important: too much
attention on one of the two aspects only may give the wrong
impresson and lead a user to think that one aspect
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predominates and that it may solve any deficiency dueto the
other one.

Therefore, from an educational perspective, the best
approach consists in imparting knowledge separately on the
mani pul ative process to be performed and on the robot to be
used.

Thus, it was found convenient to study manipulative tasks
without any reference to any particular robot in order to
determine manipulation requirements independently from
the limits of a specific robot. By the same token, a robot’s
capabilities can be conveniently learned in terms of
programming facilities and mechanical capabilities with no
reference to specific applications, which may reduce the
interest for overall capabilities.

At this stage the problem of matching the results of
learning activities and analysis arises, consisting in finding
a feasible way to make the robot perform a given
manipulative task with the required flexibility and versatil-
ity. Thus, thisway auser can gain an insight into how to use
rationally a given robot for a given manipulation, and
particularly into how to further improve with minor
adjustments the robot’s operation or industrial process in
terms of productivity, efficiency or changes in manufactur-
ing production.

In Fig. 1 the aforementioned considerations have been
trandated into a practical procedure used by the author for
students’ practice with robots within a university course at
the Laboratory of Robotics in Cassino. Fig. 1 indicates the
steps required to analyse a manipulative task in order to
identify a specific robot and operate it through a suitable
programming which can be verified for flexibility and
versatility optimum performances. In particular, according
to item one of the flowchart in Fig. 1 a given process has to
be analysed in terms of manipulative operations, even
mimicking human actions in order to establish rigorously
what manipulations are required.

Then, the environment should be studied or designed to
identify obstacles and constraints on manipulation. This
may yield a geometric and kinematic model of the
environment the robot will work in. At this stage students-
users are encouraged to think in a more abstract way in the
sense that the process should be studied with no reference to
a predetermined automated or robotized solution.

According to the next item in the flowchart, process
operations have to be identified as proper manipulative
actions, i.e. movements of objects including tools and
subsidiary machines. This can aso be done by drawing
sketches for the robotized lay-out to identify manipulative
tasks. This modelling activity, even through drawing
sketches, will help check both manipulation and robot
performances.

The next two steps deal with a more detailed manipula-
tion analysis with the aim to identify elementary actions and
qualify their nature and timing. In the next section this
analysisis discussed in greater detail since it constitutes the
core of the procedure and the main novel contribution of this
paper.

Once the manipulation entities have been identified and
portioned, it has to be established whether the robots
capabilities are suitable for the operation’s purpose. In this
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Fig. 1. A procedure for manipulation analysis and robot programming.
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item robot performances are verified with respect to the
given manipulation. This step can be useful either to check
operation feasibility of a given robot or to select a better
robotized solution. In Fig. 1 a first adjustment of previous
steps is required following an unsatisfactory response, i.e.
when the given robot or the feasible robot cannot comply
properly with the previously obtained manipulation

robot

—

Manipulation analysis

sequence. Adjustments may consist in rethinking the
modelling of the manipulative tasks by changing aso
elementary actions and/or the design of the elementary
actions sequence.

Theitem “modify to adjust” can be developed at different
levels of detail and it may describe and include specific
algorithms to obtain optimum solutions for each specific

belt conveyor

round
conveyor

o>

Fig. 2. Anillustrative example of the application of the proposed manipulation analysisin students' practice with PUMAB562 robot2: (a)

an analysis of the environment; (b) the practising layout.
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Fig. 3. Results from a manipulation analysis and robot programming for the case of Fig.2: (@) a model of the manipulative trajectory;
(b) logic flowchart of elementary actions; (c) an evaluation of elementary actions.

problem. A manipulation analysis is a complex task and it
includes severa difficult problems that can be solved
separately with suitable techniques within a common frame,
so that constraints on one aspect can be the result of another
one and vice versa. In this sense each main block in the Fig.
1 procedure is completed by the item “modify to adjust”
which is connected to. In addition this item specifies how to
obtain the modifications which are usualy evaluated by
means of sophisticated algorithms for any specific problem.
In this paper we do not make use of these algorithms since
we want to focus on manipulation anaysis for teaching
purposes. Therefore, at afirst level of analysis this approach
can be conveniently thought as of an empirical nature.
However, the item “modify to adjust” encompasses a series
of elements, such as considerations, computations and
evaluations, which are useful to provide better solutions for
a problem that has not been considered or solved in a
feasible or acceptable way.

However, it is worth pointing out that to solve difficult
problems suitable techniques and procedures are available
in the literature, such as robotized workcell lay-out design,
choice and optimal placement of an appropriate robot,
optimal planning for robot trajectory and object assembling.
Therefore, the proposed manipulation analysis can also be
considered as a common frame capable of grouping these
different problems and consequently connect their partial
solutions and constraints within a unique problem solving
approach.

Once the robot is considered feasible because its
versatility matches the manipulation reguirements, a pro-
gramming design for a flexible solution is started by
developing alogic flowchart for programming instructions.
In my experience, the flowchart has proved to be very useful
in teaching since students have had a better response
(quicker and easier) in adjusting the programming when
later changes in the manipulative process are required. This
is true, indeed, for any software design: in a software
program a flowchart may be of great help for future
updating of instructions, and also helps susequent users
understand. Furthermore, this way a user obtains a program-
ming solution which is not yet directed to a given robot,
because it is not oriented to a given programming language.
Indeed, the logic flowchart can be used to program
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manipulations in several different robot languages. This
obviously means that the flowchart is independent of the
robot choice.

The next step consistsin generating alist of programming
instructions for a given robot with the instructions of agiven
programming language, which requires knowledge of
instructions syntax as well as the limits of robot movements
and performance.

According to the item “can the robot perform the
instructions?’ a first check on the feasibility of the
programming instructions sequence may require adjusting
the previous programming solutions.

Finally, the flexibility of the robotized solution can be
verified by introducing some changes in the manipulative
process. This will show whether the robot's versatility
alows it to operate properly with some further change.
Although this last item may not be necessary for a given
application, it is however of primary importance for an
optimum use of robots because it reveals how versatile and
flexible a designed robotized solution is.

The above mentioned checks can be performed by a
debugging process as well as by means of on-line practical
tests. Furthermore, for an optimum (versatile and flexible)
use of a robot, the validation items can aso suggest
adjustmentsin the robot structure or particularly in the robot
end-effector, so that gripper design™ can be included in the
analysis of the manipulation.

A MANIPULATION ANALY SIS FOR ROBOT
PROGRAMMING

A manipulation is a process performing “controlled move-
ments of object”.? To achieve maximum efficiency in robot
operation this process, which can be very complex, hasto be
analysed in depth by breaking down the manipulation into
manipulative elementary tasks — defined as the smallest
actions, and named elementary actions — to be performed
for object and robot movements. The object can be a
grasped object or the robot end-effector itself since the
manipulative goal may require intermediate and subsidiary
actions on the robot. Basicaly, in the first stage of a
manipulation analysis only the movements of the robot end-
effector or of the object have to be taken into account, with
no reference to robot capabilities nor to human mimic,
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athough this last comparison may help to understand the
complexity or simplicity of the manipulative task. In
practice this can be achieved by looking at the movements
of arigid body representing either a grasped object or the
robot end-effector.

The identification of the elementary actions performed
for the rigid body of the reference object to be manipulated,
provides a useful tool to break down the manipulative
process.

A first result may consist in an easy evauation of the
number of degrees of freedom required to perform the
process. This constitutes a basic criterion for choosing the
appropriate robot or a class of robots for a given
mani pul ation.

At this stage a schematic drawing of the object's
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fundamental positions and configurations is particularly
useful. This alows the working area and the mechanical
versatility of arobot to be easily determined thus helping in
rationally choosing the appropriate robot.

Once the process has been anaysed in terms of
elementary actions, the robotized portion can be selected
and afurther analysis may be of help in carrying out flexible
programming as Fig. 1 illustrates.

The elementary actions to be performed by arobot can be
conveniently identified and classified as transport, move-
ment, passive pause, active pause. A transport elementary
action T can be defined as a robot motion performing a
movement of the object which is transported from one
position to another. A movement elementary action M can
be defined as a robot motion performing a change of the

Fig. 4. Anillustrative example of the application of the proposed manipulation analysis in an industria kinescope manufacturing™: (a)
an analysis model of the robotized workcell; (b) ASEA IRB60 robot manipulating a kinescope. (Courtesy of Videocolor Ltd).
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manipulator configuration to obtain a movement of the
robot end-effector, when this is not considered the primary
object to be manipulated in the process. A pause can be
considered an elementary action of the robotic system
during which no movements are performed but some other
activities are undergoing. A passive pause P can be
considered when no activity is performed and the robot is
waiting to start again. The robot isin a state of active pause
A when it is not moving but is operating through its
equipment (sensors, control, programming unit, power
supply).

Once al elementary actions have been identified and
classified, they can be organised or re-organised for a

loading

= conveyor

Manipulation analysis

suitable manipulation sequence also by grouping them in
some set of actions, which may perform a well identified
sub task. This can be useful if parts of this sub task are
repeated within the process.

Subsequently, a user can generate the programming list
by considering that each elementary action may correspond
to one or few instructions. The logic flowchart can be of
great help for future adjustment/improvement of the robot
operation also with respect to changes in the programmed
manipulation, since it alows to easily identify the instruc-
tions or the set of instructions to be modified or changed.

For an optimum use of arobot a numerical evaluation of
the performed manipulation can be obtained by recording

Elementary actions ref. T M A P time
robot points [sec]
waits to start A—A « 005
approaches loading conveyor A—B . 1.0
activates suction cup end-effector B—B o e 0.1—0.5
departs from loading conveyor B—C 1.0
departs from loading station C—D 1.0
goes through waiting point D—D « 005
approaches the unloading station D—E « 12
approaches the unloading plane E—F 13
deposits the kinescope F—F . 0.2
dearts from the unloading plane FG . 0.7
goes to the starting point G—A . 20

(©

Fig. 5. Results from a manipulation analysis and robot programme for the case of Fig. 4: (a) a model for the present manipulation of a
kinescope; (b) amodel of the manipulative trgjectory; (c) an evaluation of elementary actions of the robot operation.
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Fig. 6. Anillustrative example of the application of the proposed manipulation analysis in the operation of a biped walking robot,™: (a)
akinematic model for the leg mechanism; (b) the prototype EP-WAR built at the Laboratory of Robotics in Cassino®.
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the operation time for each elementary action. This gives an
assesment of the robot operation and a tool to identify
possible optimisation with respect to productivity and
mani pulation changes.

Indeed, several other criteria have been proposed in the
literature and are aso currently used to optimise, for
example, energy consumption, actuator torques, velocity
and acceleration values, and operation cost. Only cycletime
has been used in this paper since it is of evident
interpretation and interests for a practical synthetic evalua-

Manipulation analysis

tion.

Some examples have been reported in the next section to
illustrate in detail the application of the proposed ideas and
the feasibility of the proposed manipulation analysis.

SOME EXPERIENCESAND ILLUSTRATIVE
EXAMPLES

The proposed procedure for manipulation analysis and robot
programming has been used by students with a PUMA562
and a Scorbot ER-V plus robot at the Laboratory of Robotics

(a)

. Legs at START position

with ground contact at (a)

Left foot turns and moves

from (b) to (¢)

Motion performed

Left leg moves from

(c) to (d)

Motion performed

Ground contact changes

from (a) to (d)

Ground contact changed

Right foot turns from

(a) to (e)

Right leg moves from

(e) to (f)

Motion performed

Ground contact changes

from (d) to (f)

Rotation < 04

Rotation = 0l

Ground contact changed

(Legs at START position)

(b)

Fig. 7. Continued.
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Elementary actions M A P time M A P eementary actions

left leg [sec.] right leg
waits . 0.1 . starts suction cups
turns foot . 0.2 . starts suction cups
moves to A’ . 0.2 . starts suction cups
movesto A" . 0.5 . starts suction cups
starts suction cups . 0.1 . starts suction cups
starts suction cups . 0.1 o . stops suction cups
starts suction cups . 0.2 . turns the foot
starts suction cups . 0.5 . moves the foot to B’
starts suction cups . 0.1 . starts suction cups
stops suction cups o e 0.1 o e waits

(©

Fig. 7. Results from a manipulation analysis and robot programming for the case of Fig.6: (a) a model for the manipulative turning
trajectory of biped walking; (b) alogic flowchart for a modular programming; (c) an evaluation of elementary actions performing a turn

while walking.

at the University of Cassino since 1994. Figures 2 and 3
illustrate a students' practice simulating an industrial
process concerning the immersion of a ceramic plate into a
recipient with crystalline fluid as a final step of a plate
production.*?

Particularly, following the procedure of Fig. 1, once the
manipulation task has been identified by referring to a
current manual operation, a robotized workcell has been
designed. The environment has been specified as the
robotized workcell of Fig. 2 (a), where a robot has been
located in a central position with respect to a round feeder,
the crystalline tank and an unloading belt conveyor.

After the manipulation task has been identified with
respect to manual operation (Fig. 1), a robotized workcell
has been designed and its environment specified as is the
case with the robotized workcell of Fig. 2 (), where arobot
has been placed in a central position with respect to around
feeder, the fluid tank and an unloading belt conveyor.

The criterion for placing the robot in this position results
from the manipulation anaysis carried out, aiming at
optimising robot size and manipulative traectory through
empirical adjustments during laboratory experiments. In
this students' practice optimal trgjectory planning has not
been set on the basis of a specific analytical formulation but
it has been estimated by only taking into account the robot
movements in a general way. The practising layout at the
Laboratory of Roboticsin Cassino is shown in Fig. 2 (b), in
which a PUMA robot has been used because of its six d.o.f.
(degree of freedom) which have been computed as needed
to perform the prescribed actions. The manipulation analy-
sis has been carried out according to the procedure of Fig.
1 and the results have been reported in Fig. 3. Fig. 3a) shows
amodel for the manipulative actions in which the reference
points A, B, C referring to those of Fig. 2a) have been
indicated with the manipulative trajectory between them. In
particular, pointsA,, B;, and C, have been specified as those
reference points from which accurate motion of the robot
starts to final positions A, B, and C respectively.

Manipulations have been detailed in the form of elemen-
tary actions and the table of Fig. 3b shows a sequence of the
operations. Particularly the dripping motion at point B1 in
Fig. 3ahas been prescribed in the form illustrated in Fig. 3b
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after some experiences made following the item “modify to
adjust” of the procedure of Fig. 1 in order to ensure
appropriate draining and uniform distribution of the crystal-
line liquid on the plate's surface. Number N refers to the
number of plates in a production cycle and it can be
prescribed for continuous functioning. Two led checks have
been designed in the workcell to have the robot pause in
positions suitable both for the manufacturing process and
the robot. A first led gives information on free place in the
unloading conveyor and it controls a passive pause of the
robot. The second led sensor recognises the presence of a
place in the round feeder and gives the start signa to the
robot.

Fig. 3b lists elementary actions by grouping them in
appropriate operations which are afunction of one reference
point each so that programming flexibility depends on the
reference points co-ordinates only.

Finally, Fig. 3c reports a final evaluation of the experi-
enced practices carried out also in terms of operation
timings in which some elementary actions have been
grouped according to Fig. 3b. The nature of the elementary
actions have been indicated in table of Fig. 3c according to
the classification of the previous section as movement M,
transport T, active pause A and passive pause P. This has
been used to optimise both the manipulation and the
programming not only for cycle time. The time evaluation
can be very interesting since it gives a measurement of the
length of each action within the overal cycle; moreover, it
can be used to identify what operation can be conveniently
modified to improve productivity. Thus, from Fig. 3c it is
evident that the dripping operation can be easily speeded up,
albeit only within a given range ensuring proper draining.
The transport operations to B and C can also be speeded up
but in a different way since the last transportation to C
concerns a plate covered with crystalline and excessive
acceleration may alter the crystaline's distribution on the
plate.

The same procedure for manipulation analysis has been
used by the author and his co-workers for industrial
applications under research contracts.™ In particular, in this
paper we refer to a study of feasibility for productivity
improvements and reduction of robot failures in a kinescope
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manipulation at the Videocolor plant in Anagni.**

The robotized workcell is shown in Fig. 4, where
automated equipment includes a suitable conveyor for the
loading and a specific station for unloading. The robot is
positioned to pick up a kinescope from the conveyor and
carry it to the unloading station after rotating it 180 degrees.
In this case, following the procedure of Fig. 1 the operation
of the robot and overal workcell has been studied to
determine possible source of failures and optimise cycle
time by identifying which operations can be easily speeded
up. Thus, the required manipulation of a kinescope from a
loading position to the unloading station has been first
analysed with no reference to robotization by focusing on
object-kinescope locations, Fig. 5a, and the trajectory of the
robot end-effector, Fig. 5b. Therefore, the functioning of the
workcell has been analysed and the characteristic points A
to E have been determined in the manipulative trajectory of
a kinescope performed by the robot, Fig. 5a Similarly,
characteristic points a, b have been identified for the
operation of the loading conveyor and points f to | for the
operation of the unloading station and unloading belt. These
points have been considered and used as reference points
both for manipulation anaysis and robot programming. The
present robot programming has been revised by referring to
the manipulative trgjectory of Fig. 5b so that the elementary
actions of the robot have been identified. The functioning of
the workcell and the robot has been evaluated several times
during industrial production, also by video recordings, and
an average timing has been estimated for a regular working
as the one reported in Fig. 5¢c. The main results of this
manipulation analysis for an industrial application consist in
the fact that the robot’s better positioning in the workcell
and with respect to the loading and unloading locations will
improve both the efficiency of the robot and the productivity
of the workcell. In addition, from a manipulation viewpoint
it has been estimated that the use of the reference point D as
awaiting point for the robot manipulation can be a serious
source of robot failures because it requires the robot to start
with a critical motion owing to both the rotated position of
a kinescope and the robot configuration. The end-effector
trajectory has been analysed by taking into account the
movements of the robot as function of the manipulation
content and cycle time in the list of Fig. 5c, so that their
importance has been qualified and easily recognised with
the aim to improve productivity and decrease the critical
aspects of robot configurations.

The manipulation analysis procedure of Fig. 1 has also
been used in research design and in setting up a new biped
walking robot. In particular, the proposed procedure has
been applied to design electropneumatic actuation of the
walking robot and to devel op amodular programming of the
walking motion in anew biped robot built at the Laboratory
of Roboticsin Cassino.”

The manipulative task and the environment have been
prescribed as human-like walking on a smooth surface (asis
the casein industrial plants) to obtain the mechanical design
of a prototype named as EP-WAR,* illustrated in Fig. 6 by
the kinematic structure of a leg mechanism in Fig. 6a and
the built prototype in Fig. 6b. Figure 6a aso reports a
kinematic analysis of the working of aleg during walking.
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Thus, actuator actions P, and P, will move the pantograph
and the double parallelogram of aleg so that the foot will be
lifted and moved straight forward. Indeed, the motion of
point B is scaled with ratio 1:4 to motion of point A because
of the pantograph linkage. To perform forward motion of
the body, and make the biped robot walk, the two legs
actuators have to be co-ordinated: one leg — grasping the
terrain because of underfoot suction cups — pushes forward
the body and at the same time the other leg goes forward
according the scheme of Fig. 6a. This last movement is
modelled in Fig. 6a by considering the manipulation actions
and a similar sketch can be drawn for the pushing forward
the body.*>*°

In particular, manipulation analysis has been applied to
develop suitable programming for the action of walking in
the form of modules appropriate for straight and circular
paths, so that an easy combination of them can obtain any
path in the walking of the robot.”? First, the manipulative
trajectory has been modelled asin Fig. 7a where the robot’s
feet are depicted while performing awalking step sequence.
The segquence has been ordered from position (a) to (f) in the
figure. Analysis has yielded the logic flowchart of Fig. 7b
which has been successfully used for the development of a
Grafcet list of programming instructions of the PLC which
controlls the actuation. In this flowchart it is easy to
recognise elementary actions referring to the feet positions
of Fig. 7a. The experimental validation of both prototype
running and manipulation analysis procedure has been
successfully carried out by measuring walking performance
time, as shown in Fig. 7c. Currently, the walking movement
is slow, as stressed by the values of Fig. 7c; however, it can
be speeded up following the last items of the Fig. 1
procedure.

Figures 2 to 7 show the soundness and the feasibility of
the proposed manipulation analysis which has been success-
fully utilised in applications in the fields of teaching,
industrial manufacturing and research prototyping.

CONCLUSION

In order to achieve optimum operation in robots, the robotic
systems' versatility and flexibility have to be both exploited.
This may require an analysis of the manipulative process to
be carried out with no reference to the robot to be used.
These two aspects can be subsequently put together by
using the manipulative capability of a robot in terms of
mechanical versatility and programming flexibility through
amanipulation analysisin terms of elementary actions. This
paper presents an original procedure for manipulation
analysis based on the concept of elementary action.

The procedure has the advantage of being simple, and
therefore suitable for teaching, and yielding results compa:
rable to those which can be obtained with more
sophisticated procedures.

Some exampl es have been reported to better illustrate the
ideas and the feasibility of the proposed procedure by
stressing its simplicity and usefulness as a teaching tool.
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