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This paper shows that a programmable hypertext makes it easy to create a computer-based
learning environment for mechanical engineering. This allows students to navigate among
theoretical topics, industrial examples, and case studies, as well as to perform modelling and
simulation activities. The software organization is discussed. As an application, a kinematic
analysis of complex robot mechanisms is presented. Users can easily work with the environment,
and can also gain a deeper insight into several simulation aspects. Students’ reactions to this

approach are reported.

1. INTRODUCTION

THE teaching and learning of topics related to
innovative sectors of industrial engineering (e.g.
robot mechanics and mechatronics) is a complex
task in terms of content, methodologies, support
tools, and instructional strategies [1]. In traditional
education, the teacher’s approach consists mainly
of lectures for presenting theories, examples and
case studies, and of laboratory activities for which
students can use professional simulation packages.

Simulation is an important tool for both educa-
tion and design activities. However, despite the
availability of computing facilities, both hardware
and software, simulation for education and training
purposes in the field of engineering still presents
many problems |2, 3|. Several reasons can explain
this fact:

— much information on the physical, mathe-
matical, and algorithmic aspects of a problem
must be provided to students, due to the com-
plexity of the technology used in innovative
sectors;

— the often unfriendly user-interfaces of simu-
lation packages, and the high cost of high-
performance and well-interfaced packages;

— the need for software users to understand, at
a certain level, the point of view and the
mental model of the simulator developer in
order to perform a correct simulation;

— the difficulties with using programs that
resemble ‘black boxes’ and cause the user
(especially a novice) to make conceptual
errors;

— the fact that connections between a simulator
and other software facilities (e.g., facilities for
storing and retrieving results obtained for
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different models, and facilities for displaying
results in alternative ways, etc.) must be pro-
vided when more complex problems are to be
solved at a later stage of the educational
activity.

In order to teach robot mechanics in a more
effective way, we have planned a learning environ-
ment to reach three goals: to integrate lectures and
laboratory activities in a consistent way; to over-
come the drawbacks of industrial simulators; and
to offer users a platform in which they can be
actively involved. This choice offers the teacher a
framework within which he or she can develop and
carry out instructional strategies to attain specific
learning goals in a systematic way. On the other
hand, users may perform learning tasks in a more
transparent and autonomous way, arranging their
studying and working experiences according to
their individual characteristics and skilfulness.

The proposed learning environment exhibits
various features:

— possibility of browsing through different
knowledge spaces, such as machine theory,
industrial applications, case studies, and so
on;

— mathematical (kinematic) modelling of a
robot by a block-oriented and problem-
oriented approach;

— simulation facilities using alternative pro-
gramming systems and environments;

— numeric and graphic output, with animation;

— various problem-oriented interfaces;

— storing and retrieval of the user’s projects;

— interfacing with typical software tools, like
graphic generators.

Hypertext technology has been considered
appropriate to develop this learning environment.
In the past few years, hypertext capabilities in com-
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puter applications have been extensively investi-
gated, and a lot of implementations have been
developed [4-7] (e.g. electronic publishing, on-line
data bases, software engineering, on-line docu-
mentation, computer-assisted instruction, project
management, electronic mail, and user interfaces
with external devices). By contrast, little attention
has been devoted to the possibilities offered by this
new technology in the field of engineering simula-
tion and design [7-10]. We show that it is possible
to use a hypertext system to integrate different
educational activities in a consistent way. Hyper-
text is self-exploratory and requires a low cognitive
overhead, as the user can learn by doing.

To develop the learning environment, we
selected HyperCard. Using HyperCard termino-
logy, in this work the term ‘stack’ corresponds to a
hypertext document, and the term ‘card’ refers to a
page of a document that is displayed as a screen
view.

In Section 2 an example of using the learning
environment is illustrated to show the main
features of this approach as the student can see
them. Section 3 outlines the software organization.
In Section 4, students’ reactions are reported and
some remarks on the use of the software are made.

2. USE OF THE LEARNING
ENVIRONMENT

This section presents an example of the students’
interaction with the material provided by the pro-
posed hypertext environment. All user-program
interactions are mouse-driven.

Starting from a menu, the student displays a page
containing the sketch of a robot (anthropomor-
phic) structure and a short text (Fig. 1). The basic
functional structure of the robot is enhanced. The
text contains standard links (in bold characters) to

other pages that provide information related to the
current page. The student can decide to know
about this typical robot (by clicking the words
‘complete structure’ or ‘functional structure’), or to
address the more general problem of obtaining the
robot motion (‘displacement of a point’ or ‘rotation
of the plane’). For instance, by clicking the words
‘displacement of a point’, the student can activate a
link that displays the kinematic constraints used to
move a point in a plane and to give a spatial motion
to this plane (Fig. 2). From this page, the student
can go back to the original page, or go on via further
links. A click on the words ‘revolute’ or ‘prismatic’
allows the stiudent to have access to the cards that
contain information about mechanism theory. For
example, through the link ‘revolute’, the card in
Fig. 3 is shown, with basic theoretical information
about the revolute joint. Simple descriptions of the
physical and mathematical properties of this joint
are presented, and, by clicking the icon of the
magnifying lens, a list of Pascal procedures to
perform kinematic analysis can be seen. The same
information is further referenced by other hyper-
text documents (see below). Simple animation of
the pair motion is allowed.

As an alternative, a click on the words ‘regional
structures’ of the card in Fig. 2, makes a page
appear that contains commented sketches of all
typical regional structures of industrial robots
(Fig. 4). Exploded views of all bodies and joints of
each robot can then be obtained by clicking the
corresponding words. Figure 5 presents a page for
an anthropomorphic structure. For each structure
element, local reference frames are shown (and can
be hidden for better readability, if desired), using a
classical notation (HD references) adopted in
robot kinematics to describe the body geometry
and joint (driver) variables. Note that such views
are consistent with the joint definitions given in
Fig. 3. Typical values of the HD parameters (s, ¢,

7
a

REGIONAL STRUCTURE of an

INDUSTRIAL ROBOT with an (enhanced)
ANTHROPOMORPHIC FUNCTIONAL STRUCTURE.
Three mobile serial links (2, 3, 4) start
from frame 1. Three rotational joints
(kinematic pairs A, B, C) connect the links.
Two parallel pairs, B and C, allow the
displacement of a point Q of link 4,
relative to link 2, into a plane n
perpendicular to the pair axes. Pair A

allows the rotation of the plane = (and of
links 2, 3 and 4) on a vertical axis.

A spatial open chain R, R, R is realized,
whose mobility is n=6(m-1)-5*c1, where
m = No. of links = 4, c1 = No. of pairs = 3;
therefore, n = 3.

More: complete structure (anthr) and
functional structure (anthr).

Fig. 1. Structure of an industrial robot.
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GENERATION OF THE REGIONAL STRUCTURES OF INDUSTRIAL ROBOT ARMS

A point Q can be driven in a plane n by three different pair-and-link
arrangements, using two pairs (P-P, R-P, R-R) and three links (2, 3, 4)

i 3

n

-,b_D—
GilkS)

By serial compositions of these arrangements, typical
regional structures of industrial robots are obtained

Fig. 2. Constraints for robot motions.
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type matrix3x4 = array[1..3,1..4]
of real;
var t: matrix3x4; s, fi: real;
name: string2;
settrot(s,t);
trot(fi,t);
inputDHrot(name,t);

REVOLUTE PAIR: it is one of the lower
kinematic pairs: it allows the
relative rotation of two rigid bodies
with a common axis; in the figure a
reference system is connected to
each body; the z axes coincide with
the pair axis. The linear offset s is
constant; the angle ¢ between the x
axes of the references is the pair
variable (rotation).
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Fig. 3. Revolute pair.

a, y), corresponding to the positions of the bodies
displayed in the figure, are also given in this page.
After analyzing this hypertext page, the student
can begin a more complex and involving inter-
action with the material. He can use the system
facilities that help him create a mathematical model
of the robot, with dimensional data chosen by him.
This is done by clicking the button ‘entry data’.
Now a condensed representation is furnished for
each component (joint or link) of the robot (Fig. 6);
it includes an abstract sketch of any element and
fields for storing the dimensional robot para-
meters. Some of these parameters depend on the
anthropomorphic structure and cannot be varied
by the user (locked fields); other parameters are the
values of the robot dimensions that can be chosen
by the student. Three radio buttons are also pro-

vided for choosing a particular arrangement of the
robot’s terminal body by selecting one of the
options i, ii, iii in Fig. 5.

The button ‘create model’ allows the student to
create a new hypertext document containing a
mathematical model of the robot. This document
consists of a set of cards, one for each component
of the robot. For instance, Fig. 7 shows a page
corresponding to the third joint (J3) of the robot.
Here the hypertext capabilities are fully exploited:
in addition to a sketch and to two input-data fields
corresponding to those described above, this page
contains buttons for activating kinematic analysis
algorithms (lower-left corner) and fields for dis-
playing analysis results. Such buttons activate
algorithms that compute the coordinate trans-
formation matrices for this joint, using local data
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REGIONAL STRUCTURES OF INDUSTRIAL ROBOTS
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kinematic inversion.

displacement of a plain: two of them (1 and 1') Ji If_j—li L3

cylindrical pair. Structure (5) is realized through

G More: exploded view of each structure

J2

L1

Fig. 4. Regional structures of industrial robots.
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Fig. 5. Exploded view of a robot structure.

and all the necessary data derived from the com-
ponent to which the present one is connected.
Results of this computation (3 X 4 matrices) are
shown in the card fields. These matrices are com-
puted according to the definitions and algorithms
given in Fig. 3.

Once the hypertext cards corresponding to the
components of the robot model have been gener-
ated, a special card is also prepared (Fig. 8) that
contains a simple outline of the robot structure
(left) and a list of all pages (right). This card is a
document index; a click on any element of the
sketch, or on any row of the list, makes the pages
with the corresponding element appear (for
instance, clicking the round rectangle ‘J3’ makes
the card in Fig. 7 appear). Other special cards for
controlling the simulation run and the result

storage are automatically added to this text. For
instance, Fig. 9 presents a card that allows the
definition of the motion the robot joints must
provide during simulation. By using the fields and
buttons on these cards, the student can assign start-
ing, stepping and stopping values to the variables
for any robot joint; moreover, he or she can set
points and vectors connected to the robot, whose
positions he or she wants to be computed and
stored during the simulation. Then the model can
run in a completely automatic way.

The page in Fig. 8 allows the student to perform
more complex operations on the robot model. By
using menu-driven options (top line), the student
can define interactively any serial robot; then a new
document, corresponding to the robot model, is
automatically created. Specific cards can be
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Fig. 6. Scheme of the model of an anthropomorphic robot.
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Fig. 7. Model of a revolute pair.

accessed, data are inserted in the related fields, and
the simulation is performed, as in the previous case.
As shown in Fig. 1, the complete structures of
industrial robots are not always serial and can be
made of multiloop chains of links; an analysis of
such mechanisms requires more powerful simula-
tion facilities. In order to provide them, multiloop
mechanisms must also be defined and simulated by
the hypertext system. The way a student can access
and use these features is similar to that described
above. For instance, Fig. 10 shows a card for defin-
ing a planar multiloop mechanism and for manag-
ing its simulation. Graphic sketches of the positions
of the mechanism can be obtained (Fig. 11).
Finally, the student can ask for the robot struc-
ture to be converted into an explicit Pascal code for
kinematic analysis (using the ‘Pre-compile’ menu

option in Fig. 8). This code can be examined by the
student and exported into a Pascal-computer
environment; then, it is translated and linked to
Pascal libraries (students can have a look at the
Pascal procedures for each mechanical com-
ponent, as previously mentioned in describing
Fig. 3). Then, the simulation run starts, using both
the actual data provided by the hypertext cards and
the facilities of the Pascal environment.

3. SOFTWARE ORGANIZATION

The previous section has shown that two differ-
ent modalities of using the hypertext system can be
adopted. The first corresponds to the standard
application of a hypertext, using navigation links
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Fig. 8. Manager of the robot model generator.
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Fig. 9. Drivers of a robot.

between its cards. Each card makes reference to a
short topic related to mechanism theory (e.g.
Fig. 3), or to a specific practical example (e.g.
Fig. 1).

The second modality is based on a more inno-
vative idea: all the model entities (i.e. elements of
the physical model, data structures, and algo-
rithms) are associated with abstract objects [8]. A
set of standard cards is prepared for each type of
physical robot entity (e.g. joint, link, point, etc.; see
an example in Fig. 7). Each card contains fields
corresponding to I/O data structures required to
simulate that entity, and buttons corresponding to
simulation algorithms. Other buttons allow
dynamic navigation among the cards when a
specific model has been generated. The model of an
actual robot is created by choosing from the

standard set (through copy-and-paste operations)
the correct sequence of pages that corresponds to
the robot structure. The page sequence can be
created by performing menu-driven interactive
operations (via the menu bar at the top of Fig. 8, or
the icon button in Fig. 10), or in a predefined auto-
matic way (for instance, starting from the page in
Fig. 6).In both cases, for the students’ convenience,
each card contains names corresponding to the
actual physical object it represents. For instance,
the page for the third joint of any robot (Fig. 7)
presents the correct names of the object itself and
of the body the object is connected to. Moreover,
the names of transformation matrices and of other
output data are written above their data fields, and
are automatically made to correspond to correct
HD reference systems (see also Fig. 5).
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Fig. 11. Sketch of a planar mechanism.

Kinematic simulation is performed in the follow-
ing way: a special card (e.g. Fig. 8) sends to the
cards that correspond to the robot model (e.g.
Fig. 7) a sequence of messages to trigger the
buttons that activate the simulation algorithms (e.g.
the button ‘all transformations’ in Fig. 7).

A simplified scheme of the software organization
to deal with both modalities is shown in Fig. 12.
The core of this organization consists of three
hypertext documents: master objects, model gener-
ators, and instances.

The master objects visible on the left side of
Fig. 12 correspond to the components that are
used to define a mechanism; they constitute a docu-
ment that is prepared, once for all, by the system
developers, and, usually it is not modified. The
enhanced box in the figure represents the model

generators. A model generator is a special hyper-
text that is accessed by the user to create the model
of an actual mechanism and to manage the simula-
tion run. Its basic function is to create the user-
defined hypertext that contains the actual
mechanism model as a sequence of instances of
master objects. Up to now, 2 generators, 1 for
planar closed-chain mechanisms and the other for
serial spatial robot arms, have been developed. For
example, Fig. 8 is the most important card of a
model generator for robots and provides the basic
interface between the user and the generator; Fig. 7
is an instance of a master object: obviously, in the
master object all data fields are empty and refer-
ence systems are still undefined.

The choice for the input data in Fig. 7 to be used
for a simulation (e.g. ¢ and s) is consistent with
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Fig. 12. Software organization:-

classic methods of kinematic analysis of spatial
mechanisms; such data are suitable for an operator
trained in robot kinematics but may be difficult for
an untrained user. However, a hypertext system
makes it easy to provide a higher-level interface to
help the user with data entry. To this end, a docu-
ment acting as a preprocessor can be realized to
allow the user to define the data for typical robot
structures in an appropriate way. This is presented
in Fig. 12 by the box ‘problem oriented interfaces’;
examples are given in Figs 5 and 6.

The ‘application generators’ (Fig. 12) are other
hypertext documents used to create special
application documents. They invoke the model
generators to manage a specific mechanism model,
and build documents with application-oriented
cards. For instance, a generator of trajectory
atlases for mechanisms has been implemented. The
user can access the atlas generator and define the
range of the mechanism dimensions to be varied.
Then, an atlas is automatically created by sending
appropriate messages to the model generator and

by storing its graphic results. When a specific atlas
document has been created, the hypertext capabil-
ities are used to perform an interactive nonlinear
navigation through it. For instance, Fig. 13 shows a
page of an atlas of trajectories for 4-bar linkages
that has been generated in this way. Each card con-
tains navigation buttons that allow the user to
display other atlas pages in increasing or decreas-
ing order of the variations in each dimensional
parameter (a, b, etc.).

In a similar way, new documents containing
cards with sketches of mechanisms in different
positions can be generated and retrieved, thus
allowing an animation effect.

The consistency of all these different documents
in the proposed hypertext environment makes it
easy to connect them and to make them work
together. In any case, all generated documents
(models, atlases, mechanism libraries, etc.) can be
examined, copied, pasted, modified, and improved
by users.

It should be noted that many interesting features

a b
[0.47 ][0.945

§
]Meg _J[.5708 ]

n@ Change: La_’ILanJ'—l ujm:“_c-_]Ldeltaﬂ Ueltaq

Fig. 13. Page of an atlas of mechanism trajectories.
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of a standard computer simulation package (e.g.
run velocity, 3D graphics, mathematical routines,
optimization algorithms, etc.) are not provided by a
typical hypertext. On the other hand, to develop
them may turn out to be impractical. Therefore, itis
useful to integrate the hypertext environment and
other programming environments, also to focus the
students’ attention on more powerful and profes-
sional simulation methods. Such a possibility has
been shown in Section 2 for a Pascal environment.
Figure 14 presents the user’s interactions with the
mechanism model generator (in the hypertext
environment) and the compiler (in the Pascal
environment). In this way, the best features of both
environments can be exploited.

4. REMARKS AND USERS’ REACTIONS

We think that simplicity of use and consistency
among different documents are of great import-
ance for educational applications. Such features
have been achieved by defining some basic ‘styles’
for managing the documents: opening, closing, and
resuming actions have particular visual effects;
only the data fields strictly necessary at a given
stage are displayed and have context-dependent
labels, and so on. Some styles have also been
created to represent the active elements of the
hypertext: any boldface piece of text corresponds
to a navigation button, or starts an action described
by the text itself; fields for input data are accessed
by tabs or by mouse; fields for output data are
locked, and so on. Moreover, the goal of maintain-
ing similar graphic representations of the same
object in different documents has been attained.
Finally, typical features of computer-aided pro-
grams, including pull-down menu, file manage-
ment, graphic animation, windows, and hard-copy
capabilities, are provided.

As ahypertext system is open, it is an easy task to
implement new document generators that make it
possible to generate, in an automatic way, addi-

tional problem-oriented applications, using the
existing simulators. For instance, the document
containing an archive of mechanism designs can be
obtained by managing various simulation runs and
storing the corresponding results.

The proposed hypertext applications were used
to support lectures for university courses in
mechanical engineering. Students were very inter-
ested in the novel approach, which is very different
from the simulation techniques commonly used in
engineering education. Hypertext allows students
to understand many theoretical and practical
aspects of the problem they have to solve, and to
perform personal investigations.

Students stated that they were able to under-
stand the semantics and the information associated
with mechanical problems through the interactions
between browsing and simulation operations. They
found the software implementation and the user
interfaces very effective, and were particularly
interested in the spatial organization of data and
algorithms, in the asynchronous and non-linear
interactions with the material, and in the structure
of the text pages, which presented both a physical
problem and its mathematical model. In our
opinion, these are important remarks to be taken
into account in developing educational software.
The traditional simulation software is based on a
temporal organization, as model design, model
description, data input, simulation run, and data
output are typical sequential operations. These
tasks were usually accomplished through a batch
process, and some important simulation packages
for mechanism analysis still exhibit marked batch
characteristics. On the other hand, the proposed
hypertext approach is oriented toward a spatial
distribution of objects, and the various simulation
phases are interconnected and can be exploited
under the user’s complete control. Moreover, some
kinematics applications that are traditionally pre-
sented on paper sheets (e.g. a mechanism atlas) are
very difficult to use in an efficient and profitable
way; on the other hand, their generation and non-
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4

—» stack model «— stack data

—

+—— Pascal data

PASCAL OUTPUT

P | itor
and compiler

Fig. 14. Interactions hypertext/Pascal.
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linear access by hypertext have been proved very
interesting and have stimulated the students’
creativity.

Clearly, the wide range of possibilities offered by
the software allows students to work at different
levels: they can choose to play a passive or active
role, i.e. to use available material (e.g. a robot with a
standard structure), or to create their own material
(e.g. new robot structures). Moreover, they are
completely free to change their role at any stage of
their interaction with the hypertext system.

Finally, the hypertext environment also offers
interesting possibilities to teachers to prepare the
material for their lectures: it is easy to obtain trans-
parencies related to theoretical topics, industrial
applications, and specific numeric examples by
exploiting the features of the hypertext system.

5. CONCLUSIONS

The stacks presented in the previous sections are
examples of the potentialities of the proposed
hypertext system for learning mechanical engineer-
ing. They can also be regarded as the ‘cores’ of
more complex simulators and computer-aided
tools that provide different interfaces and com-
putational capabilities for specific classes of users.

Some of the salient hypertext features seem to be
of particular interest for simulation purposes:

— the short time required to design and experi-
ment software solutions oriented toward
problems and users;

— the possibilities of fast prototyping and of
analyzing alternative interfaces and software
organizations;

— the spatial localization of data and algo-
rithms, the asynchronous and nonlinear
interactions with the material, and the possib-
ility of structuring the cards in a way oriented
towards both a physical problem and its
mathematical model;

— the ease with which one can improve the per-
formance of a stack and tailor them to
specific requirements (for instance, outputs
different from standard ones can be obtained
by modifying some predefined cards or by
inserting new ones, without any need for
changing other parts of the stack);

— the opportunity of narrowing the gap
between the software developer and users,
stimulating the latter to become authors.
Students can start by changing the aesthetic
and presentation formats of a card, or they
can add commentary cards without any pro-
gramming training, and go through several
authoring steps up to a complete self-
developed application.

Further research work is currently in progress to
interface the simulation stacks with other software
packages, for instance, data bases and optimization
programs. This kind of operation, which has
proved useful for typical CAD programs, seems to
be of great interest also for hypertext environ-
ments.
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