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ABSTRACT

Mechatronics is a modern interdisciplinary engineering field, embracing the
traditional disciplines of mechanical and electrical / electronic engineering, as
well as control and information technology, in producing automated, easy-to-
use, multi-functional products and systems for domestic, commercial and in-
dustrial use. It has been the candidate’s experience, corroborated by other
universities’ experiences, that mechanical engineering students in a first
mechatronics course (in their third year of study) have considerable difficul-
ties in grasping the common principles governing the behaviour of mechani-
cal and electrical devices — especially in the course’s laboratory project reflect-
ing the applied nature of mechatronics. This project seeks to conceptually
analyse the causes of these difficulties, and posit suitable remedies.

Drawing upon the theories of Basil Bernstein, an educational sociologist, sug-
gests that a first- and second-year mechanical engineering curriculum com-
prising subjects by discipline recontextualises engineering knowledge from
production (engineering practice) to education as a collection-type educational
code that does not emphasise the commonality of the principles governing dif-
ferent physical systems. In turn, this suggests that the corresponding form of
knowledge tending to develop in the student is a Bernsteinian horizontal
knowledge structure — a collection of sub-disciplinary bodies of knowledge that
link uneasily only at their boundaries. The conceptual development theory of
Lev Vygotsky, a cognitive psychologist, suggests that such collection-type
horizontal knowledge structures do not attain true conceptual level, but are
‘complexes’, where the links between knowledge bodies are on the basis of
common, perceived factual features. Such knowledge structures are not ade-
quate for mechatronics; the grasp of common principles demanded by this
cross-discipline requires a Bernsteinian hierarchical knowledge structure.
Here, bodies of disciplinary knowledge are subsumptively integrated under
common principles, so this structure amounts to a Vygotskian system of true
concepts connected by abstract, logical relations of generality.

For mechatronics, a suitable system of true concepts connected by relations of
generality exists in the conceptual tool of bond graphs. These reveal the
common governing principles of different physical systems by representing
them as interconnected components handling various forms of energy through
general effort and flow variables.

The ‘Double Move in Teaching and Developmental Learning’ of the develop-
mental psychologist Mariane Hedegaard seems a promising way of aiding
students’ horizontal knowledge structures to develop into the desired hierar-
chical knowledge structures in mechatronics. A welcome opportunity arose in
2009 to begin (in contrast to previous years) the third-year mechatronics
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course with its laboratory project, and thus with one key feature of the ‘Dou-
ble Move’: problem-solving by situationally necessitated research activities.
A hoped-for increase in students’ motivation was not detected, but the project
was most frequently cited as the most valuable aspect of the course.

Further work, by empirical research, should be carried out to test the validity
of these conceptual analyses and posited remedies.

---000---
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PREFACE

Upon graduating in 1972 with a bachelor’s degree in electrical engineering,
the candidate underwent a graduate training programme on two gold mines
of the South African mining group that had sponsored his studies. This pro-
gramme emphasised that with the heavy machinery and structures prevalent
on mines, one was an engineer first and a disciplinary (electrical, mechanical,
etc.) engineer second. Whatever branch of engineering one was qualified in,
understanding of fundamental mechanical, electrical and other (e.g. chemical)
aspects of machinery, processes, systems and structures was expected.* In
this programme and the candidate’s subsequent engineering career, he was
compelled to rapidly become familiar with aspects of other engineering disci-
plines! This awakened his interest in the underlying similarities governing
the behaviour of electrical and mechanical devices, and hence in teaching
students to appreciate the functioning of such devices from a unified, trans-
disciplinary point of view.

A Even the law required this: the subjects for the Government Engineer’s Certificate of Compe-
tency (Mines and Works), which the candidate had to obtain to legally assume charge of ma-
chinery, were mainly mechanical, not electrical.
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GLOSSARY OF ABBREVIATIONS

Words or phrases in italics indicate cross-references in this glossary.

CLTD Centre for Learning, Teaching and Development, University of
the Witwatersrand

ChE chemical engineering

CpE computer engineering

ECSA Engineering Council of South Africa

EE electrical engineering; this includes electronic engineering

EE2 Course Course ELEN2000, ‘Electrical Engineering’, given by School of
EIE to second-year students of the School of MIAE

HKS horizontal knowledge structure (Bernstein, 1996c)

HiKS hierarchical knowledge structure (Bernstein, 1996c)

MCT1 Course

Course MECN3012, ‘Mechatronics I, given by School of MIAE to
its third-year undergraduate students

MCT2 Course

Course MECN4012, ‘Mechatronics II', given by School of MIAE
to its fourth-year undergraduate students

ME mechanical engineering

MIAE mechanical, industrial and aeronautical engineering

SAQA South African Qualifications Authority

School of EIE School of Electrical and Information Engineering, University of
the Witwatersrand

School of MTAE | School of Mechanical, Industrial and Aeronautical Engineering,
University of the Witwatersrand

GLOSSARY OF TERMS

Words or phrases in italics indicate cross-references in this glossary.

Term

Definition

cross-disciplinary

As for interdisciplinary

curriculum

(ECSA definition)

“the definition of how a programme is to be executed, includ-
ing the purpose the learning, the outcomes or learning objec-
tives, set of compulsory and elective courses, content to sup-
port achieving the outcomes, learning activities, methods and
media for teaching/training and learning, assessment plan,
and a plan for evaluating the quality and effectiveness of de-
livery” (ECSA, 2003)

device

“1 a thing made or adapted for a particular purpose, esp. a
mechanical contrivance” (Concise Oxford Dictionary, 1990).

“1 f: a piece of equipment or a mechanism designed to serve a
special purpose or perform a special function” (Merriam-
Webster’s Collegiate Dictionary, 2006)

discipline
[engineering]

“a major subdivision of engineering such as the traditional
fields of Chemical, Civil, or Electrical Engineering, or a cross
disciplinary field of comparable breadth. (see sub-discipline)”
(ECSA, 2003)
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GLOSSARY OF TERMS (continued)

Term Definition

electronics “1 a branch of physics and technology concerned with the be-
haviour and movement of electrons in a vacuum, gas, semi-
conductor, etc. 2 the circuits used in this” (Concise Oxford
Dictionary, 1990).

engineering “1: At its most general, Engineering is the entire field of activ-
ity of professional engineers, engineering technologists and
technicians. 2: Engineering as a university degree, such as
the B.Sc.(Eng), and as a professional activity is concerned in-
tellectual and conceptual work using engineering knowledge
and engineering competencies to conceive, create designing
and implementing, components, systems, engineering works,
products and processes and to solve problems of economic or
social value. The process is based on scientific knowledge, re-
quires synthesis of knowledge, and takes into account wider
issues. 3: Engineering is also used to describe a way of work-
ing to create or improve an end product that is useful, reliable
and viable.” (ECSA, 2003)B

engineering, “the branch of engineering concerned with the practical appli-
electrical cations of electricity in all its forms, including those of the
field of electronics” (“Electrical And Electronics Engineering”,
Encyclopcedia Britannica, 2006).

engineering, “... that branch of electrical engineering concerned with the
electronic uses of the electromagnetic spectrum and with the application
of such electronic devices as integrated circuits, transistors,
and vacuum tubes” (“Electrical And Electronics Engineering”,
Encyclopeedia Britannica, 2006).

engineering, “the branch of engineering concerned with the design, manu-
mechanical facture, installation, and operation of engines and machines
and with manufacturing processes. It is particularly concerned
with forces and motion” (“Mechanical Engineering”’, Ency-
clopeedia Britannica, 2006).

interdisciplinary a context of use, at least somewhat integrative, of tools, tech-
niques and methods of more than one [engineering] discipline.
Cross-disciplinary is taken to have identical meaning

model, modelling | “Models of systems are simplified, abstracted constructs used
[of engineering to predict their behaviour” (Karnopp, Margolis & Rosenberg,
system] 1990:4)

multidisciplinary | a context of serial or parallel, but essentially not integrative,
use of tools, techniques and methods of more than one [engi-
neering] discipline

School School of MIAE in Glossary of Abbreviations above
sub-discipline “a traditional subdivision of an engineering discipline, for ex-
[engineering] ample structures and hydraulics as sub-disciplines of Civil

Engineering, or a combination of areas of comparable
breadth.” (ECSA, 2003)

B Note: this is a verbatim extract from the reference, and has grammatical errors and missing
words.
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GLOSSARY OF TERMS (continued)

Term Definition
system “2 a set of devices (e.g. pulleys) functioning together” (Concise
[engineering Oxford Dictionary, 1990). “7. ENGINEERING assembly of com-
system)] ponents: an assembly of mechanical or electronic components
that function together as a unit” (Microsoft® Encarta® Dic-
tionary, 2005).
technology "the application of scientific knowledge to the practical aims of

human life" (Encyclopcedia Britannica, 2006).

the University

University of the Witwatersrand, Johannesburg, South Africa

transdisciplinary

a context of “integrated use of the tools, techniques and meth-
ods from various [engineering] disciplines”®

---000---

C Kozmetsky, G, Generational Road Maps and Commercialization of Science and Technology,
J. Integr. Design Process Sci., Vol. 1, No. 1, 1997, pp. 4-8; cited in Ertas et al., 2003:289.
“Transdisciplinarity is the application of theories, concepts or methods with the intent of de-
veloping an overarching synthesis” (Lattuca, L.R. [2001], Creating Interdisciplinarity: Interdis-
ciplinary Research and Teaching among College and University Faculty, Nashville: Vanderbilt

University Press; cited in Nikitina, 2002).




1. INTRODUCTION

1.1 General Introduction

Today’s hypercompetitive, but environmentally and socially stressed world is
demanding goods and services that are not only cost-effective, but are reli-
able, multi-functional, environmentally sustainable, energy- and resource-
efficient, and fast. “Indeed, today’s consumer routinely expects devices that
possess smartness, adaptability and other forms of sophistication” (Hargrove,
2002:344). Put another way, such goods and services should, in the words of
the Standard Bank’s advertising slogan, be “simpler, better, faster” — that is,
easier, more advantageous, and faster to use, while performing functions that
may be highly complex. Furthermore, they must perform these functions effi-
ciently — with the minimum use of energy and other resources — and accepta-
bly from environmental and social viewpoints.

The profession of engineering is involved whenever such goods or services
make use of known natural laws of the universe in handling matter, energy
or information to perform their desired functions. In essence, engineering is
concerned with applying the knowledge base of the natural sciences to en-
hance the quality of life of mankind. The Engineering Council of South Africa
(ECSA) defines the professional activity of engineering as, “intellectual and
conceptual work using engineering knowledge and engineering competencies
to conceive, create, designing and implementing, components, systems, engi-
neering works, products and processes and to solve problems of economic or
social value”! (ECSA, 2003).

“Simpler, better, faster” goods and services, having to satisfy the abovemen-
tioned multiple criteria, of necessity have to use areas of knowledge originat-
ing from different branches of the natural sciences. For example, the modern
motor-car’s components make use of the principles of (at least) mechanics,
electricity and chemistry. Any of these branches of the natural sciences may
yield a technology that is best suited to the purpose of a component or sub-
system of the car. The principles of mechanics are suited to producing a
strong and stable car body; those of electricity are suited to producing effec-
tive lighting and convenient control; and those of chemistry are suited to effi-
cient chemical combustion as the source of motive power. Moreover, as tech-
nology advances, one technology may supplant another; for example, as the
energy-storing abilities of batteries increase, electricity may supplant chemi-
cal combustion as the source of motive power for motor-cars.

The traditional disciplines, or branches, of engineering, such as mechanical,
electrical and chemical engineering, naturally originated from their parent

1 Note: this is a verbatim extract from the reference, and has grammatical errors.



branches of the natural sciences. Yet, as the example of the modern motor-
car demonstrates, in any goods or services where the functions are many and
complex, more than one branch of the natural sciences — and hence of the tra-
ditional engineering disciplines — is inevitably involved. As goods and ser-
vices become more multi-functional, engineering practice is becoming increas-
ingly integrated across traditional engineering disciplines. The education of
engineers has to meet this challenge, aligning more closely with Hirst’s view
of engineering as a practical example of fields of knowledge, these being:
“... held together simply by their subject matter, drawing on all forms of
knowledge that can contribute to them.”
(Hirst, 1965:131; candidate’s emphasis)
This project focuses upon one particular area of this challenge: the effective,
optimal integration, within the undergraduate engineering curriculum, of
subject-matter of the disciplines of mechanical and electrical engineering to
produce the integrated knowledge in students necessary for the new me-
chanical-electrical-‘automational’ cross-discipline of mechatronics, defined in
Section 2 below. Thus it explores a particular sub-area of the larger question
of effective, optimal integration in the engineering curriculum, this question
being presently intensively debated in the literature (e.g. Froyd and Ohland,
2005; Ertas et al., 2003; Harrison, Macpherson and Williams, 2007; Heit-
mann, 2005; Spinks, Silburn and Birchall, 2006; Traylor, Heer and Fietz,
2003).

The project confines itself to firstly, conceptual analysis of the problems of
curriculum integration in this sub-area, and secondly, exploring and identify-
ing meaningful conceptual bases for such curriculum integration. It leaves
for further work the necessary empirical research to validate this analysis
and the proposed conceptual bases.

1.2 Outline of Research Report

Section 2 first introduces mechatronics, its philosophy, and the consequent
requirement for integrated mechanical-electrical knowledge in engineers. It
briefly surveys universities’ mechatronics learning programmes. It then de-
scribes the undergraduate first course in mechatronics at the School of Me-
chanical, Industrial and Aeronautical Engineering, University of the Wit-
watersrand, Johannesburg — and the disquieting failure rates in both this
course as a whole and its laboratory project over the last six years. Two indi-
cators point to the real difficulty — inadequately integrated, interdisciplinary
mechanical-electrical-electronic knowledge in students. The initial question
prompting the research thus emerged: in sum, how could the electrical-
electronic knowledge required for mechatronics be transmitted more effec-
tively and integrally to mechanical engineering students? Section 2 also em-
phasises the necessity of integrated knowledge in the essence of engineering —



the engineering design process — to achieve the synergy so necessary therein.
Finally, it reviews key observed deficiencies in traditional engineering curric-
ula: while their courses may embrace multiple engineering sub-disciplines
(subjects), the different paradigms involved in teaching these and the result-
ing insulation between sub-disciplines foster neither interdisciplinarity nor
ability to solve engineering problems.

Section 3 enlarges more upon the difficulties of mechanical engineering stu-
dents in grasping electrical and electronic technology, and reviews the reme-
dies attempted at universities — including interdisciplinary approaches in
both courses and curricula. It then poses key queries: what is meant by in-
terdisciplinarity and its difference from mere multidisciplinarity, and how do
various curricula foster or hinder development of interdisciplinarity in the
student engineer? Theoretical concepts are needed to analyse the nature of
interdisciplinarity and multidisciplinarity — in courses, curricula and knowl-
edge produced thereby. We accordingly turn to Basil Bernstein, an educa-
tional sociologist, and Lev Vygotsky, a developmental and cognitive psycholo-
gist, for appropriate concepts.

Section 4 introduces Bernstein. His concept of educational knowledge codes —
regulative principles behind education — brings to light two opposed regula-
tive principles by which curricula categorise and control knowledge. In cur-
ricula with integrated codes, boundaries between subjects tend to lose their
significance, whereas in curricula with collection codes, such boundaries are
rigidly maintained and teachers (educators) maintain tight control over sub-
ject-matter and how it is taught. Bernstein’s interest afterwards shifted to
what types of knowledge were accordingly produced in learners. He defined
two corresponding integrated- and collection-type knowledge structures in
learners, calling these hierarchical and horizontal respectively. In a hierar-
chical knowledge structure (HiKS), bodies of knowledge are subsumptively
integrated under common, generally applicable principles. By contrast, in a
horizontal knowledge structure (HKS), bodies of knowledge are merely col-
lected, and maintain their identities as specialised ‘languages’. Links be-
tween such ‘languages’ are only at their boundaries.

Section 5 introduces Vygotsky, beginning with his three distinguishing levels
of concept development in learners — syncretic grouping, ‘complexes’ and po-
tential concepts. These emerged through tests done on children, but, because
adults and older children do not abandon preconceptual thinking, these lev-
els, particularly the last two, apply to students as well. Vygotsky defines
genuine conceptual systems as ones of hierarchically organised, intellectual
1deas connected by relations of generality. (The similarity to Bernsteinian hi-
erarchical knowledge structures is obvious.) By contrast, in ‘complexes’ there
1s no such hierarchical organisation, and the bonds between ideas are con-
crete and factual, not abstract and logical. However, the pseudoconcept, the



most advanced form of ‘complex’ reasoning, is so difficult to distinguish from
a true concept that it often passes for one. Section 5 then briefly outlines Vy-
gotsky’s Zone of Proximal Development (ZPD). This zone is Vygotsky’s theory
of a learner’s dynamic intellectual development, in social interaction with
others, through ‘spontaneous’ concepts from her/his everyday experiences in-
teracting with the ‘scientific’, subject-matter concepts presented in formal
classroom instruction. This ZPD is the basis of the developmental psycholo-
gist Mariane Hedegaard’s pedagogy of the ‘Double Move in Teaching and De-
velopmental Learning’, which seems a promising way to achieve an inte-
grated mechatronic knowledge structure in students.

These concepts of Bernstein and Vygotsky compelled the candidate to extend
the scope of his critical research questions far more widely than that of the
abovementioned initial question prompting the research. The question was
not merely one of effectively and integrally transmitting knowledge. First, to
what extent did the Bernsteinian educational knowledge codes underlying the
undergraduate curriculum, course syllabi and pedagogy integrate the engi-
neering sub-disciplines required for mechatronics? Second, how could full,
proper development of the integrated knowledge structures and genuine con-
cepts in students that were desirable for mechatronics be achieved? Third,
were technical concepts available that provided a sound basis for such inte-
gration — that adequately codified the common principles underlying the op-
eration of engineering physical systems? Fourth, was there a promising al-
ternative pedagogy that would facilitate such development in students from
their current levels of development, and also motivate them more powerfully

to do so? The critical research questions thus emerging are stated in Section
6.

Section 7, after a brief recapitulation of Bernstein’s knowledge structures,
shows how his hierarchical knowledge structure (HiKS) is complemented by
Vygotsky’s genuine conceptual system with relations of generality, and points
out that this is the desirable mechatronic knowledge structure for mechatron-
ics. It then points out that the collection-type first- and second-year under-
graduate engineering programme fosters a horizontal knowledge structure
(HKS) — a collection of languages’ (separate bodies of knowledge) that is an
inferior knowledge structure for mechatronics. It is, in fact, a Vygotskian
‘complex’, and needs to develop further. Since there can be organisation and
linking within a HKS, it can develop further — first into a two-plane, pseu-
doconceptual HKS. This still has serious deficiencies, though, because the
languages are still not integrated, but uneasily linked at their boundaries.
Moreover, being a pseudoconceptual system, it can often pass, under insuffi-
ciently searching assessment, for a genuine conceptual system. Therefore, it
should not stop at this level of development, but develop still further into an
HiKS with genuine mechatronic concepts.



However, this requires a unifying conceptual tool, revealing and systematis-
ing the common laws governing the behaviour of physical devices and struc-
tures in different engineering disciplines. Such a tool is available in the bond
graph, complemented by the relational block diagram, which more clearly
brings out the natural interactions between a physical system’s components,
and how artificial control may be added to meet performance objectives. Both
these conceptual tools are described and exemplified in Section 8; together,
they encapsulate the key general principles in the desired HiKS for mecha-
tronics.

Finally, in Section 9, Hedegaard’s ‘Double Move in Teaching and Develop-
mental Learning’ (Hedegaard, 1990; 2002), which is based on Vygotsky’s ‘zone
of proximal development’ [ZPD], is explored. This seems a promising way of
realising this desirable integration in students’ mechatronic knowledge struc-
tures. A welcome opportunity of implementing one key aspect of this ‘Double
Move’ — situationally-necessitated research activity in the laboratory project
of the third-year mechatronics course of 2009 — is described in some detail,
and students’ reactions thereto outlined. No hoped-for increase in motivation
was detected, but the aspect of the course cited most frequently as being most
valuable was this laboratory project. There is encouragement, therefore, to

continue revising this mechatronics course in this vein.

2. BACKGROUND

The word mechatronics was coined by a Japanese engineer in the late 1960s
(Ashley, 1997:61). Bradley, surveying a wide variety of definitions given in
the literature, concludes,

13

.. most of the definitions do manage to agree in some way that mecha-

tronics is concerned with the integration of its core technologies to gener-

ate new and novel technological solutions in the form of products and

systems in which functionality is integrated across those core technolo-

gies, with information technology and software engineering then provid-

ing the ‘glue’ which binds the whole together.” (Bradley, 2004:276)
As its name suggests, mechatronics is an interdisciplinary field; it combines
mechanical, electrical and electronic engineering, and information processing
(for automation), in producing automatic, cost-effective domestic, commercial
and industrial devices, such as washing machines, ‘autofocus’ cameras and
industrial robots (Alciatore and Histand, 2003:2; Bolton, 2003:1,2). Central
to all these devices are their automatic capabilities; they can do some or most

of their task(s) without human intervention. 2

2 The need for automation arose as soon as technology embraced mechanisation, replacing
physical (mechanical) power from humans or animals with mechanical power obtained from
inanimate sources, such as wind, water or steam. Immediately there was a problem: the intel-
ligence (information-processing capability) of a human or animal enabled that human or ani-



One of the best definitions of mechatronics is an early one from Craig (1994):

“... the synergistic combination of mechanical engineering, electronics,
control engineering, and computer science. The key element in mecha-
tronics is the integration of these areas through the design process.”

(Craig, 1994, quoted in Alciatore & Histand, 1995:799;
candidate’s emphasis)
Craig’s above definition captures the three essential concepts of mechatron-
ics: synergy, integration and design. The word ‘synergy’ deserves closer atten-
tion even here. Synergy is formally defined as “the combined effect of drugs,
organs, etc. that exceeds the sum of their individual effects” (Concise Oxford
Dictionary, 1990). But here, synergy is on a further plane; it must more than
just exceed the sum of individual effects; it must permit other possibilities al-
together. Integration and design are not sufficient; synergy is more than ei-
ther. Buckminster Fuller, the famous American architect-engineer, captures
this in his definition:

“Synergy is the unique behaviour of whole systems, unpredicted by be-
haviour of their respective sub-systems’ events.” (Fuller, 1961:55)
Lyshevski (2002:197) states that mechatronics “integrates mechanical, elec-
trical and computer engineering areas”. It involves mechanics because hu-
mans are mechanical creatures, interacting with their surroundings through
mechanical forces and motion. It involves electrical technology because en-
ergy in the form of electricity is easily transmitted and converted into heat,
light, sound, physical motion, and so on. It involves electronic and computer
technology because this can process information, at speeds impossible with
other technologies, to achieve the automation required. In consumer prod-
ucts, in manufacturing, in process, automotive or aerospace engineering, and
even in buildings and structures, mechatronics is affording ‘intelligent’ func-
tions and features that were not possible or cost-effective before. Therefore,
today’s mechanical, industrial and aeronautical (MIAE) engineers must be
familiar with this integrated approach to engineering — or “run the risk of be-
ing left out of the interesting work” (John F. Elter, Vice-President, Strategic
Programs, Xerox Corp., New York, USA, quoted in Ashley, 1997:63). It is no
longer enough for a mechanical, industrial or aeronautical engineering
graduate to be strongly grounded in her/his own branch, or sub-division, of
engineering and its sub-disciplines.? S/he must also be sufficiently familiar
with the integration, from the design stage, of electrical, electronic and control

mal to suit the power provided to the desired task; but analogous self-control from inanimate
sources was not guaranteed. Self-control had to be built either into the device extracting power
or into the source providing it. Wind could destroy a windmill as well as power it; or more of-
ten and inconveniently, when the wind direction changed, a windmill no longer faced squarely
into the wind and power therefrom diminished or vanished.

3 For example, fluid dynamics, mechanics of solids, thermal systems, operations management,
manufacturing technology, aircraft structures, and aero- and flight dynamics.



technologies into systems, devices and structures in mechanical, industrial
and aeronautical engineering.

Of course, such integrative familiarity requires effective grounding in the
relevant electrical, electronic and control technologies themselves. However,
what is meant by ‘effective’? As is shown in Section 8 below, “Bond-Graph
Representation of Common Principles of Mechanical and Other Physical Sys-
tems”, effective grounding not only requires the additional knowledge of elec-
trical and electronic subject-matter. Integrated knowledge of the underlying,
common principles governing the behaviour of mechanical, electrical and elec-
tronic devices alike is required. For integrating these technologies demands
knowledge of how to integrate them — not just knowledge of each separate
technology on its own. In turn, knowledge of how to integrate requires inte-
grated knowledge — inescapably meaning knowledge of the principles common
to, and underlying, all of these technologies. Later, in Section 7 below,
“Analysing Mechatronic Knowledge: the Codes and Knowledge Structures of
Bernstein”, it is submitted that a Bernsteinian hierarchical knowledge struc-
ture is therefore required for adequate, integrated grasp of such common
principles.

2.1 Teaching of Mechatronics at Universities

Mechatronics was being labelled “a new design strategy” from 1990 (Berardi-
nis, 1990:50). Indeed, in 1991, the journal Mechatronics was launched
(Daniel & Hewitt, 1991). Still labelled “emerging” in 1995 (Alciatore & His-
tand, 1995:799), mechatronics is now a recognised cross-discipline; moreover,
1t is progressing from cross-disciplinary (where the emphasis is on integrating
older disciplines) to thematic, where these older disciplines fade from primary
view and mechatronics becomes a theme in its own right — having an almost
primary disciplinarity of its own (Grimheden & Hanson, 2005:183-191).

Universities throughout the world now offer learning programmes in mecha-
tronics, and report teaching approaches therein (e.g. Das et al., 2005; Turner,
2005; Harrison & Deanes, 2005; Mina et al., 2005, Grimheden & Hanson,
2005; Firth, Surgenor & Wild, 2004; Driscoll & Villanucei, 2004; Newman et
al., 2003; Shooter & McNeill, 2002; Hargrove, 2002; Brown & Brown, 2002;
Krishnan et al., 1999; Ume & Timmerman, 1995; Alciatore & Histand, 1995).
Typically, mechatronics courses are offered at senior or graduate level to bi-
disciplinary classes of mechanical engineering (ME) and electrical engineer-
ing (EE) students (for example, Das et al., 2005; Turner, 2005; Brown &
Brown, 2002; Krishnan et al., 1999). Some universities, though, begin expo-
sure to mechatronics, through other courses, even at first-year level (e.g. Yost,
2000; Newman et al., 2003). Reflecting the applied nature of mechatronics,
major parts of all courses are team-based, hands-on laboratory exercises
and/or mini-projects, followed by design-build-test laboratory projects. Some



syllabi require ME students to take a prerequisite course in electrical engi-
neering basics, to adequately prepare them for the electrical and electronic
aspects of mechatronics (e.g. Krishnan et al., 1999:13d4-4). Despite such
courses, it is sometimes found that ME students lack sufficient prior compre-
hension of the principles of electricity and electronics (e.g. Turner, 2005:82;
Shooter & McNeill, 2002:340-1). More advanced courses, for example on mod-
elling and simulation of mechatronic systems, may build upon a first course
(e.g. Das et al., 2005:284-8).

In the School of Mechanical, Industrial and Aeronautical Engineering (School
of MIAE), University of the Witwatersrand, Johannesburg, South Africa,
where the candidate is a senior lecturer, the mechatronics courses follow a
similar pattern. The first such course, ‘Mechatronics I, hereinafter termed
the ‘MCT1 Course’, is prescribed for the third year of undergraduate study.
The second and final course, ‘Mechatronics II’ in the fourth year of study,
builds upon the first course with more advanced modelling and control topics.
The candidate teaches the MCT1 Course, which is now described in some de-
tail.

2.1.1 ‘Mechatronics I’ Course, School of MIAE, University of the Witwaters-
rand, Johannesburg

This course is compulsory for the bachelor’s degrees in all three branches of
engineering — mechanical, industrial and aeronautical?* — that the School of-
fers. The syllabus first introduces the third-year undergraduate student to
the philosophy of mechatronics — designing the most synergistic, integrated
combination of technologies into a product or system for optimal versatility,
performance and cost-effectiveness. Second, it introduces the technologies of
the essential sub-systems — the measuring, control and actuating systems — of
any mechatronic device, and the main features of the components available
for each of these sub-systems. Finally, and just as importantly, its laboratory
project is a major, team project of designing, building and testing a working
model of a full-scale mechatronic device. Such model devices have included
automated hoists, automated windscreen wipers, entry control booms for
cars, and coin sorters. Fuller details of the course are presented in Appendix
1.

To provide adequate electrical and electronic grounding for this course, stu-
dents must complete a prerequisite, second-year course in electrical engineer-

4 Mechatronic devices and systems are integral parts of, inter alia, modern aircraft and modern
manufacturing techniques, so it is deemed essential that industrial and aeronautical engineer-
ing graduates have adequate grounding in mechatronics. Some other universities have a simi-
lar view; for example, mechatronics courses are taken by aerospace engineering students at
Tuskegee University, Alabama, USA (Harrison & Deanes, 2005:5665).



ing — hereinafter termed the ‘EE2 Course’ — given by the University’s School
of Electrical and Information Engineering (School of EIE).

2.2 Inadequate Knowledge Acquisition in Mechatronics

In the candidate’s eight years of teaching this MCT1 Course, its electrical and
A fre-
quently expressed student complaint, both verbally and in the course and lec-

electronic content has not found ready acceptance with students.

turer surveys processed by the University’s Centre for Learning, Teaching
and Development (CLTD), is that the EE2 Course is inadequate preparation
for the electrical and electronic content of the MCT1 Course. In assessing
student performance in the latter course, the candidate has continually ob-
served disturbing shortfalls in understanding of the principles governing be-

haviour of electrical and electronic devices.

For the MCT1 Course, Table 2.1 lists the overall student pass rates, as a per-
centage of class size, over the years of 2004 through 2009. The pass rates for
each type of assessment — homework assignments, the mid-term test, the
abovementioned laboratory project, and the final examination — are also
listed.

Table 2.1 MCT1 Course, 2004-9: Percentages of Individual Student Passes
Pass Rate (Percentage of Class) in Assessments by:
No. of | Homework | Mid-Term Laborato- Final Ex- Overall
Stud- Assign- Test ry Project | amination Pass
ents ments (weighting (weighting (weighting | Rate (%
in (weighting in course: in course: in course: of
Class in course: 15%) 20%) 50%) Class)
15%)
2004 59 97 53 66 71 84
2005 75 99 59 71 87 96
2006 102 27 32 -5 75 79
2007 133 93 35 100 65 78
2008 95 85 46 97 82 87
2009 96 81 79 95 67 83

First, except for 2005, the
overall percentage failure rate was above 10 per cent, and in 2006 and 2007 it

There are two aspects of concern in this table.

exceeded 20 per cent. Such overall failure rates, in the penultimate year of
undergraduate study, must be of concern — especially since the high failure
rates in the laboratory project disappeared after 2005. In 2006 and 2007, the
especially high failure rates in the mid-term test and final examination led to
those years’ higher overall failure rates.

5 The laboratory project was not part of the course in 2006.
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Second, the main reason for the virtual elimination after 2005 of failures in
the laboratory project was the reduction of its workload. In 2007, its re-
quirements for design and manufacture of mechanical components were dras-
tically reduced. From 2008, they were eliminated; pre-manufactured me-
chanical components just needed to be assembled. Yet the overall course fail-
ure rate remained above 10 per cent.

There are two indicators that point to the real difficulty. The first emerges
from Table 2.2, which lists the failure rates not only for the laboratory pro-
jects as a whole, but also those for the most important type of assessment in
these projects — the functional trials that assess how well the assembled
model devices actually carry out their specified tasks. Failure in this trial
means that a model device is mostly or completely non-functional — that is, it
fails substantially or wholly to perform its task.

Table 2.2 MCT1 Laboratory Project, 2004-9: Number of Student Teams / Individu-

als Failing in Assessment of (i) Functional Trials of Working Models:
(11) Whole Project®

2004 2005 2007 20087 2009
Func- | Whole | Func- | Whole | Func- | Whole | Func- | Whole | Func- | Whole
tional | Pro- | tional | Pro- |tional | Pro- |tional | Pro- |tional| Pro-

Trial | ject | Trial | ject | Trial | ject | Trial | ject | Trial | ject
Fail- | Fail- | Fail- | Fail- | Fail- | Fail- | Fail- | Fail- | Fail- | Fail-

ure ure ure ure ure ure ure ure ure ure
10 5 11 6 21 0 29 of | 3 0f 95 6 1 team

teams | teams | teams | teams | teams | teams | 95 stu- stu- teams | out of

out of | out of | out of | out of | out of | out of | dents | dents | out of 198
15 15 20 20 30 30 19

(67%) | (33%) | (65%) | (30%) | (70%) | (0%) | (81%) | (3%) | (32%) | (5%)

In 2005, more than half the project teams failed the functional trials, and in
2004 and 2007, two-thirds failed these trials! In 2008, the individual failures
were just below one-third of the class. In 2009, one-third of the teams failed
these trials.? What emerges from this table, therefore, is that a substantial
fraction — the majority in some cases — of students do not succeed in getting
their own designed model devices to work properly. Furthermore, such fail-
ures are not due to the individual mechanical, electrical and electronic com-
ponents not working properly,° but due to the ways in which they are inter-

6 The year 2006 is not in this table, as the laboratory project was not part of the course in that
year.

71In 2008, students were assessed individually, not in teams.

8 A second team only just passed the whole project, attaining 51%.

9 As mentioned earlier, from 2008 the project no longer required design and manufacture of
mechanical components. The main reasons for the lower failure rates in the functional trials of
2008-9 were probably the resultantly reduced project workload, and no inadequate functioning
or failure of team-designed mechanical components during these trials.

10 Such components are sourced from reputable manufacturers, and thus operate properly
unless improperly used.
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connected and controlled. Inadequate or faulty ways of interconnecting and
controlling such components point to inadequate interdisciplinarity in stu-
dents. In sum, the integration of technologies was not successful, whether
the lack of understanding was of the details of individual technologies, or of

how to integrate them, or of both.

The second indicator is in students’ answers to descriptive questions (those
not requiring mathematics and calculations, but rather illustrative diagrams
and clearly written descriptions) in the mid-term tests and examinations of
the MCT1 Course. Many such questions assess grasp of interdisciplinarity,
and many students display woefully inadequate such grasp. An example is
now given of such a question, asked in both the 2007 mid-term test and the

2008 final examination.
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Figure 2.1 Marks for Test/Examination Question on Washing Machine Solenoid,
2007 and 2008
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In both years, this question had been one of the practice problems issued to
students well before this test and examination. Moreover, its model solution
had been displayed on a notice board. The question was:

“In an automatic washing machine, the water inlet valve is normally

held closed by a spring. A solenoid, when energised, retracts and opens

this valve. The solenoid operates on 220 V. A.C. After many years of

service, the filter in the valve fails, allowing suspended grit to pass

through it. A short while later, this grit causes the valve to get stuck in

the closed position. Explain why the solenoid is then liable to burn out

when it is next energised. (4 marks)”

(MCT1 Examination, School of MIAE,

University of the Witwatersrand, 2008)
The average marks for 2007 and 2008 were, respectively, 1,9 and 2,1 out of 4
— that is, just under and over 50 per cent! For both 2007 and 2008, Figure 2.1
shows the often-encountered bimodal distribution of concentrations in both
low and high marks. The medians of the marks in both 2007 and 2008 were
2, showing that approximately half the students in either year failed this
question — after it had been issued as a practice problem and its solution pub-

lished!

What is striking about this question is its interdisciplinarity — that is, a grasp
of concepts from three classes of phenomena, mechanical, electrical and
thermal, is necessary to answer it properly. This is illustrated in the exam-
iner’s solution below, with its explanatory notes.

Examiner’s Solution. When an A.C. solenoid is in the extended position, its
inductance!! is relatively low®! because the path length through [the gap of]
air in its magnetic circuit is then at its maximum.M21 Thus its impedance is
lower than in the retracted position,2 so the initial inrush current upon being
energised is high.B3 It therefore must retract completely and quicklyMe! so
that the initial inrush current falls to its steady-state value .4 If an A.C. so-
lenoid sticks in the extended position, it is likely to burn out,E5 because the
heat-dissipating ability of its coil™ is only adequate for the steady-state, re-
tracted position.

Superscripted Explanatory Notes

(Key Aspects: E — electrical; Ma — magnetic; Me — mechanical; T — thermal)

E1: The inductance is low because, when the solenoid’s iron plunger is ex-
tended, its ability to concentrate the magnetic field produced by the current
flowing through the solenoid’s coil of wire is least (see ‘Ma1l’ below).

Mal: When the solenoid’s iron plunger is extended (the ‘extended position’),
there 1s an internal air gap between this plunger’s back face and the back

11 Inductance: the ability to store energy as a magnetic field created by flowing electric current.
The inductance of a given solenoid depends only on its geometry and magnetic properties.
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face of the solenoid’s central cylindrical chamber in which the plunger moves.
Unlike the plunger, the air in this gap has no ability to concentrate the mag-
netic field produced by the current flowing through the solenoid’s coil.

E2: The impedance offered by the solenoid’s coil to flow of alternating electric
current (A.C.) is a function of both the solenoid’s inductance (see ‘E1’ above)
and, of course, the electrical resistance of the wire of the coil. The impedance
increases as either of these increases, and vice versa. With the solenoid’s in-
ductance being low in the extended position, as explained in ‘E1’ and ‘Mal’
above, the coil’s impedance is thus lower.

E3: With the coil’s impedance being lower in the extended position, the initial
flow of electric current (the ‘inrush current’) upon being energised with 220 V.
A.C. will be correspondingly higher.

Me1l: There must be no mechanical hindrance (here, increased friction due to
the grit) to the plunger retracting fully into the solenoid’s central cylindrical
chamber.

E4: As the plunger fully retracts into the solenoid’s chamber, the air gap re-
ferred to in ‘Mal’ above decreases to effectively zero. Hence the iron
plunger’s ability to concentrate the magnetic field produced by the current
flowing through the coil increases to its maximum. The solenoid’s inductance
commensurately increases to a maximum, and by ‘E2’ above, so does the coil’s
electrical impedance — causing the current to fall to its lower, steady-state
value at the plunger’s fully retracted position.

E5: As mentioned in ‘E2” above, the solenoid’s coil of wire has electrical resis-
tance, and will thus warm up due to unavoidable conversion of electrical en-
ergy into thermal energy. The rate of such conversion is proportional to the
square of the current, though, so to double the rate of thermal energy genera-
tion, the current only needs to increase by a factor of 1,414!

T1: The materials and the geometry of the coil govern how fast it can lose
thermal energy by heat transfer to its surroundings. If the rate of thermal
energy generation exceeds that at which the coil can dissipate such energy to
its surroundings, the coil‘s internal temperature will reach a value where the
insulation between adjacent turns of wire breaks down — leading to short cir-
cuits and hence burn-out.

Students who answered this question inadequately — about half the class in
both 2007 and 2008 — tended to confine themselves to only one class of phe-
nomena, usually electrical. That is, they confined themselves to one engi-
neering discipline, and so failed to grasp the interdisciplinary nature of the
problem.

Why is this? Why, even though the necessary mechanical, electrical and
thermal subject-matter have been taught to students prior to their first
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mechatronics course, do students not integrate this knowledge into proper in-
terdisciplinarity?

2.3 Question Prompting Research

As a concerned educator, the candidate began by examining the material of
the EE2 prerequisite course (Jandrell & van Coller, 1998). He gradually per-
ceived that its material was written from a wholly electrical point of view;
there was almost no emphasis of the analogies between electrical and me-
chanical devices,'? and the common, fundamental principles governing the
behaviour of both. This EE2 Course thus does not awaken MIAE students to
these analogies and underlying common principles, nor the need to begin in-
tegrating electrical, electronic and control technologies into their course and
design work in their senior years of study. As is further illustrated in Section
7.3.2 below, it has little apparent commonality with the other second-year
courses in the School. It thus gives the appearance of being a ‘tack-on’ course,
not clearly and vitally relevant. Hence many, possibly most, of the School’s
students tend to ‘compartmentalise’ electrical engineering (EE) technology
during their second-year studies, perceiving this as only marginally relevant
to their main technological interests.

The concern prompting the research thus emerged: how can the detailed be-
havioural principles of electrical and electronic devices, their underlying
common principles of behaviour with mechanical devices, and the need to in-
tegrate their technologies be transmitted more effectively to, and absorbed
more integrally by, MIAE students, hence discouraging ‘compartmentalisa-
tion’” and the ensuing difficulties with mechatronics in their later years of
study?

2.4 The Wider Context: Multi- and Inter-Disciplinary Grounding Re-
quired in Graduate Engineers

This ‘prompting question’, of course, springs from a larger one: why should
graduate engineers need understanding of more than one engineering area,
that of their preference? Section 2 above has already briefly justified this
need for mechanical, aeronautical or industrial engineers; but the equal need
for all engineers deserves further elaboration. Perhaps the reason is best in-
troduced by a quote from the famous American engineer and designer of
earth-moving machinery, Robert G. Le Tourneau:!3

12 For example, those between electrical transformers and mechanical gears; kinetic energy
stored in a moving mass and energy stored in the magnetic field of an electrical coil through
which current is flowing, etc.

13 LeTourneau Inc., the company that he founded, still makes the world’s largest earth-moving
machinery.
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“...an expert in one field is no expert if one field is all he knows.”
(Le Tourneau, 1960:98)
As Ertas et al. (2003:291) point out, engineering problems are not naturally
restricted to artificial discipline-oriented boundaries. They state, “In fact, no
problem is inherently disciplinary. Disciplines are simply the manifestation
of reductionism. Disciplines are necessary but not sufficient to tackle com-
plex and large-scale design problems” (ibid.:290). If real engineering prob-
lems are not discipline-specific, mastery of one discipline must not be the rai-
son d’étre of engineering. The definition of ‘engineering’ adopted by the Engi-
neering Council of South Africa (ECSA), which is the regulating body for the
practice of engineering in South Africa, makes this clear.
“Engineering: ... 2: Engineering as a university degree, such as the
B.Sc.(Eng.), and as a professional activity is concerned intellectual and
conceptual work using engineering knowledge and engineering compe-
tencies to conceive, create designing and implementing, components, sys-
tems, engineering works, products and processes and to solve problems of
economic or social value. The process is based on scientific knowledge,
requires synthesis of knowledge, and takes into account wider issues... “
(ECSA, 2003;14 candidate’s emphasis)
In the U.K., the traditional model of engineering is mono-disciplinary, assum-
ing that graduates will work as specialists (Harrison et al., 2007:286). This is
also the case in South Africa, as reflected in most of the branches of engineer-
ing named by ECSA (2004:1). It is well to note that the luxury of such spe-
cialist work is only viable in a large firm — Eskom in South Africa, for exam-
ple — that can afford to employ enough such specialists to cover all the engi-
neering disciplines needed in the firm’s activities. Even so, this traditional
mono-disciplinary model of an engineer is increasingly ill-suited to the needs
of both large and small engineering companies. Large employers now expect
at least readiness for multidisciplinarity; they expect graduates to join multi-
functional, (that is, multi-disciplinary) teams developing complex systems
(Harrison et al., 2007:286). In small firms, the pressure is for interdiscipli-
narity; “a need for graduates who can cross disciplines, handling and inte-
grating technologies ...” (ibid.). Thus, as already noted in the above quote
from Le Tourneau, it is no longer — if it ever was — enough to be expert in just
one engineering field or discipline.

2.4.1 The Key to Interdisciplinarity: a Design-Oriented Approach

Why was discipline-based education, with its disadvantages, ever adopted by
engineering schools? Here, Seely (1999:289) offers a fascinating explanation:
in American schools, the shift during 1945-1965 to discipline-based education
arose from the need — focused by World War II — to conduct research in insuf-

14 Note: this is a verbatim extract from the reference, and has grammatical errors.
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ficiently known technologies.!> The changes being proposed now seek to undo
that emphasis, fuelled by the charge that:

“... large numbers of engineering students leave college without the skills
essential to professional engineers. Often topping the list of missing ca-
pabilities is problem-solving ability, or what engineers have called design
experience.” (Seely, 1999:285; candidate’s emphasis)

Bucciarelli (2003) describes the restricted, unrealistic nature of the typical
problems assigned in discipline-based engineering courses:

“The problems are of a very special sort: Unlike design opportunities,
they admit of but one solution, and usually there is but one method to get
there ... One includes only information relevant to the method or the
principle that the problem is intended to illustrate. There is no attention
to context that has any depth, no elaboration of a scenario or situation
where a practicing engineer might actually encounter a problem of this
sort. Ambiguity and uncertainty are to be avoided. Required ‘givens’ are
specified as precisely as possible without giving away the answer and,
likewise, acceptable answers are expressed in cryptic, symbolic or nu-
merical form. Evaluation of the student’s work is correspondingly rela-
tively straightforward ... The phrase ‘under-determined’ has no meaning
here.” (Bucciarelli, 2003:302)

On the other hand, the complexity and diversity that characterise real-world
engineering problems are well described by the following two definitions of
ECSA:

“Complex Engineering Activity: has a large number of entities or in-
fluences with high level of interaction where cause and effect are not
simply related. Additionally the subject requires complex model for ade-
quate description: cannot be treated adequately by considering a part or
aspect; has state, that is current behaviour is influenced by past trajec-
tory; has a large number of operational responses; or is sensitive to dis-
turbance or parameter variation. Can also be applied to a problem, sys-
tem or process.”6 (ECSA, 2003; candidate’s emphasis)

“Complex Engineering Problem: is characterised by one or more of
the following factors: requires in-depth knowledge that allows a funda-
mentals-based, first principles analytical approach; have no obvious solu-
tion and require originality and analysis; involves wide-ranging or con-
flicting technical, engineering and other issues; involve infrequently en-
countered issues; are outside problems encompassed by standards and
codes of practice for professional engineering; involves wide ranges of
stakeholders with widely varying needs; have significant consequences in
a range of contexts.” (ECSA, 2003; candidate’s emphasis)

Competence in just one engineering discipline is simply not adequate for such
complex engineering activities and problems. Bucciarelli (2003:296-8) points
out the key deficiency of a team of discipline-oriented practitioners carrying
out an engineering design: different participants work with their different,
paradigmatic object-worlds, which cause each of them to view the object of

15 Does this not reveal a fundamental difference of focus between research and design — disci-
plinarity vs interdisciplinarity?
16 Note: this is a verbatim extract from the reference, and has grammatical errors.
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design narrowly, instrumentally, and very differently from each other. “The
rigid disciplinary shell of each discipline, and the precision of the disciplinary
jargon tend to minimise interdisciplinary communication” (Ertas et al.,
2003:290). No participant has an all-encompassing, ‘God’s-eye view’ of the
design (Bucciarelli, 2003:298).

Put another way, “an engineering design task cannot be completely broken
down into sub-tasks that can be independently pursued” (Bucciarelli,
2003:299; candidate’s emphasis). The individual, object-world approaches of-
fer no basis for optimising the contributions of all the participants, and hence
the overall design, as a whole. Such approaches prevent the design being ho-
listically viewed; unintended, unanticipated interactions between its various
components or systems can thus cause failure (ibid.:300). This risk obviously
increases with the design’s complexity. Design is inherently multi- and inter-
disciplinary. Ertas et al. (2003:291) categorically state that present educa-
tional “disciplinary shells” are not “in-sync” with the current integration of
technology. They identify the disciplinary approach’s key lack of flexibility as
follows: “The natural tendency for disciplines to become autonomous will al-
ways limit the effectiveness of interdisciplinary and multidisciplinary pro-
grams” (ibid.).

“Educational systems, because of their massive administrative structure

and reductionism can not respond in a timely manner to these demands

for educating the masses in-sync with changing times. The Cartesian-

Mechanistic era is approaching its maturity and is being replaced by the
era of integration and combinatorics.” (Ertas et al., 2003:291)

The Engineering Council of South Africa (ECSA) believes that in order to con-
tribute to economic activity and national development — that is, in order for
engineers to fulfil their expected role in society — engineers’ competences
must attain to leading complex engineering activities and solving complex
engineering problems. This is made clear in ECSA’s rationale for the qualifi-
cation of a bachelor’s degree in engineering:
“Skills,'7 knowledge, values and attitudes reflected in the qualification
are building blocks for the development of candidate engineers towards
becoming competent engineers to ultimately lead complex engineering ac-
tivities and solve complex engineering problems, thus contributing to
economic activity and national development.”
(ECSA, 2004:1-2; candidate’s emphasis)
ECSA accordingly recognises that candidate (graduate) engineers must there-
fore be equipped with grounding in inter- or cross-disciplinary!® capability.
ECSA’s Whole Qualification Standard for Bachelor of Science in Engineering
or Bachelor of Engineering (ECSA, 2004) addresses this in three ways. As de-
tailed in Appendix 3, it allows for cross-disciplinary contexts in its exit-level

17 ECSA assigns a specific meaning to this term: see Appendix 2.
18 See Glossary of Terms, page xii. ECSA (2003) does not define this term.
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outcomes, and it stresses a systems approach in multidisciplinary work and
in engineering design. Indeed, two of this standard’s exit-level outcomes —
those on problem-solving and engineering design — are stated as being consis-
tent with a SAQA critical cross-field outcome requiring understanding of the
world as a set of related systems (ibid.:11). Finally, this standard recognises
emerging cross-disciplinary branches of engineering, such as ‘Mechatronics’
and ‘Electro-Mechanical Engineering’ (ibid.:1).

This cross-disciplinary, systems approach to engineering education is also ad-
vocated elsewhere. In the U.K., the Royal Academy of Engineering “suggests
that undergraduate syllabi can better prepare graduates by promoting the
importance of systems thinking and a ‘whole product’ holistic approach” (Har-
rison et al., 2007:286). The CDIO (Conceive, Design, Implement, Operate)
concept developed by some Swedish universities in conjunction with the Mas-
sachusetts Institute of Technology (M.I.T.) has as its overall goal that “engi-
neers should be able to conceive, design, implement and operate complex en-
gineering systems in a modern, team-based environment taking various so-
cietal and economic requirement[s] and a professional code of conduct into ac-
count” (Heitmann, 2005:454).

To summarise so far, candidate engineers should be equipped, through their
curriculum, with the “skills, knowledge, values and attitudes” (ECSA, 2004:2)
to permit their competences to so develop as to bring about — both in them-
selves and in teams — sufficient integration across disciplines in their engi-
neering practice to ultimately lead complex engineering activities and solve
complex engineering problems. Such integration hardly begins in multidisci-
plinary teams amounting to no more than Bucciarelli’s aforementioned team
of discipline-oriented participants (2003:297)!

In the USA, some authors advocate transdisciplinary education, this word
carrying the notion of “the integrated use of the tools, techniques and meth-
ods from various disciplines” (Ertas et al., 2003:289). Transdisciplinary edu-
cation strives to strike a balance between holism and reductionism, and it
seems that this is best achieved in the context of engineering design. Bucci-
arelli (2003:295) advocates integrating design throughout the engineering
curriculum — “learning by design”. Ertas et al. (2003:290-2) believe that the
fundamental notions of design and process are the common threads of all dis-
ciplines; provide the patterns, insight and logic necessary to apply knowledge
and skills to any problem; and introduce a greater “logical economy” in treat-
Ing processes involving not only engineering activities, but business relation-
ships. In fact, concepts and knowledge from traditionally non-engineering
areas are included much more naturally in the mix (1bid.:292):
“... engineering is becoming more about reasonable risk-taking, teamwork,
change management, nontechnical decision-making, cost accounting, and
marketing” (1bid.:291). Indeed, industries are frequently dissatisfied with the
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limited non-engineering skills in their staff (ibid.:293). These authors sug-
gest that transdisciplinary research and educational programs may consist of
four core courses - fundamentals of design, process, systems and metrics -
with supplementary courses revolving around these, and supported by a
transdisciplinary team-based design project (ibid.:292-3).

In all these considerations of cross-, inter- and trans-disciplinarity, the notion
of design is central. The Engineering Council of South Africa (ECSA) defines
engineering design as follows:

“Engineering Design: is the creative, iterative and often open-ended
process of conceiving and developing components, systems and processes.
Design requires the integration of engineering, basic and mathematical
sciences. A designer works under constraints, taking into account eco-
nomic, health and safety, social and environmental factors, codes of prac-
tice and applicable laws.” (ECSA, 2003)

However, it is Fuller who gives a more illuminative definition of design, high-
lighting its roots in the discoveries of science and the essentiality of synergy:

“...the function of design in society is to make original assumptions for
the schematic employment of the appropriate behaviour characteristics
of selected items of the by-science-separated constituents of the universe
and to apply the new degrees of potential advantage to the evolutionary
problems of the process broadly defined as ‘man’ ... the principle of asso-
ciation of special categories of behaviour to effectuate desirable syner-
gisms is indicated not only in the definition of our principle, industry as
human teamwork, but also as a principle in itself governing both organic
and inorganic factors. This is why we define synergy as a generalised
principle. Design must imagine and discern, assume, purpose and at-
tempt articulation, in as synergetic a manner as possible. Design, how-
ever, cannot guarantee its results.” (Fuller, 1963:276;

candidate’s emphasis)

Fuller then explains engineering’s implementational role in design:

“Engineering is the judicial authority that never assumes the initiative
but decides and proves the assertions of science and design. Engineering
thus establishes reliable data on the failure limits of complex associa-
tions and also measures the new synergetic behaviour characteristics
discovered by design initiative. ... Engineering, then, consolidates the net
gains of science and design in the industrial complex. Gains are design-
intuited synergies.” (Fuller, 1963:277; candidate’s emphasis)

Thus good designs utilise synergies. Fuller highlights the raison détre of de-
sign: getting synergy to do what isolated parts cannot by themselves do. He
looked at what nature does with synergy and realised that the essence of de-
sign is synergy, calling it “the integrated behaviour of nature”. Fuller illus-
trates this well from the viewpoint of the chemist:

“Are there, in nature, behaviours of whole systems unpredicted by the
parts? This is exactly what the chemist has discovered to be true. More-
over, he had discovered that, contrary to his elementary kind of experi-
ence at school, he did not come into the chemical laboratory and find a
soda fountain with spigots for hydrogen and oxygen and so forth with
which you mix up the universe as you go, and then begin to make it
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work. He found the universe already in complex working order. And
every time he partially separated out many of the elements from the oth-

ers, he always discovered that the behaviours of the localised elements
never accounted for the associated behaviour of the a priori complexes.”
(Fuller, 1958:96; italics in original; candidate’s underlining)
A fascinating example of such synergistic design in engineering is liquid-
crystal colour displays in modern laptop computers, flat-panel television sets
and viewfinders for digital cameras. The orientations of molecules in liquid
crystals can be changed by applying small electric fields, induced by small
electric voltages. Such changes in molecule orientation in turn affect the op-
tical properties of such crystals. The thin-film transistor (TFT) colour liquid-
crystal display uses thin-film, field-effect transistors to so orientate the mole-
cules of a matrix of liquid crystals. Light from a rear backlight enters the
display, first passing through a polarising film. Polarised light then enters
the three-tier (for the three primary colours, red, blue and green) liquid-
crystal display matrix, which twists the three tiers of this polarised light, dif-
ferently for each primary colour, to match those in the desired image. These
three tiers of differently twisted light next pass through colour filters to pro-
duce three tiers of red, blue and green light respectively. The red, blue and
green tiers of twisted, polarised light then pass through a second polariser
that admits or blocks each colour according to its angle of twist. Finally, the
admitted light reaches a multi-pixel display, which displays the desired im-
age (“Liquid Crystal Displays”, Encyclopcedia Britannica, 2006). Here, by
synergistically utilising the electrical and optical properties of different mate-
rials, a design-intuited synergy is created, in which the behaviour of the
whole system could not have been predicted from the behaviours of its parts,
and is an order of magnitude more complex, and useful, than the sum of the
behaviours of its parts!

2.5 Deficiencies of Traditional Engineering Curricula

At this point, ECSA’s definition of engineering is worth repeating:

“Engineering: ... 2: Engineering as a university degree, such as the
B.Sc.(Eng.), and as a professional activity is concerned intellectual and
conceptual work using engineering knowledge and engineering compe-
tencies to conceive, create designing and implementing, components, sys-
tems, engineering works, products and processes and to solve problems of
economic or social value. The process is based on scientific knowledge,
requires synthesis of knowledge, and takes into account wider issues... “

(ECSA, 2003; candidate’s emphasis)

This definition of engineering accords with Heitmann’s (2005:447) observa-
tion that problem solving and innovativeness are characterising features of
engineering. Yet it is in these very aspects that shortcomings in engineering
education are being experienced. For example, in 2006 the Royal Academy of
Engineering of the U.K. released a report on the UK industry’s view of edu-
cating engineers for the twenty-first century (Spinks et al., 2006). One find-
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ing in that report, as summarised by Harrison et al. (2007:285), was that a
significant minority of U.K. engineering firms found specific ‘skill gaps’ in
problem solving; application of theory to real problems; and breadth of
knowledge in their engineering graduates.

At engineering student level, Lyshevski sardonically observes,

“There is an increase in the number of students whose good program-
ming skills and relatively good theoretical background match with com-
plete 1nability to solve the simplest engineering problems.”
(Lyshevski, 2002:199)
There is hardly a better summary of the deficiencies of ‘traditional’ engineer-
ing curricula than Jakobsen and Bucciarelli’s (2007):
“A traditional engineering curriculum comprises two or more basic sci-
ences and a varying amount of engineering knowledge, a large part of
which is in the form of paradigmatic, disciplinary knowledge. Although
the borders between engineering subjects are not very firmly established,
the subjects have most often been taught separately in different courses.
As a result, it is an experience very many engineering teachers have had,
that students’ ability to use or build upon what they are taught in prior
courses, especially the prerequisite science courses, is poor. And many
studies reveal that students’ understanding in fact often is insufficient to
enable them to tackle problems that differ from the kinds they have al-
ready seen.” (Jakobsen & Bucciarelli, 2007:297, candidate’s emphasis)
These authors (10id.:297) cite a recent study that reveals a key reason — con-
cepts being used differently in individual course ‘paradigms’ — for students’
inability to use or build upon knowledge acquired in prior courses. This study
was of the teaching of thermodynamics in the Technical University of Den-
mark. The introductory physics course (a prerequisite science course) concen-
trated almost exclusively on ‘closed’ thermodynamic systems, where no mat-
ter enters or leaves. However, the central focus in the subsequent engineer-
ing course was naturally on ‘open’ thermodynamic systems, such as engines,
where matter (water, steam, petrol, coal, air, and so on) of necessity is al-
lowed to enter or leave. Thus the expanded concept of a thermodynamic sys-
tem where matter enters and leaves — essential in analysing and designing so
many engineering devices, like all motive engines — was virtually absent in

the physics course (ibid.)!

Jakobsen and Bucciarelli (2007) point out that this problem has two dimen-
sions: not only do different subjects use a concept differently, but the result-
ing different understandings of that concept are substantial and paradig-
matic — that is, cast within the moulds of each discipline’s paradigms. The
multidisciplinary curriculum is thus also a polyparadigmatic one, in which
each paradigm foists apparently different meanings onto concepts. Moreover,
these different paradigms are not just in different engineering disciplines;
they are in basic scientific disciplines too. The problem is even wider: there
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are also different paradigms in theory and practice. As Jakobsen and Bucci-
arelli say,

“It is here also a matter of being able to transcend borders not only be-

tween different disciplines but also between basic scientific disciplines

and engineering science and, altogether, between theory and practice.”

(Jakobsen & Bucciarelli, 2007:298)

These authors further observe that such polyparadigmatic curricula arise in
other, if not all, professional educational programmes.

Such paradigms within disciplines, both engineering and scientific, have an-
other undesirable consequence: they tend to reinforce insulation between
courses. Ertas et al. (2003:290) characterise a discipline as having “unified
tools, techniques, and methods, and a well-developed jargon.” The reposito-
ries of the core, canonical knowledge of such well-established disciplines are
well-established textbooks; the faculty regards the “frozen, lifeless, unques-
tionable” knowledge therein as suited to being transmitted to students in a
passive learning environment (Bucciarelli, 2003:303). Individual depart-
ments can claim a ‘God’s-eye view’ of their disciplines, and so claim complete
control over their corresponding courses. So students see little connection
among courses; each course appears to students “as an island apart from the
others” (ibid.:301).

“Disciplines inevitably develop into self-contained hard shells, which
tend to minimize interaction with outside entities or other disciplines.

The longer a discipline evolves, the harder its shell becomes ... disciplines
develop territories that are fiercely defended.” (Ertas et al., 2003:290)
Moreover, when assignments become more related to engineering practice,
and hence are very seldom confined to just one discipline, the limitations of

theoretical knowledge confined to one discipline are quickly felt:

“Students have big problems using the very theoretical, disciplinary

knowledge studied in universities, in practical situations. So, to be used

in more practical assignments, theory has to be restructured and by that,

it seems, built into, or encapsulated under, more practical methods.”

(Jakobsen & Bucciarelli, 2007:298)

Here, “practical methods” of course mean those that are more effective in
“practical situations”, and the reason for their greater effectiveness is that
they take more account of the multi-faceted, interdisciplinary nature of such
situations. Later, in Section 7.3 below, it will be seen that students’ “big
problems” here are symptomatic of Bernsteinian horizontal knowledge struc-
tures in students. With such knowledge structures, competence may not be
demonstrated outside familiar contexts and circumstances (here, the envi-
ronment of university teaching), because the segmental, horizontal knowl-
edge structure is bound to the context (that of predominantly mono-
disciplinary university teaching and assessment)!
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Returning to the specific problem that this research report considers — the
difficulties and unease of MIAE (ME) students with EE technology and hence
with mechatronics — the question now arises: what are the deficiencies in
such candidate engineers’ university curricula that contribute to deficiencies
In these engineers’ cross-disciplinary grounding?

3. CROSS-DISCIPLINARY GROUNDING OF ME STUDENTS IN EE
TECHNOLOGY: PERCEIVED DEFICIENCIES AND REMEDIES
ATTEMPTED

3.1 Perceived Deficiencies

A number of authors report the relative difficulty that mechanical engineer-
ing (ME) students have in grasping electrical and electronic technology.
Shooter and McNeill (2002:340-1) note that the inevitably heavy emphasis on
electronics was a concern for their ME students, but firmly believe in the ne-
cessity thereof. “To present a less electronic picture to the students was not
an option we considered.”

For Turner (2005:84), describing the teaching of an interdisciplinary mecha-
tronics class at senior!® level, this is “the major difficulty in our implementa-
tion ... unprepared mechanical engineers when it comes to electricity and
electronics”. He describes an underlying aversive mindset as “epidemic”:

“One of the more frustrating challenges in this course has been the lack

of proficiency of the mechanical engineering students in electricity and

electronics. Despite taking a physics course on electricity and a basic

electronics course, there is an epidemic mindset of ‘I do not understand
electricity and I never will.” (Turner, 2005:82)

Significantly, he adds,

“The electrical engineering students do not typically face the inverse
problem. Despite not having many classes in forces or dynamics, they
seem comfortable learning these topics.” @ibid.)

Das et al. (2005:283) refer, in their abstract, to the University of Detroit
Mercy’s requirement implying the same thing: in their junior?® year, the ME
students are specifically required to take a “survey” course in EE that leads
in to the Mechatronics course (Krishnan et al., 1999:13d4-4). This course in-
corporates laboratory activities on essential mechatronic components — sen-
sors, actuators and micro-controllers (Carlson et al., 2000:T4A-1). These au-

3

thors do not mention a corresponding requirement for EE students to “survey’

19 US usage: “of the final year of a university, high school, etc.” (Concise Oxford Dictionary,
1990); US education: “a student in the last year of high school or college” (Microsoft Encarta
Dictionary, 2005).

20 US usage: “of the year before the final year at university, high school, etc.” (Concise Oxford
Dictionary, 1990); US education: “relating to or involving students in the third year of high
school or college in the United States” (Microsoft Encarta Dictionary, 2005).
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ME topics.?! The candidate’s own university has a similar prerequisite; as
outlined in Section 2.1.1 above, the MIAE students take the prerequisite EE2
Course as preparation for their mechatronics courses. As outlined in Section
2.2, though, notwithstanding this prerequisite course, the candidate has con-
tinually observed disturbing shortfalls in understanding of principles in the
electrical and electronic content of the third-year (MCT1) mechatronics
course — in essence, the same frustrating challenge described above by Turner
(2005:82-4).

3.2 Remedies Attempted

The obvious remedy is preparatory work — as the first part of a course, or
parallel to it, or in prior courses. Hargrove (2002:349-50), describing a
mechatronics design course integrated from two previous courses in his uni-
versity’s core ME programme, mentions that early laboratory exercises were
revised to include programming micro-controllers, and interfacing to sensors
and actuators. This is likewise so in the candidate’s own teaching; two pre-
liminary laboratory exercises are devoted to the same techniques in the
MCT1 Course. An essential element of the University of Detroit Mercy’s pre-
paratory EE course (Carlson et al., 2000:T4A-1) is introducing mechatronic
components, such as sensors, actuators and micro-controllers, in laboratory
exercises as well as course material.

Turner (2005:82) describes a parallel remedy: to “place the burden on the stu-
dent” for “acquiring missing or forgotten knowledge”, through giving home-
work assignments to prepare for each laboratory exercise. To assist with this,
the ‘virtual lectures’ on the class website include ones instructing ME stu-
dents in electricity (ibid.). These teach EE from a mechanical perspective; for
example, “Voltage and current are compared to pressure and fluid flow”
(ibid.).22 Notably, Turner’s electronic laboratory exercises are individual, not
team-based; each student has his own equipment and is compelled to work
through the exercises (ibid.:80). Turner specifically states that these exer-
cises are “partially remedial”, to compensate for ME students not retaining
sufficient knowledge from their basic electronics course. Some ME students
in fact complained of the lack of sufficient aids to learning electrical topics
through self-study (ibid.:83).

21 Tt should not be presumed, though, that EE students find the interdisciplinarity of mecha-
tronics unchallenging. Das et al. (2005:295-6) report on a pre-course survey at the University
of Detroit Mercy’s first offering of a new course in modelling and simulation of mechatronic
systems for senior ME and EE students. Although the proportions of ME and EE students in
this first class are not given, this survey indicated that 50% of students had little or no under-
standing of mechatronic systems; 79% had little or no experience with mechatronic systems;
and 93% thought they had little or no ability to model a mechatronic system!

22 This feature has been taken further in the more integrated approach of Driscoll and Vil-
lanucci; two team-taught systems courses show the similarities between electrical, mechanical,
thermal and fluid systems (2004:10441).
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Nevertheless, Turner implicitly acknowledges that this is not enough; he
twice notes that changes are being made elsewhere in his university’s cur-
riculum to address this “serious issue beyond this course” (ibid.:82). Recogni-
tion inevitably seems to dawn that prior work remains essential for effec-
tively equipping ME students with the necessary background for study of
mechatronics.

3.3 Interdisciplinary Approaches to Mechatronics Education

Recently reported interdisciplinary approaches to mechatronics education fall
into two broad classes. The first is interdisciplinarity in one or more courses
devoted to mechatronics, sometimes preceded by a preparatory EE course.
The second is more ambitious, integrated and wide-ranging: interdisciplinar-
ity in the curriculum. Appendix 4 summarises both approaches as they are
reported in recent literature.

Four papers from the University of Detroit Mercy (the columns summarising
these four papers are shaded in Table A4.1 of Appendix 4) give the most com-
prehensive account of the first approach — interdisciplinarity in courses. Key
features of this university’s programme are introducing mechatronics in the
first-year ‘Introduction to Design’ course; having a prerequisite ‘Introduction
to Mechatronics’ course at senior level; including assessment specialists on
the staff team; and emphasising teamwork through an initial team-building
exercise. The papers of Turner (2005) and Hargrove (2002), which have been
discussed above, report similar introductions of interdisciplinarity.

It is worth noting that all of these reported approaches have, inevitably,
started to introduce interdisciplinarity into the curriculum too — either by
adding preparatory courses (the University of Detroit Mercy’s, and Turner’s
(2005) approach) or by integrating previous courses (Hargrove, 2002). Three
papers go further, reporting more ambitious, wide-ranging introductions of
interdisciplinarity into whole curricula. Mina et al. (2005) report the intro-
duction of ‘learning streams’ at the University of Iowa, which vertically inte-
grate subject matter across traditional courses, and “emphasise fundamentals
through their application”(ibid.:F1D-5). Two key features of learning streams
are problem-based design (spanning traditional boundaries and topics) and
staff collaboration across disciplines. ‘Mechatronics Systems’ is one such
learning stream in that University’s ME programme (ibid.:F1D-6).

Driscoll and Villanucci (2004) describe a five-year interdisciplinary, electro-
mechanical engineering programme at the Wentworth Institute of Technol-
ogy. They imply that four years may not be enough to produce adequate mas-
tery of electro-mechanical interdisciplinarity when they aver that:

“... the addition of one more academic year to a classical four year engi-

neering programme results in a tremendous amount of additional engi-
neering coursework being included in a dual-discipline engineering pro-
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gramme without any substantive loss in programme coverage or depth.”
(Driscoll and Villanucci, 2004:10442)
Finally, Newman et al. (2003) report on a foundational ¢ri-disciplinary pro-
gramme at the University of Denver, where all computer engineering, electri-
cal engineering and mechanical engineering students take the same courses —
most of which are co-taught by lecturers from these three disciplines — for the
first two years of study. Only in the third year do students choose a discipline
from these three to major in. Interdisciplinarity continues to be emphasised,
though, in team-based, multidisciplinary projects in this year, where the
teams must have one student from each discipline.

However, what is meant by this desirable type of knowledge, ‘interdisciplinar-
ity’? What are its key characteristics that distinguish it from mere multidisci-
plinarity, and so make it more effective? And how and why do various curric-
ula foster, or hinder, development of interdisciplinarity in the student engi-
neer? We need theoretical concepts to bring to light the key ways in which
engineering curricula present and regulate the transmission of knowledge
and its meaning, and the key types, strengths and limitations of the knowl-
edge that these curricula accordingly foster. Specifically, these concepts
should illuminate the key features of curricular material; organisation of that
material; transmission of knowledge; and types of knowledge produced in

mechatronics education.

To address this question, it would seem natural to turn to psychology, specifi-
cally educational psychology, concerned as this is with cognitive development
and the optimisation of learning.23 However, we have to go further than just
psychology. We have to ask how the educational curriculum develops, and is
recontextualised, from the world of production, the world of work — here, en-
gineering practice. In considering this, it is necessary to move beyond mere
educational psychology to social interaction in society — both initially, in how
the curriculum is derived from engineering practice, and finally, in how fit
the engineering graduate is to participate in engineering practice. For this
reason — because both the origin of the problem and the application of any so-
lution are in the world of engineering practice, the world of work — we turn to
a sociologist, an educational sociologist, who links the fields of production and
education. This is Basil Bernstein.

We turn to Bernstein, and the cognitive and developmental psychologist Lev
Vygotsky, for the theoretical concepts needed, in sum, to “render knowledge
visible”. Bernstein’s educational knowledge codes bring to light the key ways
in which curricula categorise and control the knowledge to be transmitted.
His pedagogic device illuminates the set of codes — the tacit regulative princi-

23 “Educational Psychology”, Encyclopeedia Britannica, 2006.
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ples — for selecting knowledge deemed appropriate for designated learners;
transforming such knowledge into forms deemed suitable to transmit to
them; and evaluating the knowledge acquired by them. Finally, Bernstein’s
knowledge structures pinpoint the key types, strengths and limitations of
such acquired knowledge in the student (the knower). In these aspects of ac-
quired knowledge — types, strengths, limitations and evaluation — Bernstein’s
work is valuably complemented by Vygotsky’s theory of conceptual develop-
ment, developed in tests on children, but here applied to students. Vygotsky’s
notions of ‘complexes’ — concrete and factual associations of key features of
subject-matter — and how these develop into proper concepts, where the asso-
ciations become abstract and logical — shed much light on the internal devel-
opment of students’ acquired knowledge, and in particular, on how ‘com-
plexes’ can functionally masquerade as concepts during evaluation. We begin
with Bernstein.

4. BASIL BERNSTEIN: EDUCATIONAL SOCIOLOGIST

Basil Bernstein (1924-2000), a British sociologist and linguist, is mainly
known for his contributions to educational sociology. Maton and Muller
(2007:29) describe a key advantage of his approach as “its capacity to render
knowledge visible as an object of study”. In the work of this report, we draw
upon Bernstein as a curriculum theorist. His expanded concepts of first,
types of curriculum, and second, types or structures of knowledge acquired by
learners in such curriculum types, provide the theoretical concepts we need
here.

Bernstein’s approach probes deeper than the curriculum as a mere syllabus of
subject-matter. What are an educational system’s underlying values — con-
veyed implicitly or explicitly to, and reproduced in, learners? What counts as
knowledge? What are the essential, desirable qualities or attributes of
knowledge that are prized and rewarded? Further, how effective is such edu-
cational knowledge in its purpose — serving society in the field of production?

For Bernstein, formal educational knowledge is not brought about just
through curriculum. An educational system comprises three “message sys-
tems” that should be treated as a whole — curriculum, pedagogy and evalua-
tion. Defining these:

“Curriculum defines what counts as valid knowledge, pedagogy defines

what counts as a valid transmission of knowledge, and evaluation defines

what counts as a valid realisation of this knowledge on the part of the

taught.” (Bernstein, 1977:85)
The underlying principles that shape these three message systems — curricu-
lum, pedagogy and evaluation — Bernstein termed the educational knowledge
code (ibid.). This concept of code began in Bernstein’s earlier work, and was
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central to Bernstein’s sociology (Sadovnik, 2001:690). Maton and Muller
(2007) sum up just how central it was:

“The principal concept Bernstein placed at the centre of his explanation

of social and cultural reproduction, transformation and change was, at

least initially, that of code.”

(Maton & Muller, 2007:16; emphasis in original)

As an educator interested in the relatively poor performance of working-class
children in language subjects at school, he began with a socio-linguistic the-
ory of ‘language codes’. In this theory, restricted code denotes relatively con-
densed language used for communication between people of similar culture
and acquaintance with the material being communicated; elaborated code de-
notes more voluminous, explicit language necessary for communication when
no such similarities exist. Soon, however, his concept of code deepened and
expanded, moving away from linguistic repertoire towards its underlying
function: conveying meaning. Code came to denote “a general principle or set
of rules for the regulation and distribution of meaning” (Maton and Muller,
2007:17), and Bernstein began examining how such codes influenced peda-
gogic discourse and practice (Sadovnik, 2001:689). In Bernstein’s own defini-
tion of the nature and functions of a code,

“Thus a code is a regulative principle, tacitly acquired, which selects and

integrates meanings, forms of realizations, and evoking contexts ...
(Bernstein, 1990:101)

4.1 Classification and Framing

In order to clarify how codes performed these functions in an educational sys-
tem, Bernstein developed the sub-concepts of classification and framing. In
essence, classification refers to the organisation of knowledge into curriculum
(Sadovnik, 2001:689); however, relations of power determine the contexts or
categories created within that curriculum, and the inter-relations between
these (Maton & Muller, 2007:17). In strong classification, the categories (of
subject-matter) in a curriculum are well insulated from each other — the insu-
lation arising from the perceived necessity of maintaining power over each
category to preserve its identity and independence. Framing refers to how
knowledge is transmitted through pedagogic practices, and especially to how
rigidly the communication enabling such transmission is controlled. “There-
fore, strong framing refers to a limited degree of options between teacher and
students; weak framing implies more freedom” (Sadovnik, 2001:689).

The essential natures of an educational system’s first two message systems,
curriculum and pedagogy, can thus be expressed in terms of classification and
framing:

“From the perspective of this analysis, the basic structure of the message

system, curriculum is given by variations in the strength of classification,
and the basic structure of the message system pedagogy is given by
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variations in the strength of frames. It will be shown later that the

structure of the message system, evaluation, is a function of the strength

of classification and frames.’ (Bernstein, 1977:89)
Indeed, Bernstein later sums up the nature of this third message system —
evaluation — as follows. With strong classification and framing, the evalua-
tive system emphasises attaining states of knowledge rather than ways of
knowing — this being the emphasis under weak classification and framing
(ibid.:99).

4.2 Educational Knowledge Codes: Collection and Integrated Types

On the formal basis of the strengths of classification and framing, Bernstein
accordingly outlined two types of educational knowledge codes, collection and
integrated (Bernstein, 1977:90). In essence, these denoted strongly and
weakly classified curricula respectively. Relative strengths of classification
and framing give rise to sub-types of each code.

In a collection code, the knowledge is strongly classified; it is organised into
mutually insulated hierarchies of subjects, and distributed as such (Bern-
stein, 1977:103). The boundaries between such subject hierarchies are rigidly
maintained. The teachers?* (educators) within each such hierarchy have high
discretion; power over the subject-matter to be taught and control over the
manner of teaching it. Strong subject loyalties and identities tend to develop,
and such a system perpetuates itself as pupils?® become lecturers and trans-
mit the same messages (ibid.:95).

An integrated code is fundamentally different, but it is first important to un-
derstand what Bernstein means by ‘integration’. He does not mean a curricu-
lum of different subjects focusing upon a common problem (ibid.:101). He
means more than that. Integration means that two or more apparently differ-
ent subjects are subordinate to some general principle(s) applicable to all. In
Bernstein’s words,

“... there must be some general relational idea, a supra-content concept,
which focuses upon general principles at a high level of abstraction. ...
Whatever the relational concepts are, they will act selectively upon the
knowledge within each subject which is to be transmitted. The particu-
lars of each subject are likely to have reduced significance. This will fo-
cus attention upon the deep structure of each subject, rather than its sur-
face structure. I suggest this will lead to an emphasis upon, and the ex-
ploration of, general principles and the concepts through which these
principles are obtained.” (Bernstein, 1977:101-2)

That is, the boundaries between such subjects tend to lose their significance
and become blurred as the general relational idea(s) expose the inner natures
and governing principles of each subject, and the similarities between these

24 Bernstein uses “teacher(s)”; the application in this research report is obviously to lecturers.
25 Bernstein uses “pupil(s)”; the application in this research report is obviously to students.
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inner natures and principles. The basis of an integrated code, then, is clear
general principles that are overt, elaborate and very explicit (ibid.:110). The
various contents or subjects are subordinated to these principles. Hence, in
contrast to collection codes, teachers tend to have reduced power and control
over the subject-matter being taught and how to teach it; the general govern-
ing principles themselves are more reliable and convincing guidelines here.
These general principles, being accessible to pupils too, thus tend to give pu-
pils more discretion in the educational system (ibid.:101), and the most im-
portant quality of knowledge becomes the ways of knowing rather than the
states of knowledge of individual subjects (ibid.:101-2).

Bernstein names some important sub-types of integrated codes: teacher-
based, where one teacher blurs the boundaries between different subjects
that s/he teaches, and teachers-based (more difficult to introduce), where
teachers integrate either within a common subject or across different subjects
(ibid.:93). Integrated codes can thus cross subjects (ibid.); indeed, their key
power lies in this feature.

4.3 Codes of Production

In considering the autonomy of education, Bernstein was led to examine the
relationships between education and production’s requirements for it. Here,
classification was immediately useful: he defined the relative autonomy of
education “in terms of the strength of the classification between the category
education and the category production” (Bernstein, 1977a:188).

Additionally, his concepts of classification and framing yielded remarkable
insights into the regulative principles of different forms of production. These
regulative principles he called the codes of production. In his terminology,
the agents of production are all people who are involved at various roles
therein: “unskilled, skilled, technologists, managers, administrators, etc.”
(ibid.:181-2). If these various roles are strongly classified, the relationships
between them “are stable, sharply distinguished, the functions well insulated
from each other, and the agents are not interchangeable”(ibid.). The opposite
holds for weak classification. An act (or unit) of production is a realisation of
an agent. If the primary act (primary unit of production) is tightly controlled
and specified, and different between agents (thus divisive), the framing (con-
trol) is strong. The opposite is true for weak framing, where the primary unit
of production is relatively co-operative (less divisive) and has more flexibility.
Codes of production can vary all the way from very strong classification and
framing (“isolated agents; divisive act”) to weak classification and framing
(“integrated agents across categories; integrated act”) (ibid.:183-4). As will be
seen in Section 7.1 below, Codes of Production and Interdisciplinary Working,
these codes immediately shed light on the key factors promoting or hindering
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interdisciplinarity (vs mono- or multi-disciplinary practice) in both engineer-
ing production (practice) and education.

4.4 The Curriculum and the Pedagogic Device

Collection and integrated curriculum codes were only one feature of Bern-
stein’s analysis of pedagogic practices; his codes address all three abovemen-
tioned message systems. That is, they regulate not only the nature of curric-
ula, but also how knowledge is transformed into pedagogically suitable forms,
and then transmitted to, and evaluated in, learners. Bernstein termed this
set of codes — regulating the key aspects of knowledge selection, transforma-
tion and evaluation in pedagogy — the pedagogic device.

Within this device, the code(s) regulating syllabus in the curriculum he
termed distributive rules, determining what knowledge in society’s field of
production is to be transmitted, and to whom. This knowledge has next to be
transformed into forms suitable for pedagogy, that is, into pedagogic dis-
course (Maton & Muller, 2007:19). However, such transformation inevitably
involves recontextualisation: the aspects of the knowledge deemed most im-
portant for effective transmission, that is, for teaching and learning, are
unlikely to be the same aspects deemed most important where the knowledge
1s applied — in society’s field of production. The knowledge is thus recontex-
tualised, through the second set of codes — recontextualising rules — and so be-
comes educational knowledge (ibid.) This recontextualised knowledge is
deemed suitable for pedagogic transmission. Finally, a set of evaluative cri-
teria are needed to assess how effectively this educational knowledge has
been transmitted to, and acquired by, learners. To develop these criteria, the
already-transformed pedagogic discourse has to be further transformed
(ibid.). The underlying codes governing this second transformation are Bern-
stein’s third set of codes in his pedagogic device: evaluative rules, which oper-
ate in the field of reproduction — the field of transmission, acquisition and
evaluation.. These three sets of rules, operating upon knowledge in the re-
spective fields of production, recontextualisation and reproduction, constitute
the ‘arena’ of the pedagogic device (ibid.).

This pedagogic device then gave rise to a further question: what is the nature
of the knowledge itself inside the pedagogic fields of recontextualisation and
reproduction?
“For, in setting forth these ideas and making a case for the necessity of a
theory of the pedagogic device, Bernstein highlighted the absence of an
analysis of pedagogic discourse itself and raised questions of the forms
taken by knowledge, issues he came to realize had not been answered by
his account of the device.” (Maton & Muller, 2007:21)
In sum, the pedagogic device did not actually show the nature of pedagogic
discourse and knowledge; that is, a focus on the forms of knowledge, rather
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than pedagogic communication, was necessary (Maton & Muller, 2007:22).
This applied also, and especially, to the forms of knowledge in the field of
production — “the knowledge from which pedagogic discourse is created”

(tbid.).

4.5 The Move from Pedagogies to Knowledge Structures

As Maton and Muller (2007:14) point out, knowledge itself thus became in-
creasingly central to Bernstein’s thinking in his final works. First, Bernstein
probed the nature of discourses, both pedagogic and ‘everyday’, categorising
them into horizontal and vertical types.

Bernstein (1996¢:170) calls a body of “everyday, oral or common-sense knowl-
edge” a horizontal discourse (HD). Such bodies are “local, segmental, context
dependent, tacit, multi-layered, often contradictory across contexts but not
within contexts” (ibid.). Within such a discourse, there is no organisation into
levels of recontextualisation and their management (ibid.:174). Thus the con-
text prevailing at any time can be said to “drive the discourse”.

On the other hand, a body of knowledge called a vertical discourse (VD25) is
not segmental, but more organised in both structure and components. Verti-
cal discourses consist of “specialised, symbolic structures of explicit knowl-
edge” (Bernstein, 1999:161). Such knowledge is circulated through forms of
recontextualising (ibid.:159; 1996¢:171), because the validity and applicability
of such structures of knowledge are not confined to one unique context, but
extend to others. The discourses used in schools are vertical; they are in-
tended to produce non-segmental competences applicable to more than one
context (1bid.:179).

Maton and Muller sum up the distinction well:

“Where the knowledges of horizontal discourse are integrated at the level
of relations between segments or contexts, the knowledges of vertical dis-
course are integrated at the level of meanings which are related hierar-
chically ... (1999a: 161).”
(Maton & Muller, 2007:23; candidate’s emphasis)
Bernstein probed vertical discourses further, recognising that their internal
structures were of two markedly different types — both organised, but differ-

ently.

4.5.1 The Hierarchical Knowledge Structure (HiKS) in Vertical Discourse

The first is a hierarchical knowledge structure, abbreviated as ‘HiKS’. This is
“a coherent, explicit, systematically principled structure, hierarchically or-
ganised” (Bernstein, 1996¢:171), “as in the natural sciences” (ibid.:172). Such

26 This is the candidate’s abbreviation; Bernstein (1996¢) does not provide an abbreviation for
this term.
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a hierarchical knowledge structure “appears to be motivated by what we have
called an integrated code”?" (ibid.:173; emphasis in original), that structures
the knowledge by integrative expansion:
“The principle of the structuring of this knowledge moves the realisations
towards more and more general propositions which integrate knowledge

at lower levels and across an expanding range of apparently different
phenomena.” (Bernstein, 1996¢:173; candidate’s emphasis)

4.5.2 The Horizontal Knowledge Structure (HKS) in Vertical Discourse

The second type Bernstein perceptively calls a horizontal knowledge struc-
ture, or HKS.286 Such a structure is “a series of specialised languages?® with
specialised modes of interrogation and specialised criteria for the production
of texts” (ibid.:171), “as in the humanities and social sciences” (ibid.:172), but
“motivated by what we have called a collection code or serial code” (ibid.:173).
This structures the knowledge by appending further such languages as dis-
tinct entities, not integrating them:

“...the constraints on the production of this knowledge (a crucial feature

of this code) create a series of expanding, non-translatable, specialised

languages with non-comparable principles of description based on differ-

ent, often opposed, assumptions. ... Horizontal knowledge structures de-

velop by addition of another specialised language.”
(Bernstein, 1996¢:173, emphasis in original)

4.5.3 Essential Distinction between Hierarchical and Horizontal Structures

As Maton and Muller point out (2007:24), both these hierarchical and hori-
zontal knowledge structures are products of our human minds. The key dis-
tinction between them is that HiKSs integrate knowledge and the assump-
tions on which that knowledge is based, whereas HKSs do not:
“For example, Bernstein argues that in hierarchical knowledge struc-
tures acquirers do not have the problem of knowing whether they are
speaking or writing physics: ‘the passage from one theory to another does
not signal a break in the language; it is an extension of its explanatory /
descriptive powers’ (1999a: 164). In horizontal knowledge structures ac-
quirers are faced with an array of languages based on different, often op-
posed assumptions, making it less clear that one is indeed speaking or
writing sociology.” (Maton & Muller, 2007:24)
In both forms of knowledge structure, clashes do occur between different
theories, but the ways in which these clashes are accommodated are funda-
mentally different. In HiKSs, a new theory, to be adopted, must both go be-
yond and successfully subsume its predecessors. However, in HKSs, the ac-

27 Bernstein sometimes uses similar terminology to mean different things. Here, “integrated
code” means the integrated educational knowledge code referred to in Section 4.2 above. It
does not mean the integrated nature of the HiKS itself.

28 This is Bernstein’s (1996¢) abbreviation.

29 Note: each such language may well have a hierarchical knowledge structure, but such struc-
tures of each such language are unlikely to correspond.
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ceptability of a new theory is likely to be signalled by the development of a
new language, incorporated by collection into the HKS. Differences between
this and previous languages are difficult to settle by empirical research, and
are the subject of critique (ibid.).

Finally, it must be carefully noted that Bernstein’s horizontal and vertical
discourses, and the HiKSs and HKSs of vertical discourses, are distinct from
structures of curriculum:

“Bernstein is exploring the symbolic products of the field of production
...; the notion of recontextualization highlights that a knowledge struc-
ture is not necessarily a curriculum structure or pedagogic structure, and
his theorization is not simply a recasting of pedagogic codes. Thus, in
terms of Bernstein’s concepts as they currently stand, one would not de-
scribe a school curriculum in terms of exhibiting a horizontal or hierar-
chical knowledge structure.” (Maton & Muller, 2007:28)

5. LEV VYGOTSKY: COGNITIVE AND DEVELOPMENTAL
PSYCHOLOGIST

Lev Semenovich Vygotsky (1896-1934), a Russian cognitive and developmen-
tal psychologist, is known for his contributions to the fields of child develop-
ment and cognitive psychology. This report utilises two of his contributions:
his theories of developmental forms of concepts in children and adults, and of
the ‘zone of proximal development’ in learners.

His Thought and Language was his most popular book (Kozulin, 1990:205).
Kozulin sums up the theme of Vygotsky’s research therein:
“He [Vygotsky] wanted to understand how a concept — an intellectual
idea — 1s related to its meaning and the latter to its various verbal em-
bodiments.” (Kozulin, 1990:206; emphases in original)
However, as Bruner points out in introducing the first English translation of
this book — first published in Russian, posthumously, in 1934 — it is, on a
deeper level, a profound theory of intellectual development and education:
“The present volume ... ties together one major phase of Vygotsky’s
work, and though its principal theme is the relation of thought and lan-
guage, it is more deeply a presentation of a highly original and thought-
ful theory of intellectual development. Vygotsky’s conception of devel-
opment is at the same time a theory of education.” (Bruner, 1961:v)
In the work of this report, we draw upon this book’s theory of how concepts
develop — in children, but also in adolescent and adult students — and by
analogy, use this theory to illuminate the nature of the difficulties of engi-
neering students in understanding mechatronics.

5.1 Vygotsky’s Developmental Levels of Concepts

It is first necessary to define the term ‘learned adult’ as used in this report.
‘Learned adult’ will be taken to mean an adult whose grasp of a concept has
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developed to understanding the implications of the complex relations between
this concept’s general governing principles and particular phenomena to
which it is being applied.

In the above quote, Kozulin indicates that by ‘concept’ Vygotsky meant ‘intel-
lectual idea’. Vygotsky himself notes here, importantly,

“Real concepts are impossible without words, and thinking in concepts

does not exist beyond verbal thinking. That is why the central moment

in concept formation, and its generative cause, is a specific use of words

as functional ‘tools™. (Vygotsky, 1986:107)
The prompting point for Vygotsky’s investigations here was the realisation
that just because a child uses correct names for objects and processes does not
mean that s/he has learned (developed) the underlying concepts that adults
mean and understand when using those names (Kozulin, 1990:213). Thus
communication by means of words (correct names) is no guarantee of fully
developed concepts in the communicator. Put another way, fully developed
concepts in the communicator are not guaranteed if the purpose (function) of
the communicated words does not require these fully developed concepts (as-
signed to those words or communication by learned adults) in the communi-
cator. Any lesser level of concept development that serves the purpose (func-
tion) of the communication will do. Such lesser levels of concept development
are thus functional equivalents of concepts, which, as Kozulin (ibid.) observes,
differ from real concepts in the type of generalisation involved and the way
words are used to designate them. Vygotsky’s own summation is,

“We are faced, then, with the following state of affairs: A child is able to

grasp a problem, and to visualise the goal it sets, at an early stage in his

development; because the tasks of communication and understanding are

essentially similar for the child and the adult, the child develops func-

tional equivalents of concepts at an extremely early age, but the forms of

thought that he uses in dealing with these tasks differ profoundly from

the adult’s in their composition, structure and mode of operation.”

(Vygotsky, 1986:101-2; candidate’s emphasis)

Vygotsky’s three distinguishing levels of concept development, ably outlined
by Kozulin (ibid.:213-6), and emerging through the well-known ‘Vygotsky’s
blocks test’, which studied concept formation in children,30 are:

(1) syncretic grouping, where a child groups blocks on the basis of diffuse
‘feeling’ of what characteristics belong together;

(2) ‘complexes’, which are capable of serving as functional equivalents of con-
cepts because they reflect certain features actually shared by some ob-
jects. However, there is no hierarchical organisation of these different
features; all are functionally equal, and each of them can become the ba-

30 The methodology of this test is described by Vygotsky (1986:103-5), and summarised by
Kozulin (1990:212-3).
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sis for selection. Bonds between components of a ‘complex’ “are concrete
and factual, rather than abstract and logical” (ibid.) The most advanced
form of ‘complex’ is the pseudoconcept, so called because phenotypically
(that is, in its visible manifestations) it is often indistinguishable from a
genuine concept;

(3) potential concepts, beginning with elementary, isolating abstractions.
Here, the key development beyond the ‘complex’ is that an abstracted
trait is not easily lost among the other, non-abstracted traits (Vygotsky,
1986:139).

These three levels are aptly termed preconceptual levels of development. Vy-
gotsky himself brilliantly outlines how a potential concept finally develops
into a genuine one:
“Only the mastery of abstraction, combined with advanced complex
thinking, enables the child to progress to the formation of genuine con-
cepts. A concept emerges only when the abstracted traits are synthe-
sised anew and the resulting abstract synthesis becomes the main in-
strument of thought.” (Vygotsky, 1986:139)
As mentioned above, though, these three preconceptual levels emerged
through the ‘Vygotsky’s blocks test’ carried out on children. Are they applica-
ble to students having difficulty with ‘learned adult’ concepts, like mechatronic
concepts? In his foreword to the second, revised English translation of
Thought and Language, Kozulin is quick to point out that preconceptual
thinking is a part of adults’ resources:
“One of the most important discoveries in Vygotsky’s study is ‘pseudocon-
ceptual’ thinking; a form of child’s reasoning that phenotypically coin-
cides with reasoning in the adult and yet has a different, preconceptual
nature. ... Vygotsky observed in addition that preconceptual, and even
mythological, thinking not only is characteristic of children and the men-

tally ill, but also forms the basis of the everyday, normal reasoning of
adults.” (Kozulin, 1985:xxxii-xxxiii; candidate’s emphasis)

5.1.1 Applicability of Vygotsky’s Preconceptual Developmental Levels to
Students

That is, adults and older children do not abandon preconceptual thinking.
Vygotsky (1986:113) observes, “Remains of complex thinking persist in the

»

language of adults.” Kozulin elaborates on when adults and older children

are likely to resort to such thinking:
“It 1s also important to remember that preconceptual types of representa-
tion are retained by older children and adults, who quite often revert to
these more ‘primitive’ forms depending on their interpretation of a given
task and on their chosen strategy for solution.” (Kozulin, 1990:213)
For example, when adults group cups with saucers, or tables with a chair and
couch, such groups are ‘complexes’ (ibid.). “Even healthy adults,” says Vygot-
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sky (1986:115), “when speaking of dishes or clothes, usually have in mind sets
of concrete objects rather than generalised concepts.”

Now adolescents are persons between childhood and adulthood, and most un-
dergraduate students, except for a minority of ‘mature students’,3! are either
In or just out of this category. Vygotsky (1986:108) notes that the tasks, de-
mands and intellectual stimulation confronting the adolescent as s/he enters
the adult world are an important prompting factor in the emergence of con-
ceptual thinking. Moreover, as Kozulin (1990:213) points out, “the level of
truly conceptual problem solving is achieved only by adolescents.” Neverthe-
less, as Vygotsky elaborates,
“Even after the adolescent has learned to produce concepts, he does not
abandon the more elementary forms; they continue for a long time to op-
erate, indeed to dominate, in many areas of his thinking. As we have
mentioned earlier, even adults resort to complex thinking.”
(Vygotsky, 1986:140; candidate’s emphasis)
Now naturally, the tasks in engineering studies are not on the level of chil-
dren distinguishing between Vygotskian blocks, but on far higher levels. En-
gineering students are required to reason about and conceptualise engineer-
ing problems, using mathematical concepts and principles of the basic sci-
ences (Associated Assessment Criteria 1.(c) and 2.(b), ECSA Exit Level Out-
come 2, Appendix 3). Thus, certainly in their third and final undergraduate
year, such students’ conceptual development should be at the level of genuine
concepts. However, the characteristics of the Vygotskian ‘complex’ raise a
warning flag: do the assessing instruments used to evaluate whether ECSA’s
assessment criteria are being met unequivocally reveal whether students’ con-
cepts are genuine or not?

For, as mentioned above, the most advanced form of ‘complex’ at Vygotsky’s
abovementioned preconceptual level (2) — the pseudoconcept — is often indis-
tinguishable, phenotypically, from a genuine concept. This means, for under-
graduate students, that if their level of concept development is evaluated as
being at the level of genuine concepts, but is actually at pseudoconceptual
level, they will not have the necessary genuinely conceptual, hierarchical un-
derstanding deemed adequate for reasoning about and conceptualising engi-
neering problems (as required by the abovementioned ECSA Exit Level Out-
come 2).

Is this why many students pass examinations well in early undergraduate
years — when ‘complex’ (pseudoconceptual) reasoning may pass itself off as
conceptual reasoning — and fail in the more demanding assessments of later

31 “Mature student: a student aged 25 or over who has gone into higher or further education
later than is usual, especially after working or raising a family” (Microsoft Encarta Dictionary,
2005).
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years, when only conceptual reasoning will do? For, as Kozulin (1990:215) ob-
serves, Vygotsky’s most advanced form of ‘complex’ reasoning — the pseu-
doconcept — is the functional equivalent of a concept “par excellence”, being on
the borderline between prelogical and logical thought. Thus a pseudoconcept
can convincingly pass itself off as a genuine concept:

“... functionally it looks so like true concepts that adults often do not no-

tice the difference. This observation indicates how deceptive functional

appearance can be. 'Thought-complexes’ can appear as if they are con-

cepts, thus concealing their actual substructure. The use of one and the

same words and the understanding they bring about may correspond to

only a superficial level of functional communication, while the underlying

intellectual substructures of the communicants may remain alien to each

other ...” (Kozulin, 1990:217; candidate’s emphasis)
Indeed, if the communicants are a ‘learned adult’ (as defined above) lecturer
and an engineering student whose development in the subject-matter being
assessed 1is still at preconceptual level, these communicants’ intellectual sub-
structures — expressly, the causal-dynamic relations between components
therein®2 — will be alien to each other, as Vygotsky points out, because they
originate differently:

“More detailed study of the last type of complex [the pseudoconcept] re-

veals that phenotypical similarity between complexes and real concepts

coexists in this case with genetic dissimilarity. Causal-dynamic relations

that engender pseudoconcepts are essentially different from those giving

birth to a concept proper. What we confront here is the appearance of a

concept that conceals the inner structure of a complex.”

(Vygotsky, 1986:119; candidate’s emphasis)

Kozulin (1990:218) succinctly sums up the problem: different types of thinking
may lead to one and the same cognitive product, so this does not necessarily
signify similar reasoning (thinking). The difficulty of identifying whether the
thinking of students originates from genuine concepts or pseudoconcepts is
well expressed by Vygotsky:

“The outward similarity between the pseudoconcept and the real concept,

which makes it very difficult to ‘unmask’ this kind of complex, is a major

obstacle in the genetic analysis of thought.” (Vygotsky, 1986:121)
In sum, it is well to recall the essential difference between a ‘complex’ and a
concept. As noted above, in a ‘complex’ there is no hierarchical organisation
(in its causal-dynamic relations) of its different features (components). On
the other hand, in a concept — specifically, concepts relating to structured
subject-matter, which Vygotsky calls ‘scientific concepts’ — the organisation is
hierarchical and logical (Kozulin, 1990:222). This theory of Vygotsky is util-
ised in Section 7.3 below, “Desirable and Inferior Knowledge Structures in
Mechatronics”, to suggest that the collection-type first- and second-year un-

32 Even though the components themselves — key elements of subject-matter — may be mostly
or entirely the same in both communicants’ substructures.
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dergraduate engineering syllabi, not emphasising general principles applying
to both mechanical and electrical phenomena, do not promote hierarchical
and logical connections of the relations between various classes of such phe-
nomena. Hence the conceptual development of students is not decisively
promoted beyond the ‘complex’ level.

5.2 Vygotsky’s Zone of Proximal Development

Kozulin (1990:221) records that the next step in Vygotsky’s program was to
compare concepts actually learned by a child in school through formal, logical,
decontextualised, structured classroom instruction — these being the above-
mentioned ‘scientific’ concepts — with “those spontaneously acquired through
everyday activity”’, termed spontaneous concepts. The latter emerge from a
child’s reflections on immediate, everyday experiences; they are thus experi-
entially rich, but ‘complexes’, being unsystematic and highly contextual
(ibid.:222).

Of course, as noted above, concepts, including ‘scientific’ ones, are not just
transmitted to the child; they must develop in the course of the child’s own in-
tellectual development. How do these scientific concepts develop, and how can
they best be assisted to develop? Vygotsky realised that the potential of devel-
oping must exist in every learner, to different degrees, but how was this po-
tential firstly to be gauged, and secondly to be best exploited? Hence he de-
veloped his theory of the zone of proximal development, springing from his
theory that “we become ourselves through others”. This means that, in the
course of childhood and lifelong development, we acquire our higher mental
functions — “the higher forms of behaviour” characterising the personality —
through social interaction with others. Vygotsky hence argued that a child’s
intellectual abilities (potential) could be much more sensitively gauged
through her/his progress achieved in cooperation with an adult (Kozulin,

1985:XXX1V-XXXV).

Vygotsky himself defines the zone of proximal development (ZPD) thus: “the
distance between the actual developmental level as determined by independ-
ent problem solving and the level of potential development as determined by
problem solving under adult guidance or in collaboration with more capable
peers” (Vygotsky, 1978:86). Kozulin points out that this zone, termed zo-ped,
1s dynamic, being the meeting place, in the child’s prevailing state of intellec-
tual development, between spontaneous and ‘scientific’ concepts:

“In this connection, Vygotsky used the term zo-ped, the ‘zone of proximal

development’, the place at which a child’s empirically rich but disorgan-

ised spontaneous concepts ‘meet’ the systematicity and logic of adult rea-

soning. As a result of such a ‘meeting’, the weaknesses of spontaneous

reasoning are compensated by the strengths of scientific logic. The depth

of zo-ped varies, reflecting children’s relative abilities to appropriate
adult structures. The final product of this child-adult cooperation is a so-
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lution, which, being internalised, becomes an integral part of the child’s

own reasoning.” (Kozulin, 1985:xxxiv-xxxv; emphases in original)
This research report utilises this theory in Section 9 below, ‘A Pedagogy to
Achieve an Integrated Knowledge Structure in Mechatronics’. The pedagogy
there, based on Hedegaard’s ‘Double Move in Teaching and Developmental
Learning’, is based on Vygotsky’s ‘zone of proximal development’, and utilises
social interaction in project teams to bring the desired integrated knowledge
structures about.

6. CRITICAL RESEARCH QUESTIONS

We are now in a position to formulate the critical research questions of this
project. As key concepts, Bernstein’s codes of education, codes of production
and knowledge structures — the latter in conjunction with Vygotsky’s ‘com-
plexes’ and ‘genuine concepts’ — are used.

1. How do Bernstein’s codes of education conceptually explain and illumi-
nate the strengths and weaknesses of the way mechatronics is taught,
with reference to the graduate engineer’s suitability for serving society’s
required codes of production?

2. How do Bernstein’s knowledge structures conceptually point the way to
producing mechatronic knowledge that preserves the detail(ed knowl-
edge) of each discipline, but integrates all such knowledges across disci-
plinary boundaries?

3. How can mechatronic conceptual development in students be prevented
from stopping at Vygotskian ‘complex’ level — even at the highest such
level, pseudoconceptual — and fostered to full logical, hierarchical, con-
ceptual level?

4. Is there a basis to integrate mechanical and electrical disciplinary
knowledge? More generally, what technical concepts are available that
codify and set out common principles of operation of all types of physical
systems — thermal, mechanical, electrical, fluidic — and so provide bases
for integration, and full conceptual development, across disciplinary
boundaries?

5. Finally, how can the desirable integrated knowledge structure best be
produced, that is, best be developed, in students? What conceptual ways
are available to do so — preferably those that motivate the student, that
1s, build upon her/his motives for pursuing engineering? Moreover, what
ways are there to develop such learning, such knowledge structures, in
students, from their initial, current levels of development?
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7. ANALYSING MECHATRONIC KNOWLEDGE: THE CODES AND
KNOWLEDGE STRUCTURES OF BERNSTEIN

With regard to the first two critical research questions, three theoretical con-
cepts of Bernstein are most elucidative. First, his codes of production, intro-
duced in Section 4.3 above, illuminate the essential natures of acts of produc-
tion, and hence provide additional conceptual justification for interdiscipli-
nary working. Second, his codes of education, introduced in Section 4.2
above, and his hierarchical and horizontal knowledge structures, introduced
in Section 4.5 above, illuminate hindrances in traditional engineering curric-
ula to effectively teaching EE technology and hence mechatronics to ME en-
gineering students.

7.1 Codes of Production and Interdisciplinary Working

As outlined in Section 4.3 above, Bernstein’s (1977a:183-4) codes of produc-
tion can vary all the way from very strong classification and framing (“iso-
lated agents; divisive act”) to weak classification and framing (“integrated
agents across categories; integrated act”). Bernstein points out a key conse-
quence of the strength of the framing, that is, the strength of control over
production — this consequence being the resulting relationship of each act
(sub-product) to the final product:

“The degree of fragmentation or divisiveness refers to the relationship

between the act and the final product. The more fragmented or divisive

the act(s), the less like the final product is its realisation. The more inte-

grated the act, the more like the final product is its realisation, that is, its

consequence.” (Bernstein, 1977a:182; candidate’s emphasis)
The second sentence in this quote remarkably illuminates Bucciarelli’s view
in Section 2.4.1 above that, in a team of discipline-oriented practitioners car-
rying out an engineering design, different practitioners work with their differ-
ent, paradigmatic object-worlds, which cause each of them to view the object
of design narrowly, instrumentally, and very differently from each other.
Consequently:

“No participant has, at any stage in the process, a comprehensive, all-

encompassing understanding of the design. No participant has a ‘God’s-

eye view’ of the design.” (Bucciarelli, 2003:298)
The individual, object-world approaches offer no basis for optimising the con-
tributions of all the participants, and hence the overall design, as a whole.
There is thus no guarantee that each participant’s contribution (in Bern-
stein’s terms, each act of production) will have all the desired features of the
final product (in Bernstein’s words, will be “like the final product in its reali-
sation”). At best, such a team of discipline-oriented practitioners operates ac-
cording to Bernstein’s second code, +C +F, of production — related agents
within a category (each category being one or more levels of technical practi-
tioners), but divisive acts of production (1977a:183). On the other hand, an



42

interdisciplinary team of practitioners, where each member has at least basic
familiarity with each discipline (team classification is thus relatively weak),
and the acts of production are integrated, that is, jointly performed by at least
most of the team (team framing is thus relatively weak) would approach
Bernstein’s fifth code, —C —F, of production — integrated agents across catego-
ries (all levels of technical practitioners), and integrated acts of production
(ibid.:184). Bernstein’s key conceptual contribution here is to highlight the
inherent divisive or integrative properties of the way production is controlled

—1ts framing.

It is worth noting that these codes of production can also apply to tasks that
students perform in their education — the obvious example being the team-
based laboratory exercises and projects undertaken by students in their
mechatronics courses.

7.2 Bernstein’s Hierarchical Knowledge Structure (HiKS)

As outlined in Section 4.5.1 above, Bernstein’s hierarchical knowledge struc-
ture, abbreviated as ‘HiKS’, is “a coherent, explicit, systematically principled
structure, hierarchically organised” (Bernstein, 1996¢:171). It structures the
knowledge by integrative expansion:

“The principle of the structuring of this knowledge moves the realisations

towards more and more general propositions which integrate knowledge

at lower levels and across an expanding range of apparently different

phenomena.” (Bernstein, 1996¢:173; candidate’s emphasis)
In such a structure, Bernstein’s “more and more general propositions” are
remarkably similar to, and enhanced by, Vygotsky’s (1986) notion of ‘scien-
tific concepts’, which, following Hedegaard (2002:40),33 can be understood to-
day as subject-matter concepts. Vygotsky’s ‘scientific concepts’ are organised
Into structures that are hierarchical, logical, formal and decontextualised
(Kozulin, 1990:222). Moreover, Vygotsky throws light on one important as-
pect of such structures that Bernstein does not mention. The necessary rela-
tions between ‘scientific concepts’ — that is, between Bernstein’s “more and
more general propositions” — must be relations of generality:

“In the acquisition of scientific concepts, the system must be built simul-

taneously with their development. The concept of system organisation

thus becomes a crucial one ... Concepts do not lie in the child’s mind like

peas in a bag, without any bonds between them. If that were the case, no

intellectual operation requiring coordination of thoughts would be possi-
ble, nor would any general conception of the world. Not even separate

33 “ . it seems a little odd and old-fashioned when Vygotsky distinguishes between scientific
and everyday concepts. However, if we change terminology and substitute ‘scientific’ with ‘sub-
ject matter’, Vygotsky’s distinction does not seem so odd today. It is easy to infer from Vygot-
sky’s examples (1982, 1985-7) that scientific thinking in his terminology covers the methods of
thinking one finds in the different subject-matters in school.” (Hedegaard, 2002:40)
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concepts as such could exist; their very nature presupposes a system ... If
every concept 1s a generalisation, then the relation between concepts is a
relation of generality.” (Vygotsky, 1986:197, emphasis in original)
On the other hand, the upward/downward vertical relations by which, in
Bernstein’s quote immediately above, his “more and more general proposi-
tions” integrate knowledge across “an expanding range of apparently differ-
ent phenomena” we will term integrative relations of applicability — or, sub-
sumptive integration.

7.3 Desirable and Inferior Knowledge Structures in Mechatronics

The key relations within a desirable hierarchical knowledge structure (HiKS),
then, are its relations of generality between general propositions or concepts,
and its integrative relations of applicability between these propositions / con-
cepts and apparently different phenomena. This, of course, is the desirable
mechatronic knowledge structure in student and graduate engineers: a range
of knowledge spanning sub-ranges of knowledge of apparently different elec-
trical and mechanical phenomena, and integrating these through general
propositions realised as applying equally validly to all such sub-ranges. This
mechatronic knowledge structure can be visualised as in Figure 7.1.

STATIC SYSTEMS DYNAMIC relations of
t 1 .
oy similag hier SYSTEMS generality
archy to, and a spe- (controlled devices):
cial case of, dy- " Bond Graphs: all compon:=
namic systems ents handling energy; all vari-
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MATION PRO-
. CESSING SYSTEMS,"
~ wincl. feedback control
- systems
=
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_Mechanical, electrical, fluidic, thermal systems

< > :integrative relations of applicability

Figure 7.1 Desirable HiKS of Mechatronics in Engineering Students and Graduates

As Bernstein notes (1996¢:172; 1999:171), there can be more than one hierar-
chy in an HiKS. Figure 7.1 reflects one possible division of mechatronics into
three related hierarchies: those of dynamic systems, static systems and in-
formation-processing and control systems. All these systems are defined and
briefly explained in Appendix 5.
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7.3.1 The Horizontal Knowledge Structure (HKS)

As outlined in Section 4.5.2 above, Bernstein posits another type of knowl-
edge structure in a vertical discourse: a horizontal knowledge structure, or
HKS. This structures the knowledge by appending further such languages as
distinct entities, not integrating them, as Bernstein explains in the quote re-
peated from Page 33:

“...the constraints on the production of this knowledge (a crucial feature

of this code) create a series of expanding, non-translatable, specialised

languages with non-comparable principles of description based on differ-

ent, often opposed, assumptions. ... Horizontal knowledge structures de-

velop by addition of another specialised language.”

(Bernstein, 1996¢:173, emphasis in original)

Figure 7.2 is Bernstein’s (1999:163) visual portrayal of such a HKS in the
humanities and social sciences: a serial collection of such specialised lan-
guages L1, L2, ...... L»,

Figure 7.2 Bernstein’s (1999:163) Portrayal of a HKS in Humanities

7.3.2 School of MIAE: Second-Year ‘Collection-Type’ Programme

Does such a HKS exist only, though, for the humanities and social sciences?
The common programme for second-year students in all three branches of
mechanical, industrial and aeronautical engineering in the School of MIAE is
listed in Table 7.1. Does this programme not have the essential nature of a
Bernsteinian collection-type educational knowledge code, as outlined in Sec-
tion 4.2 above, where knowledge is strongly classified into mutually insulated
subjects?

Table 7.1 Programme for Second Year of Study for Bachelor of Science in Engineer-
ing in School of MIAE (University of the Witwatersrand, 2009)
{ »: engineering sub-discipline }

Course Code Course Name and Summarised Syllabus Credit Points

» ELEN2000 Electrical Engineering (basic circuit theory; 18
semiconductor devices; analogue and digital
electronics; power circuits, electric motors)

MATH2011 Mathematics 11 27
(advanced algebra and calculus)
» MECN2000 Fluid Mechanics I (fluid statics, viscous flow, 12

fluid dynamics, fluid momentum)
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Course Code Course Name and Summarised Syllabus Credit Points

» MECN2001 Applied Mechanics A 18
(Statics — equilibrium in 2 and 3 dimensions;
friction, forces and bending moment in beams.
Mechanics of solids — stress and strain, theo-
ries of failure; statically indeterminate, ther-
mal and assembly problems; torsion, bending
stresses; combined loading)

MECN2002 Mechanical Engineering Design and Materials 27
(analysis, synthesis of machine components
and assemblies; dynamic load systems; power
transmission; joining and fastening; general
introduction to engineering materials; effects of
processing materials; degradation, application
and selection of materials)

» MECN2003 Computing Skills & Software Development 12
(computer hardware; software for engineering
analysis; programming principles; object-

oriented programming; programming project)

MECN2004 | Society and the Engineer 15

MECN2005 | Mechanical Engineering Laboratory I 9
(planning, conduct, reporting of experiments;
experimental errors, introduction to measuring
systems and instruments, series of practical
lab. experiments in several sub-disciplines)

» MECN2006 Thermodynamics I (energy and the First Law; 12
properties’ of pure substances, energy analysis
of simple engineering systems; the Second
Law;, entropy and its implications)

» MECN2007 Applied Mechanics B (kinematics of particles, 12
plane kinematics of rigid bodies; kinetics of
particles and systems of particles; Newton’s
Second Law — motion, work, impulse and mo-
mentum,; plane kinetics of rigid bodies)

A student shall also complete the following special requirements to the satisfaction
of the Senate:

Vacation Work I (Mechanical)

Practical Training

For, except for the naturally closely related courses of MECN2001 and
MECN2007 — Applied Mechanics A and Applied Mechanics B — the syllabuses
of Table 7.1 indicate little or no apparent commonality between the engineer-
ing sub-disciplines (indicated by » in this table). Not surprisingly, the clear-
est example of this is between the syllabus of ELEN2000, Electrical Engi-
neering, and all other syllabuses. Moreover, the courses covering engineering
sub-disciplines are presented and examined separately by separate lecturers,
who have high discretion in the subject-matter being taught and in the man-
ner of teaching it — another key feature of Bernstein’s collection-type educa-
tional knowledge code.

This is not to claim that the real common principles and applicability of these
engineering sub-disciplines are nowhere introduced, applied and integrated.
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For example, in Course MECN2002, Mechanical Engineering Design and Ma-
terials (one of the two courses with the most credit points), key aspects of Ap-
plied Mechanics A (statics and materials) and Applied Mechanics B (kinemat-
ics and kinetics) are inevitably brought together and applied in design exer-
cises and projects. Nevertheless, most of the second-year curriculum is de-
voted to presentations of engineering sub-disciplines that appear (to students)
to be insulated from each other. To the student, this curriculum thus appears
as the collection type of Bernstein (1977b:80). The contents stand in a well

13

insulated, closed relation to each other; “... the contents are clearly bounded
and separated from each other ...” and “... the student has to collect a group of
especially favoured contents in order to satisfy some external criteria; per-
haps, but not always, a public examination” (ibid.). There is relatively little
subsumptive, Bernsteinian integration in this curriculum; its engineering
sub-disciplines are not presented as subordinate to key unifying ideas that

reduce their 1solation from each other (ibid.).

Even the common programme, listed in Table 7.2, for first-year students in
all three branches in the School is collection-type: little or no subsumptive in-
tegration is apparent between either the courses or the topics within a course.
It can be argued that such integration is inappropriate at first-year level,
which 1s mainly devoted to grounding in key natural sciences. Yet, in pass-
ing, is the first year of study too early to at least remark on any common
principles applying to these natural sciences? For example, could key common
principles3? applying to the main topics in Course PHYS1014, Physics 1E in
Table 7.2 not be remarked on or noted?

Table 7.2 Programme for First Year of Study for Bachelor of Science in Engineering
in School of MIAE (University of the Witwatersrand, 2009)
{ »: engineering sub-discipline }

Course Code Course Name and Summarised Syllabus Credit Points

CHEM1033 Chemistry I (Auxiliary) (exposing students not 15
proceeding to second qualifying course in
chemistry to principles and practical consid-
erations underlying chemical phenomena in
engineering, industrial and mining processes)

MATH1014 Mathematics I 30

34 For example, those underlying physical work performed by electric, magnetic or mechanical
systems, or systems involving the surface tension of liquids. A brief introduction thereto is in
Sections 2.2.4 and 2.2.5, Chapter 2 of Moran & Shapiro, 2004.
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Course Code Course Name and Summarised Syllabus Credit Points

» MECN1001 Introduction to Mechanical Engineering and 21
Design (design methodology,; product life cycle;
material selection; manufacturing methods;
engineering modelling; elementary probability
and statistics, tolerances; introduction to engi-
neering economics, technical communication;
aspects of applied engineering; the complemen-
tary role of theory and practice)

» MECN1003 Engineering Drawing 27
(Engineering drawing standards; freehand
sketching; orthographic, oblique, isometric and
auxiliary projections; fundamental spatial re-
lations and intersections; sectioning,; develop-
ments, assembly drawings; dimensions and
tolerances, perspective drawing; revolutions,
application of descriptive geometry,; graphical
analytical techniques; introduction to com-
puter aided drawing (CAD).

Selected topics from: introduction to the pre-
liminary design process, concept generation,
design development and concept assessment)

PHYS1014 Physics 1E (main topics) 30
(geometrical optics; thermal physics; hydro-
statics, waves; physical optics; surface tension;
electricity; magnetism,; modern physics)

PHYS1015 Mechanics 30
Statics: force vectors and vector operations;
moment of a force; arbitrary coplanar force
systems acting on a rigid body, equivalent
force systems, reduction and a resultant.
Equilibrium of a rigid body in two dimensions,
equations of equilibrium in their alternative
forms, scalar and vector formulation. Centre
of mass and centroid for the volume, the area
and the line. Mass moment of inertia of a
rigid body about an axis, moment of inertia for
an areaq.

Dynamics: kinematics of a particle; rectilinear
and plane curvilinear motion (rectangular and
normal/tangential coordinates). Kinetics of a
particle; rectilinear and plane curvilinear mo-
tion (rectangular and normal/tangential coor-
dinates). Work-energy and impulse-
momentum relationships

Given these collection-type programmes, particularly that of the second year
in Table 7.1, what corresponding knowledge structure will they foster in the
student — which will obtain when s/he commences mechatronics in the third
year of study? It is submitted that the type of knowledge structure fostered
will tend to mirror this collection-type curriculum; the student will tend to
perceive the various engineering sub-disciplines as “non-translatable, special-
ised languages with non-comparable principles of description based on differ-
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ent, often opposed, assumptions” (Bernstein, 1996¢:173). As such, this knowl-

edge structure, anterior to the introduction of mechatronics, is likely to be a

horizontal knowledge structure (HKS), as now further described.

7.3.3 Before Mechatronics — HKS of Languages

Of course, each such language (engineering sub-discipline) certainly has hier-

archy within itself. Figure 7.2 can be enhanced accordingly to represent the

HKS anterior to the introduction of mechatronics as in Figure 7.3. In this

figure, each language (engineering sub-discipline) is a hierarchical knowledge

structure in itself, but these languages are collected into a horizontal knowl-

edge structure.

Note that the languages in this HKS have strong grammars (Bernstein,
1996¢:174; 1999:164).
“have an explicit conceptual syntax capable of ‘relatively’ precise empirical

These languages, being engineering sub-disciplines,

descriptions and/or of generating formal modelling of empirical relations”
(Bernstein, 1999:164). Of course, these languages use the HKS of mathemat-
ics as a tool of precise description and modelling, and Bernstein regards

mathematics as a HKS possessing the strongest grammar (1bid.).

Applied Applied Thermody- Fluid stat- Electric & Computing
<-| Mechanics [ Mechanics | namics I [ ics & dy- [ magnetic [| hardware
A B namics circuits / & software
/ devices

L1: Statics, Lz L3: Thermo- L4 Fluid L5: Electri- L7 Comput-

Solid Me- Dynamics dynamics Mechanics cal Engi- ing & Soft-
chanics neering ware Devel-

opment

= language with hierarchy

Figure 7.3 HKS of Languages (Sub-Disciplines) Anterior to Mechatronics

7.3.4 Over-Narrow Recontextualisation? Inferior Knowledge Structures in

Mechatronics?

All the languages (sub-disciplines) of Figure 7.3 are themselves vertical dis-

courses with hierarchical knowledge structures.

Yet it 1s well to note that

these are pedagogic discourses, not the real discourses in the field of engi-

neering practice. These real discourses have been recontextualised and dif-

ferentiated to produce the pedagogic discourses. Moreover, the principles of

such recontextualisation are arbitrary, as Bernstein explains:

“The social units of a vertical discourse are constructed, evaluated, dis-
tributed to different groups and individuals, structured in time and space
by principles of recontextualisation. We have context specificity through
segmentation in a horizontal discourse and context specificity through re-
contextualising in a vertical discourse.”
(Bernstein, 1996¢:172; emphasis in original)
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Furthermore, the recontextualised, transformed, pedagogic discourse(s) are
mediated, and thus imaginary in the sense of being “abstracted from its social
base, position and power relations”35:
“As pedagogic discourse appropriates various discourses, unmediated
discourses are transformed into mediated, virtual or imaginary dis-
courses. From this point of view, pedagogic discourse selectively creates
imaginary subjects.” (Bernstein, 1996b:47; emphasis in original)
The candidate believes that if the “imaginary subjects” (vertical sub-
discourses of subject-matter) of ME and EE are over-narrowly recontextual-
ised — both prior to and during the teaching of mechatronics — and thus too
far abstracted from their ‘real’ position in engineering in the field (Bernstein’s
“original site of effectiveness”, 1996b:47), the knowledge structures produced
in student and graduate engineers will tend to be the inferior, ineffective
HKSs. The very restrictions and omissions in the recontextualised, trans-
formed vertical sub-discourses (“imaginary subjects”) — and the ideologically
imposed classifications (in the Bernsteinian sense) between these — may unin-
tentionally but inherently withhold the information to form the integrative
links, the relations of generality, for the desirable HiKS, thus compelling a
semi-segmented HKS at best.

It must be recalled that in a horizontal discourse, there are no organised lev-
els of recontextualisation and their management (Bernstein, 1996¢:174).
Now because both an HD and an HKS are serially, segmentally structured,
Bernstein’s observation below on the limitations of a horizontal discourse
seems to apply to an HKS as well:
“In the case of horizontal discourses the competencies or literacies ac-
quired are segmental. These competencies / literacies are contextually
specific and context dependent embedded in ongoing practices and di-
rected towards specific goals. Their activation requires the local context,
practices and relationships. Where such contexts, practices and relation-
ships are absent, or cannot be unproblematically read, the competence /
literacy may not be demonstrated.”
(Bernstein, 1996¢:179; emphasis in original)
This therefore highlights another key shortcoming of the inferior HKS in
mechatronics: competence may not be demonstrated outside familiar contexts
and circumstances,3® because the segmental knowledge structure is bound to

the context.

On the other hand, the strength of a vertical discourse is as follows:

35 This is Bernstein’s definition of imaginary’ (1996b:53, Note 1).

36 The obvious example is that a student with such an HKS may not demonstrate competence
outside tests, examinations and other assessments in the “imaginary subjects” of pedagogic
discourse in mechatronics, because that student’s HKS has difficulty in extending to the pro-
duction-type discourse of mechatronic practice, which frequently involves unfamiliar situations
— the “complex engineering problems” of ECSA (Appendix 2).
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“School contexts created by vertical discourse are directed to the produc-

tion of classified competences or performances of a non-segmental type.

These procedures are not consumed by their context and are linked not to

context but to other procedures organised temporally. The initial context

takes its significance from the future and not from the present. It is not

that these contexts are unembedded, but that they are differently em-

bedded from the segmental contexts of horizontal discourses.”

(Bernstein, 1996¢:179; emphasis in original)
The key observations here are that (i) the procedures are not consumed by
their context, that is, they have a relevance beyond the immediately prevail-
ing context, and (il) the initial context takes its significance from the future,
which is taken to mean that this initial context — created by recontextualisa-
tion, as the discourse is vertical — is designed to apply widely, across many
specific contexts that may be anticipated in the future. This would fit in with
the abilities inherent in a vertical discourse with an HiKS — the preferred

knowledge structure in mechatronics.

7.3.5 Need for HKS Anterior to Mechatronics to Develop Further

The HKS anterior to mechatronics of Figure 7.3, then, is not desirable for
mechatronics. It is in fact a Vygotskian ‘complex’, because there is as yet “no
hierarchical organisation of the relations between different attributes of the
selected blocks” (Kozulin, 1990:214). The student knows that all the blocks
(sub-disciplines) have to be there to enable the necessary interdisciplinary or
multidisciplinary approach in solving mechatronic problems. But s/he has no
organisational grasp of these languages’ common features and principles.
Moreover, these languages, in their original forms in Figure 7.3 learned be-
fore beginning mechatronics, may indeed be non-translatable to differing ex-
tents. The apparent common features are the obvious ones at the boundaries
of the languages — and this is why the languages are deemed necessary for
mechatronics. Yet some or most common features apparent on the surfaces
or boundaries of languages, do not suggest mutual translatability. It is intui-
tively easy to translate between obviously related languages, like solid me-
chanics and fluid mechanics.3” However, it is not intuitively easy to translate
between fluid dynamics (or mechanical kinetics) and the dynamics of electric
or magnetic systems. Nor should all languages necessarily be mutually
translatable, such as solid mechanics on the one hand, and computing and
software development on the other. For, as seen in Figure 7.1, there is more
than one hierarchy in a HiKS, suggesting difficulties in mutual translation
that may not be worthwhile or desirable to overcome.

As already mentioned, Figure 7.3, the likely knowledge structure anterior to
mechatronics, is a Vygotskian ‘complex’. How does it gradually change into

37 These have significant common features like compressibility of material (solid or fluid), mo-
mentum obeying Newton’s Second Law, and so on.



51

the desirable HiKS, with general concepts and relations of generality, of Fig-
ure 7.12 For knowledge structures do change in character, otherwise there
would be no developmental learning. What, then, are the significant phases
in this change, from a Vygotskian ‘complex’ to Vygotskian pseudoconcepts, to
Vygotskian potential concepts, and finally to a fully-fledged HiKS?

The first phase, it i1s submitted (and this should start, and probably does in
most students, well before the mechatronics course — for example, in the
MECN2002 design course of Table 7.138), is the development of a HKS into
two planes of horizontality, not just horizontal linking of languages on one
plane.

7.3.6 First Phase — Two-Plane, Pseudoconceptual HKS

There can be organisation and linking within a HKS. Bernstein says, “... as
in the case of sociology, there may well be two interacting horizontal discur-
sive planes. One could be called a general approach plane (GAP) and the
other a problem plane” (1996¢:173). Bernstein first describes the GAP:

“In the case of horizontal knowledge structures the GAP plays an ana-

logical role to general theory in hierarchical knowledge structures. The

GAP is a space where meta languages are produced which attempt to

provide a basic orientation, a language of description and the rules of its

use, which legitimise how phenomena should be understood and inter-

preted.?® GAP theories are really theories about what counts as proper

description of the specific phenomena of a particular horizontal knowl-

edge structure (HKS).” (Bernstein, 1996¢:173; emphasis in original)
Thus, in an HKS with a GAP, the theories (the meta-languages) in the GAP
must relate to each specialised language in that HKS — i.e. establish links
with these specialised languages. However, as long as the HKS remains an
HKS, it would seem that any such links are at these languages’ boundaries;
the languages as distinct entities are preserved (that is, classified in the
Bernsteinian sense — Bernstein, 1996a:20), not integrated; and any power re-

lationships between them (Bernstein, 1996a:19-20) are thus also maintained.

Bernstein’s second horizontal discursive plane in an HKS, the “problem
plane”, “is produced by empirical study of particular problems or areas”
(ibid.:173). After referring to this as the specific problem plane, or SPP,
Bernstein immediately draws attention to the segmental structuring of both
planes:

“Both GAP and SPP are segmentally structured, by different languages

in the case of GAP, and by different problems and by different languages
in the case of SPP. Thus specialised language from GAP may cut across

38 Or, even better, in the first-year Course MECN1001, “Introduction to Mechanical Engineer-
ing and Design” (University of the Witwatersrand, 2009).

39 As is clear from Bernstein’s endnote here, he is thinking of approaches in sociology, but the
analogy with different fields in engineering is there.
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a series of problems or the same problem may be described by different
languages in the GAP. It is not uncommon for the SPP to develop a local,
context-specific language.” (Bernstein, 1996¢:174; emphasis in original)
In view of Bernstein’s above assertion that “the GAP plays an analogical role
to general theory in hierarchical knowledge structures”, an HKS with a GAP
and an SPP does have verticality; the two planes are on different levels, as
Bernstein illustrates in his visual presentation of a horizontal knowledge
structure, reproduced in Figure 7.4.

SPP ] | | 1 | | | ] 1 1 1 1 1 1 1 1

S R

Figure 7.4 “A Visual Presentation of a Horizontal Knowledge Structure” (Bernstein,
1996¢:174)40

Such a structure of mechatronic knowledge could be as in Figure 7.5. Here,
the meta-languages produced are the first attempts to link the apparently
non-translatable languages of, say, mechanical kinetics and electrical dynam-
ics. An example of the beginnings of such a meta-language is found in the
Notes for Course ELEN2000, ‘Electrical Engineering’ of Table 7.1:

“Similarly the total energy stored in a capacitor with voltage v, is given
by w=1%-C-v} in Joules (J) which is analogous to potential energy.

“Similarly the total energy stored in an inductor carrying a current i; is

given by w=%-L-i; in Joules (J) which is analogous to kinetic energy.”
(Jandrell & van Coller, 1998:14,15; candidate’s emphasis)

Specific problems and languages in second-year curriculum — including the MECN2002
Design course, where engineering sub-disciplines start having to be combined

SPP ] | | 1 | | | ] 1 ] 1 1 1 1 1 1

R R

Meta-languages forming OUT OF the languages in the complex, or HKS, of Figure 8.3. See
quote above this figure for an example

Figure 7.5 Preferable Pseudo-Conceptual, Two-Plane HKS Anterior to Mechatronics

We can see the Vygotskian pseudoconcept forming in this example. First,
there is the recognition that there are analogies [similarities] in the forms of
energy being handled in mechanical kinetics and electrical dynamics — two of
the languages in the original HKS of Figure 7.3. This recognition in turn

40 The arrows in this visual presentation presumably denote the interactions between the GAP
and the SPP.
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suggests a general principle, the beginning of a meta-language, describing
apparently different phenomena — the key feature of a concept.
“The pseudoconcept serves as a connecting link between thinking in
complexes and thinking in concepts. It is dual in nature: a complex al-
ready carrying the germinating seed of a concept.” (Vygotsky, 1986:123)
The metamorphosis of the original HKS of Figure 7.3 into the two horizontal
GAP and SPP planes of Figure 7.5 represents this Vygotskian “germinating
seed of a concept”. This is because the GAP plays an analogical role to gen-
eral theory in hierarchical knowledge structures (Bernstein, 1996¢:173). This
means it is starting to function like a concept: as Kozulin puts it,
“A pseudoconcept, while retaining its ‘complex’ substructure, functions
very much like a concept, and thus marks the borderline between pre-
logical and logical thought.” (Kozulin, 1990:215)
So, in this pseudoconceptual structure — this dual-plane HKS — the GAP,
though segmentally structured, produces meta-languages that are the begin-
nings of concepts.

Unfortunately, this is where the development of many, possibly most, stu-
dents’ knowledge structures seems to stop during their undergraduate years.
The example of the descriptive question on a solenoid in Section 2.2 above,
from the MCT1 Course examination in 2007 and 2008, illustrates this.

7.3.7 Deficiencies of Even a Dual-Plane HKS

It is submitted that this type of HKS, with a GAP and an SPP, represents the
far less desirable, inferior, deficient but prevalent mechatronic knowledge
structure in student and graduate engineers. It is deficient because the sepa-
rate languages of the two disciplines — ME and EE — are not integrated by the
students in their knowledge structures. They remain separate and segmented
— specialised languages in an HKS. Thus the students’ knowledge structures,
instead of being the desired HiKSs, are effectively HKSs with a GAP and an
SPP. The meta-languages of the GAPs in these students’ HKSs relate the
separate languages of ME and EE only at their boundaries, as if they were:

“... non-translatable, specialised languages with non-comparable princi-

ples of description based on different, often opposed, assumptions.”

(Bernstein, 1996¢:173)

Thus the separate languages (sub-disciplines) of ME and EE are preserved,
and uneasily linked at their boundaries, rather than integrated. Moreover,
the SPPs of the students’ HKSs, segmentally structured in both these lan-
guages and specific problems encountered, are thus ineffectively equipped (in
comparison to the desirable HiKSs) to solve mechatronic problems. Further-
more, such a two-plane HKS, being a pseudoconcept, can often pass function-
ally for the desirable HiKS. Repeating the quote from Kozulin of Page 38,

“Another important feature of the pseudoconcept is that functionally it
looks so like true concepts that adults often do not notice the difference.
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This observation indicates how deceptive functional appearance can be.
"Thought-complexes’ can appear as if they are concepts, thus concealing
their actual substructure. The use of one and the same words and the
understanding they bring about may correspond to only a superficial
level of functional communication, while the underlying intellectual sub-
structures of the communicants may remain alien to each other.”

(Kozulin, 1990:217)

Vygotsky elaborates:

“What we confront here is the appearance of a concept that conceals the
inner structure of a complex ... Although the results are identical, the
process by which they are reached is not at all the same as in conceptual
thinking.” (Vygotsky, 1986:119)

“The outward similarity between the pseudoconcept and the real concept,
which makes it very difficult to ‘unmask’ this kind of complex, is a major
obstacle in the genetic analysis of thought.” (ibid.:121)

Thus this inferior dual-plane HKS with its GAP and SPP may not be recog-
nised as such except by searching assessment and evaluation.

7.3.8 Second Phase — Germinating HiKS with Genuine Concepts

How can this pseudoconceptual HKS change further, or be transformed, into
the desirable HiKS, with its concepts and relations of generality, of Figure
7.1? For this pseudoconceptual HKS could develop further, as Bernstein sug-
gests, by the introduction of a new language (1999:163), but it should not, be-
cause this amounts to just adding this new language whilst retaining the
horizontal structure — even if this new language subsumes several of the
older, previous languages. Rather, as noted above, this pseudoconceptual
HKS has taken on the potential of abstraction by metamorphosing into two
horizontal discursive planes — one of which, the GAP, plays an analogical role
to general theory in hierarchical knowledge structures; its “theories” are,
“... really theories about what counts as proper description of the specific
phenomena of a particular horizontal knowledge structure (HKS).”
(Bernstein, 1996¢:173)
Therefore, in order to become a structure of genuine concepts, this pseudocon-
ceptual HKS should rather develop into the desirable HiKS of Figure 7.1. Its
GAP should metamorphose further from meta-languages — the germinating
seeds of concepts — into genuine concepts, able to be linked by relations of
generality, and having vertical, integrative relations of applicability. These
concepts should form by the singling out of certain common attributes (Vygot-
sky, 1986:145), and uniting or separating objects on that basis (1bid.:135-6).
But what are the ‘objects’ here?

The ‘objects’ are engineering physical systems, or devices, that handle matter
and energy and process information to perform desired tasks. Solid mechani-
cal, hydraulic, pneumatic, electric, or thermal systems (these being defined in
Appendix 5) may perform very different tasks, handle very different quanti-
ties and qualities of matter, energy and information, and appear to be very
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unlike, but their common attributes lie in the ways — analogous ways — that
the systems, or their subsystems or components, handle matter, energy and in-
formation. Thus we are driven to seek a suitable, general way of representing
the common principles by which all such systems handle matter, energy, and
the information packaged in these. We find an eminently suitable represen-
tational technique in bond graphs.

8. BOND-GRAPH REPRESENTATION OF COMMON PRINCIPLES
OF MECHANICAL AND OTHER PHYSICAL SYSTEMS

It has been well observed that:

“Reality has, in principle, a complexity which cannot be taken in all at

once, so that all influencing factors can never be accounted for. Hence a

choice of these factors has to be made.” (Wolf, 1986)
What are the influencing factors in reality that have to be chosen to most
clearly reveal the commonality of the ways in which different physical sys-
tems operate? In the late 1950s, Professor H. Paynter started developing the
bond graph representation of behaviour of dynamic systems (Karnopp et al.,
1990:viii). In bond graphs, the key influencing factors in reality are effort and
flow variables. Examples are pressure difference (an effort variable) and
fluid flow (a flow variable) for fluidic systems, or voltage difference and cur-
rent for electrical systems. Effort and flow variables are thus different for dif-
ferent systems, but all accomplish the same thing — transfer of energy be-
tween components of a system. Thus bond-graphs can represent seemingly
very different systems and clearly bring out their common operating princi-
ples. As Karnopp et al. summarise:

“It is a remarkable fact that models based on apparently diverse
branches of engineering science all can be expressed using the notation of
bond graphs based on energy and information flow. This allows one to
study the structure of a system model. The nature of the parts of the
model and the manner in which the parts interact can be made evident
in a graphical format. In this way, analogies between various types of
systems are made evident, and experience in one field can be extended to
other fields.” (Karnopp, Margolis & Rosenberg, 1990:5;

emphasis in original; candidate’s underlining)

It is worth noting that another, somewhat related graphical technique for
representing system behaviour is the linear graph. This symbolises energy
flow between system components as being accomplished by ‘through vari-
ables’ and ‘across variables’ (de Silva, 2005:57-68). However, as elaborated
upon in Appendix 5, bond graphs are both more intuitive and more informa-

tive.

8.1 The Bond Graph

In bond-graph representation of systems, all interconnections between com-
ponents are symbolised as energy flows. Thus the common function of all
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components as handling energy (which, for mechanical and fluidic compo-
nents, involves handling matter too) is emphasised from the start. All inputs
to components or the system, as well as outputs from components or the sys-
tem, are in the forms of either effort variables or flow variables. For any
component, the product of the appropriate effort variable and its associated
flow variable gives the energy flow into or out of that component. Table 8.1
lists effort and flow variables for basic mechanical, electrical, fluidic and

thermal (heat-transferring) system components.

Table 8.1 Bond Graphs: Effort and Flow Variables4! for Basic System Compo-
nents
Type of Com- | Effort Vari- Flow Basic Components
ponent able Variable Energy-storing Energy-
dissipating
Mechanical Force (force Velocity Object possess- | Frictional
(translational) | difference) (transla- ing inertia due damper
tional) to its mass
Spring (stiffness
element)
Mechanical Torque Velocity Object possess- | Rotary frictional
(rotational) (torque dif- (rota- ing moment of damper
ference) tional) inertia due to
its mass and
configuration
Rotary spring
(stiffness ele-
ment)
Electrical / Voltage (Po- Current Inductor Resistor
Electronic tential Dif- Capacitor
ference)
Fluidic (Hy- Pressure Dif- | Fluid Fluid storage Element offering
draulic / Pneu- | ference Flow-Rate | element (fluid resistance to fluid
matic) capacitor) flow (fluid resis-
Element with tor)
fluid inertia due
to fluid’s mass
(fluid inertor)
Thermal Temperature | Heat Thermal energy | Element offering
(Heat- Trans- | Difference Transfer storage element | resistance to heat
ferring) Rate (thermal capaci- | transfer (thermal
tor) resistor)

As an example, a basic object of mass m is shown in the block diagram of Fig-
ure 8.1. The input thereto is an effort variable, force; the resulting output is a
flow variable, velocity. Figure 8.1 also shows the corresponding bond graph.
The bond’s half-arrow indicates the direction of energy flow when both the ef-

41 More correctly, effort and flow difference variables.
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fort variable (here, force /) and the flow variable (here, velocity v) are positive
according to a chosen sign convention. The effort and flow variables are
marked, respectively, above and below the bond. The short vertical stroke at
one end of the bond indicates causality (i.e. the input that causes the output)
as explained in Appendix 5.

f v

—Pm > Block Diagram

m | f Bond Graph

! v

Figure 8.1 Block Diagram and Corresponding Bond Graph for Force Acting on
Object of Mass m
Appendix 5 explains the key features and elements of bond graphs. Basic
single-port components as in Table 8.1, with one input and one output, are
represented as in Figure 8.1. As outlined in Appendix 5, bond graphs also
permit two-port components, such as mechanical transformers?? and gyrators
in mechanical systems; electrical transformers in electrical systems; and con-
verters between different energy forms, such as pumps converting mechanical
energy to fluidic energy, or motors converting electrical energy to mechanical
energy. Of necessity, bond graphs must allow junctions for common effort or
flow variables, as also explained in Appendix 5.

M
O >
(I
A
+ + URp — Ra+Rb—RM
commutator
Vur rotor, with moment

of inertia Iu

load, with moment
® of inertia I

opposing torque
Topp from load

Figure 8.2 Permanent-Magnet DC Motor Driving a Load

42 Both translational types such as levers, and rotary types such as gears.
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As an example of the utility of bond-graph representation in an electro-
mechanical system, a permanent-magnet DC motor driving a load of moment
of inertia Ir is shown in Figure 8.2. The motor’s rotor itself has a moment of
inertia of Iy. Rp is the resistance of the brushes and their wiring; and Rq,
that of the coils in the rotor itself. The sum of Ry and R, is the total motor re-
sistance Ry. Lu is the inductance of the rotor. Eu is the back e.m.f. (electro-
motive force) developed by the rotor when it is rotating, and corresponds to
the conversion of electrical into mechanical energy.

The bond-graph representation of this electro-mechanical system is in Figure
8.3. This graph comprises:

(i) two common-current junctions, emphasising that the same current im

flows through all electrical components in the motor;

(11) one energy transformer (converter), which is the motor’s rotor, converting
electrical to mechanical energy;

(111) one common-speed (rotational speed) junction, emphasising that the mo-
tor’s rotor and the driven load have the same speed.

Sullzply (current) (current) developed  (yot. speed)
V‘(; a(ltg)e (iM) (iM) Fa torque ((D)
SVM 1 pb—>1 | : TF | T 1 Ile
M () ® Energy storing

component: load

Energy converting . .
moment of inertia

component: rotor

of motor (conflict in integral
causality here)
Ly Ry In
Energy storing Energy storing
component: motor component: rotor
inductance moment of inertia

Figure 8.3 Bond Graph Representation of Motor and Load of Figure 8.2

There are three energy-storing components in the motor and load of Figure
8.2: the motor with inductance Ly, the motor rotor with moment of inertia I,
and the load with moment of inertia Ir. However, the energy-storing functions
of these three components are not all independent, as this bond graph reveals
by one conflict of integral causality. As explained in Appendix 5, all energy-
storing components are assumed to have integral causalities, which, for these
three components, are:

. 1 1 1

lM:EJ‘vLM'dt OV :EJ‘TMdt (D[:I_f-“ﬂdt (8-1)
The rotational speed of the motor is obviously the same as that of the load;
that is, o = wc. The bond graph displays the same fact in its common-speed

junction (®). Now, the bond connected to I has its stroke at its near end (to
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Iy), meaning that torque 7 is its output. This conflicts with integral causality,
which specifies that rotational speed o should be the output. Hence, as ex-
plained in Appendix 5, this system has only two independent ways to store
energy: in the motor inductance Ly as energy in a magnetic field, and in the
motor’s rotor and load as rotational kinetic energy. (The motor’s rotor and
the load are directly coupled, and so cannot store energy independently.)
Thus the integral causalities for Figure 8.2 are correctly written as:

. 1 1
Ly = EJ.ULM -d¢ Oy, = mITM‘ -d¢ (8-2)

In sum, the advantages of bond-graph representation of systems are:

e the energy flows between components, and the associated effort and flow
variables, stand out, emphasising the common functions of components
in handling energy (and matter);

e the revealing of conflicts in integral causality is advantageous in model-
ling complex systems with many energy-storing components.

Bond graphs can be further enhanced, using active bonds, to represent the ef-
fects of adding automatic control to systems to produce required behaviour
(Karnopp et al., 1990:23,27). It is important to be able to predict system be-
haviour, in order to address questions such as:

(1) 1is the system naturally stable — that is, does it control itself adequately,
or will it go out of control?43

(2) 1if the system requires additional, artificial control to meet its perform-
ance objectives, then with this added, artificial control, does it both meet
these performance objectives and remain stable?

8.2 The Relational Block Diagram

In addressing such questions here, it will be clearer to use another represen-
tation of systems, the relational block diagram, rather than bond graphs with
active bonds. The utility of such block diagrams, and the way in which they
complement bond graphs, is well illustrated in the system of Figure 8,2, a
permanent-magnet DC motor driving a load. Figure 8.4 is the block diagram
of that system.

First, this block diagram reflects the information yielded by the bond graph of
Figure 8.3. The two integral causalities of (5-2) above are indicated by the
dashed enclosures in Figure 8.4. All effort and flow variables of the bond
graph are likewise in Figure 8.4. The effect of the system’s energy-converting

43 Assuming that the input(s) to the system are bounded, i.e. have lower and upper limits that
the system can tolerate.
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component, the motor’s rotor, depicted as TF (r) in the bond graph of Figure
8.3, is shown in the two blocks labelled [TF] in Figure 8.4. The first such
block reflects the relation between motor current in and developed torque 7
the second, the relation between rotational speed ® and back e.m.f. Eum.

opposing torque

motor resistance = Rs + Rb rotor moment [load moment of

URM = URa + URb of inertia inertia
- a
Ru
supply
voltage _ \ rot. speed
ULM \ ® | ®
VLu— [ == V(Iv + ) < >
back Euvl|™ - current torque
e.m.f. motor inductance ®

=
=
A

Figure 8.4 Block Diagram of Motor and Load of Figure 8.2

The real utility of the block diagram, though, lies in its illustration of the na-
ture of the interactions between the system’s components, and the consequent
interdependencies of the effort and flow variables. Figure 8.2 illustrates, on
the basis of Kirchhoff’s laws for electric circuits, that the back e.m.f. Ex and
the voltages vrq, Urs and vim across the motor’s resistances and inductance all
oppose the voltage Vi applied to the motor. This is reflected in the two loops
of negative feedback in Figure 8.4. There, the applied voltage Vi enters the
summing junction S1 positively, but the voltage vrm developed by the motor
resistance Ry, and the back e.m.f. Eu, enter this junction negatively (that is,
feed back negatively into it). What leaves summing junction S1 is thus the
net difference between Vu, vrm and Eum, this difference being the voltage vim
across the motor inductance Ly. This voltage, in turn, is the input to the first
integral causality relation in Figure 8.4, the output of which is the motor cur-
rent im. This current is the origin of the first negative feedback loop —
through the resistance Ry, producing the voltage vru** feeding negatively into
summing junction S1.

The first [TF] block in Figure 8.4 then converts this motor current to the de-
veloped torque 7T, which feeds positively into the second summing junction S2.
The opposing torque Topp from the load feeds negatively into this junction.
What leaves it is thus the net torque (the difference between T and Topp). This
net torque is the input to the second causality relation, the output of which is
the rotational speed ®. This speed is the origin of the second negative feed-
back loop — through the second [TF] block in Figure 8.4, producing the back
e.m.f. Em also feeding negatively into summing junction S1.

44 Through Ohm’s Law, vrm = inRu.
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These two negative feedback loops constitute natural feedback, inherent in
the system. Such loops give systems their natural stability — for example, the
characteristic of settling down to steady operating conditions when the input
is steady. Figure 8.4 illustrates the natural stability of the system of Figure
8.2 as follows. At steady operating conditions, both motor current and rota-
tional speed are steady. For motor current iy to be steady, the output from
summing junction S1 (this output being the net voltage viy across motor in-
ductance Ly) must be zero, so the applied, input voltage Vi is equalled by the
sum of vrm (due to the resistance Ry) and the back e.m.f. Ey (due to the rota-
tional speed w). Likewise, for rotational speed o to be steady, the output from
summing junction S2 (this output being the net torque) must be zero, so the
developed torque T'is equalled by the opposing torque Topp from the load.

opposing torque .40, moment  load moment of

Topp  of inertia inertia

motor resistance = Rq + Rp

URM = URa + URb

Ru devel-
supply oped
voltage _ torque \ : rot. speed
VLM T + u | Q) Q)

- VLu ] 5 [TF] — V(Iu+I) —> | >
E back E - current torque
i e.m.f. BM motor inductance ®
1
. [TF] |
1
] . |
! Discrepancy !
) ]
1 1
' FToTTTTTTITTN /,-~\— N 1 Actual rot. speed @ '
"""" 1 Controller ----  ®-------1 Sensor r-----"-"-"ToTooosossomooooooooo-ooos

Desired rot. speed |
Figure 8.5 Block Diagram of Motor and Load of Figure 8.2, with Speed Controller

If a system such as that of Figure 8.2 requires additional, artificial control to
meet its performance objectives, extra components and artificial feedback
loops will generally be necessary. For example, if speed control of the system
of Figure 8.2 is desired, the additional feedback loop and controller required
are shown in dashed outline in Figure 8.5. Here, the actual rotational speed
1s sensed (measured) and then compared with the desired rotational speed;
the discrepancy between these is passed to the controller, which calculates
how to adjust the voltage Vi and does this to maintain the desired, constant
speed.

In sum, the bond graph aids in the correct modelling of a system, represent-
ing all components, be they mechanical, electrical, hydraulic, pneumatic, or
heat-transferring, as handling energy. Once such a system is correctly mod-
elled, the block diagram can then be drawn to represent the interactions be-
tween components, including natural feedback. Artificial control to meet per-
formance objectives can be added into the block diagram. The bond graph
and the block diagram together encapsulate the key general principles in an
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integrated, hierarchical knowledge structure applicable to mechatronic sys-
tems.

It must be noted that the candidate has not yet incorporated bond graphs into
the MCT1 Course that he teaches. Relational block diagrams have only been
incorporated at an elementary qualitative level. Both these conceptual tools
are highly abstract. Therefore, if they are fully, integrally incorporated into
the course as envisaged, it is realistic to expect significant pedagogical prob-
lems, as the prerequisite courses completed by students (the EE2 Course, for
example) will not have prepared them for such abstraction. Neither will the
predominantly collection-type programmes of the first and second years of
undergraduate study, referred to in Section 7.3.2 above, have done so. How
best to address such problems is left for further work. However, a start has
been made at considering this in the next section; a key feature of the ‘Double
Move’ pedagogy described therein is effective in fusing of students’ ‘everyday’
and previously acquired concepts with the subject-matter concepts presented
In a course.

9. A PEDAGOGY TO ACHIEVE AN INTEGRATED KNOWLEDGE
STRUCTURE IN MECHATRONICS

With the bond graph, then, as the conceptual tool revealing the common prin-
ciples by which mechanical, electrical and other systems handle matter, en-
ergy and information, the question remains of how to realise Bernstein’s de-
sirable hierarchical knowledge structure (HiKS) in engineering students.

For a suitable pedagogy, we turn to Hedegaard’s ‘double move in teaching’
(Hedegaard, 2002:42-3), which is based upon Vygotsky’s zone of proximal de-
velopment (ZPD). This ‘double move’ pedagogy also integrates a vital consid-
eration — that of motives and motivation in the student (ibid., 2002:21;55-68).
Hedegaard’s two basic assumptions spring from both:

“The ‘double move in teaching and developmental learning’ is built on

two basic assumptions about children’s functioning:

e that the child appropriates cultural knowledge, skills and motives
through social interactions with other participants of a cultural
practice, usually more skilled adults and older children,;

e that the child’s own intentional activity is one of the conditions for
his or her development of concepts, skill and motives.”
(Hedegaard, 2002:17)
Its aim 1s developmental learning (ibid., 17), by teaching within the ZPD
(ibid., 81), integrating the children’s everyday concepts with subject-matter
concepts (ibid., 79). Possibly the best way in which Hedegaard herself encap-
sulates her ‘double move’ conceptualisation of teaching-and developmental
learning is,
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“... Vygotsky’s concept of the zone of proximal development transformed

into a conceptualisation of teaching and learning as a double move be-

tween situated activity and subject-matter concepts.”

(Hedegaard, 2002:43)

The graphical depiction in Figure 9.1 attempts to illustrate the essential as-
pects of this double move. The vertical axis represents development in learn-
ing, rising from everyday concepts — associations or connections between con-
crete examples of complex reality — to subject-matter concepts, namely hier-
archical, interdependent relations between such examples and the subject’s
general laws describing and predicting these. (For mechatronics, it must be
noted here that ‘everyday’ concepts include concepts acquired during prerequi-
site courses.) The horizontal axis represents time; this axis meets the verti-
cal, developmental axis at point O, marking the beginning of a course in the
subject-matter. Time to the left of O, where the teacher’s planning is done, is
before the course; time to the right of O, where developmental learning is en-
visaged, is during the course.
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Figure 9.1: Depiction of Hedegaard’s ‘Double Move in Teaching and Developmental

Learning’

Figure 9.1 shows, first, envisaged development in students’ learning — within
their continually rising ZPD. The slanting, upward-arrowed trend line D-D
denotes the students’ envisaged development during the course. This devel-
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opment always marks the lower level of the continually rising ZPD, and must
start from the actual development at the beginning of the course — this actual
development being at the level of everyday (including, as mentioned earlier,
previously acquired) concepts. Development within the ZPD occurs as stu-
dents begin acquiring the subject-matter concepts and develop core models of
the conceptual relations within the subject-matter (Hedegaard, 2002:86). The
stepped trend line P-P marks the continually rising upper level of the stu-
dents’ ZPD - rising toward and into subject-matter concepts. Before the
course, the teacher’s planning to achieve the students’ envisaged development
D-D is shown by the downward arrow D'-D', between the same levels of de-
velopment. Downward arrow D'-D' and slanting upward trend line D-D thus
1llustrate the two moves in the ‘double move in teaching and developmental
learning’.

Second, Figure 9.1 shows envisaged development in the students’ motives,
denoted by the slanting, upward-arrowed trend line M—M. The teacher’s cor-
responding planning before the course is shown by the downward-arrowed
line M'-M', between the same levels of development as M-—M. Following He-
degaard’s definitions (2002:55), motives here denotes the goals that character-
ise a student’s actions over the entire course; motivation denotes the dyna-
mism and actual goals that characterise a student’s relationship to his sur-
roundings in any concrete activity or situation within the course.

“Motivation characterises the dynamism evinced in a person’s actions in

concrete, everyday situations. But motivation also has a second mean-

ing: it can characterise the dynamism that gives direction to a person’s

life, and which influences the goals he sets himself. In order to differen-

tiate between the two I will use the word motivation to refer to that dy-

namism and the actual goals that characterise a person’s relationship to

his surroundings in concrete activities or situations; the word motives

will be used to describe the goals that come to characterise a person’s ac-

tions in different activities over a longer period of time, motives can be

seen as the central dynamic factors in a person’s development of his or

her personality.” (Hedegaard, 2002:55; her italics)
In Figure 9.1, the envisaged, situated motivation at any stage of the course is
represented by the vertical riser m-m with the double-headed arrow. The
strength of this motivation depends on the difference between the (envisaged)
developmental learning of the student and the (envisaged) development of
her/his motives. The double-headed arrow symbolises this situated motiva-
tion raising the student’s motives for higher levels of development. (As He-
degaard (2002:78) notes, such situated motivation at any stage of the course
1s created by the conflict between the predictions of the student’s core model
and the phenomena introduced in the teaching.)

The phases in the developmental teaching are depicted below the horizontal
axis in Figure 9.1. Over the course, these phases progress from situated prob-
lems, chosen and closely guided by the lecturer, to less situated problems,
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more self-determined by the students. These problems are solved in a spiral
of research-type activities: development occurs as students, individually and
in their groups, continually re-formulate their core models in spirals of ex-
periment; conflict between experimental results and those predicted by the
core models; reflection; revision and evaluation. The correspondence between
Figure 9.1 and the key aspects, in Hedegaard’s own words, of the ‘double
move’ are outlined in Appendix 6.

Table 9.1 outlines how these same key aspects in Hedegaard’s ‘Double Move’
might apply to teaching of mechatronics through a laboratory project. Fur-
thermore, in the 2009 Mechatronics I laboratory project, it was attempted to
implement one key aspect. The practice of previous years had been, in each
week of the semester-long Mechatronics I course, to present the theoretical
material in three morning lectures, and to run the laboratory project in one
two-hour afternoon session. In 2009, this was departed from: the project was
run ‘full-time’ during the first quarter. That is, it was given all morning lec-
ture periods and afternoon sessions of the first quarter, ending at the end of
that quarter. The theoretical material was then presented ‘full-time’ in the
second quarter; that is, lectures on the theoretical material were likewise
given during all that quarter’s morning lecture periods and afternoon ses-
sions. The main reason for so re-organising the course was to terminate the
project at the end of the first quarter, to prevent students using this project
as an excuse for ‘cutting‘ lectures of other third-year courses near the end of
the second quarter, with examinations imminent. However, a welcome op-
portunity was thereby provided to begin the course with one key aspect of
Hedegaard’s ‘Double Move’: a ‘spiral of problem-solving’ by research activi-
ties, demanded by the very nature of this project — researching how to make a
given mechanical device work automatically and meet given performance
The third column of Table 9.1 outlines the activities in the
2009 laboratory project that correspond to key aspects of the ‘double move’.

specifications.

Table 9.1: Key Aspects of Hedegaard’s ‘Double Move’ in a Mechatronics Laboratory
Project

Key Aspects of Hede-
gaard’s ‘Double Move in
Teaching and Develop-

mental Learning’

Application to Learning
Mechatronics through a
Mechatronics Labora-
tory Project

Corresponding Activi-
ties in 2009 Mechatron-
ics Laboratory Project

“The teacher’s planning
must advance from the
general laws to the sur-
rounding reality in all its
complexity. In order to
explain these laws the
teacher must choose con-

The students’ learning
must develop from precon-
ceived actions (initial lab.
exercises) to symbolisa-
tion, by working devices, of
the knowledge they obtain
through their research

Three 1nitial lab. exercises
were given

These ‘working devices’
were the given mechanical
devices that had to be
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Key Aspects of Hede-
gaard’s ‘Double Move in
Teaching and Develop-

mental Learning’

Application to Learning
Mechatronics through a
Mechatronics Labora-
tory Project

Corresponding Activi-
ties in 2009 Mechatron-
ics Laboratory Project

crete examples that dem-
onstrate the general con-
cepts and laws in the most

transparent form.
Whereas the teacher’s
planning must advance

from the general to the
concrete, the children’s
learning must develop
from preconceived actions
to symbolisation of the
knowledge they obtain
through their research, fi-
nally resulting in a lin-
guistic formulation of rela-
tions.”

(Hedegaard, 1990:274-5)

[project and concurrent
coursework], finally result-
ing in a linguistic formula-
tion of relations [the pro-
ject report]. There should
also be links to the theory
in the Mechatronics
course.

automated to given per-
formance specifications

A written project report
was required

A few lectures in the first
quarter were devoted to
theory deemed essential
prior to the project

“In the double move ap-
proach, the process of in-
struction runs as a double
move between the
teacher’s model of subject-
matter concepts of a prob-
lem area and the students’

everyday cognition and
knowledge.” (Hedegaard,
2002:78)

Note: for “students’ every-
day cognition and knowl-
edge” read “students’ eve-
ryday and previously ac-
quired  cognition and
knowledge”.

Within a spiral of problem-
solving, the students begin
by working with situated
problems chosen by the
teacher; they gradually ac-
quire the concepts and de-
velop a core model which is
continually being revised
& refined; this equips
them to approach different
tasks; through this diverse
problem-solving, students
become able to evaluate
their learning (Hedegaard,
2002:78)

Here, students begin by
working with  situated
problems in the form of
initial laboratory exercises
[on micro-controllers, sen-
sors and actuators linked
to a device being con-
trolled] as situated prob-
lems; the continually re-
vised & refined core model
that they develop is that of
the physical laws and in-
formation processing gov-
erning the behaviour of the
complete controlled device.
This device should be that
of the project (or sub-
devices thereof), but for

The initial lab. exercises
(with flexible options)
were: (1) controlling lamps
just using electrical hard-
ware; (11) the same exer-
cise, but using a program-
mable controller and soft-
ware, to illustrate the
greater ease of making
changes to software rather
than hardware to accom-
modate changing perform-
ance specifications

These exercises were car-
ried out on a sub-device of
the project (its electrical
control board)
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Key Aspects of Hede-
gaard’s ‘Double Move in
Teaching and Develop-

mental Learning’

Application to Learning
Mechatronics through a
Mechatronics Labora-
tory Project

Corresponding Activi-
ties in 2009 Mechatron-
ics Laboratory Project

breadth of experience,
other mechatronic devices
can also be included.

Breadth of experience was
given through a third ex-
ercise — equipping the
board with electrical safety
hardware (circuit breakers
and earth rails)

“The teacher guides the
learning activity both from
the perspective of both the
general  concepts and
methods of a subject-
matter area and from the
perspective of engaging
students in ‘situated’ prob-
lems that are meaningful
in relation to their devel-
opmental stage and life
situations.”  (Hedegaard,
2002:78)

“... the students are given
tasks that motivate them
for research activity so
that a relation between the
pupils’ own problems and
the problems in a subject
area is created. The learn-
ing motive thereby can be-
come connected to subject-
matter concepts ...” (Hede-
gaard, 2002:21)

This is difficult. Unlike
children, students’ big
questions about life do not
readily relate to this kind
of subject-matter — so what
are appropriate students’
problems or goals? For
some students, these are
their natural curiosity or
interest in the subject-
matter (a stimulating mo-
tive, Hedegaard, 2002:63-
4); for some others, a domi-
nant motive of improving
people’s quality of life; for
possibly most others, just
the hurdle of passing (a
step towards a dominant

meaning-giving motive
{such as wealth or
fame?},4° Hedegaard,

2002:63). In this case the
content of teaching (the
subject-matter) is secon-
dary (Hedegaard, 2002:65).

Unfortunately, no in-
creased motivation (com-
pared to previous years)
could be detected. A mere
55 out of 96 students com-
pleted the multiple-choice
faculty survey of student
opinions of the complete
course (project plus lecture
material). Of these 55, 22
selected 'neutral’ on the
statement “I was moti-
vated to read or do extra
work”; 14 agreed
therewith, and only 9
strongly agreed therewith.
The 41 students who did
not complete the survey
were most likely not
strongly motivated!

“Five factors can be con-
ceptualised as crucial in
the double move approach
for how teaching can lead
to developmental learning.
These are:

(a)

“formulation of prob-
lems that involve the

These are the initial labo-
ratory exercises, having

Most students did attempt
the flexible options, but

45 Note here, Hedegaard (2002:63-4) saying that “change in the motivation hierarchy is the
primary indicator of development in the child from one stage to the next” (candidate’s empha-

sis).
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Key Aspects of Hede-
gaard’s ‘Double Move in
Teaching and Develop-

mental Learning’

Application to Learning
Mechatronics through a
Mechatronics Labora-
tory Project

Corresponding Activi-
ties in 2009 Mechatron-
ics Laboratory Project

central conceptual re-
lations and methods,
as well as motivate
the children attend-
ing the class, ...” (He-
degaard, 2002:82)

flexible options after the
compulsory basics to in-
crease motivation.

the motivation was most
likely that of acquiring
knowledge useful for the
coming project

(b) “content analyses and
formulation of germ
cell/core models, ”?

(tbid., 82)

{ a core model being a
person’s own abstrac-
tions of a subject-
matter area (ibid., 86)
H

The continually revised
and refined core model is
that of the physical laws
and information processing
governing the behaviour of
the complete controlled
device or its sub-devices;
other devices may also be
included.

One opportunity given to
students here was to tem-
porarily dismantle their
given mechanical devices
into functioning sub-
devices and experiment
with each such sub-device
to learn its characteristics
(e.g. where most friction
arises, and why)

(¢) “analogy to research
methods, ...” (ibid.,
82);

“Thus there i1s a double
move in instruction: The
teacher must guide
struction on the basis of
general laws, whereas the
children  must  occupy
themselves with these gen-
eral laws in the clearest
possible form through the
tnvestigation of their mani-
festations.  That is why
practical research activities
with objects, films and
museum visits are such an
important part of instruc-
tion, especially during the
early periods.” (Hede-
gaard, 1990:275; candi-
date’s italics)

in-

“The solution is ... to
use a teaching ap-
proach that motivates
the pupils to plan and
participate in  re-
search activities with

This is essential — to evoke
both the stimulating mo-
tive, and (self-) develop-
ment.

Students should be
quired to keep a log-book
to record and analyse their
experiences, and document
their progress toward their
own goals.

re-

A summary of these ex-
periences was requested in
the project reports

Such investigations were
self-prompted through the
experiences of working
with the given devices

Here, the ‘practical re-
search activities’ were the
project itself
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Key Aspects of Hede-
gaard’s ‘Double Move in
Teaching and Develop-

mental Learning’

Application to Learning
Mechatronics through a
Mechatronics Labora-
tory Project

Corresponding Activi-
ties in 2009 Mechatron-
ics Laboratory Project

the objective of creat-
ing a link between the
pupils’ own questions
and the problems that
are central to the sub-
ject being taught.”
(Hedegaard, 2002:81)

(d) “phases in teaching,
which are based upon
progressive and quali-
tative changes in the
children’s appropria-
tion of knowledge and
skills;” (ibid., 82)

This 1s developmental

teaching, whose phases are

dialectically  linked to
phases in learning; the

three phases in develop-
mental teaching are (ibid.,
89):

(1) helping children to | This will be the {flexible}
develop flexible con- | initial lab. exercises,
cepts and formulate | where the flexibility will
goals about the the- | be in options after the
matic relationships in | compulsory basics.

a course of subject-
matter — here, pupils
are just set assign-
ments (ibid., 90);
(2) formulation and ex- | Ag above, the continually

pansion of these the-
matic relationships in
the form of a germ-
cell model for the
problem area being
investigated — where

the relationships
within the germ-cell
model are explored

through various as-
signments — here, pu-
pils are both set as-

signments and re-

revised & refined core
models are those of the
physical laws & informa-
tion processing governing
the behaviour of the com-
plete controlled device.

The assignment set will
now be the basic project,
with the students being
required to formulate their

Extra features — such as
smoother accelerations

and decelerations under
automatic control — were
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Key Aspects of Hede-
gaard’s ‘Double Move in
Teaching and Develop-

mental Learning’

Application to Learning
Mechatronics through a
Mechatronics Labora-
tory Project

Corresponding Activi-
ties in 2009 Mechatron-
ics Laboratory Project

quired to formulate
problems (ibid., 90);

own additional enhance-
ments thereto.

encouraged and rewarded

enable children to
learn how to critically
evaluate what has
been learned concern-
ing their own skills;
the conceptual rela-
tionships being inves-
tigated; and the con-
tent of the teaching
being used to shape
the germ-cell model —
here, pupils must set
tasks that  allow
evaluation, and they
are set assignments
that allow them to
evaluate both the ca-
pability of the germ-
cell model, and fur-
ther knowledge and
skills they would like
to acquire (ibid., 90).

3

The assignment here that
will be set is the project
report. Here, they will be
required to evaluate (1)
their skills, the investi-
gated conceptual relation-
ships & content of teaching
given — and (ii) the capa-
bilities of their core mod-
els. Then they must de-
scribe & justify the further
knowledge & skills they
would like to acquire.

The project report did re-
quire a description of the
principles of operation of
the controlling hardware
and software incorporated
into the given mechanical
device. It also asked for a
description of the main
learning experiences

(e) social interaction,
communication,
operation between
children.” (ibid., 82)

CO-

“This type of teaching and
learning in school favours
co-operation between
teacher and learner and
between learners in prob-
lem formulation and prob-
lem solving within a sub-
ject domain.” @ibid.,
2002:78)

3

. children’s development
takes place through their
relation to the class and to
the groups in the class.”
Group solving processes
were used to develop the
children’s intellectual proc-

The project is a team pro-
ject. A team leader should
be nominated. This is an
example of production, not

just education (Bernstein),
so working on different

tasks in a group promotes
interdisciplinarity, so long
as the tasks are not divi-
sive and the agents are not
isolated. Agents should be
integrated across catego-
ries, and the acts should be
integrated too.

Each 5-person team chose
a team leader

One undesirable trait no-
ticed was that some teams
‘compartmentalised’ the
work; one member would
work with the electrical
hardware, one would pro-
gram the software, one
would write the project re-
port, and so on
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Key Aspects of Hede-
gaard’s ‘Double Move in
Teaching and Develop-

mental Learning’

Application to Learning
Mechatronics through a
Mechatronics Labora-
tory Project

Corresponding Activi-
ties in 2009 Mechatron-
ics Laboratory Project

Children would
work on different tasks in

esses.

a group with a shared mo-
tive for the entire activity
(Hedegaard, 1990:279)

It was hoped that this alternate way of conducting the project in a more con-
centrated fashion in 2009 would have increased the situated motivation of
students in the MCT1 course. Unfortunately, as noted in Table 9.1, no in-
creased motivation (compared to previous years) could be detected. However,
25 of the 55 students completing the faculty survey of student opinions of the
complete course named the project as being the most valuable part of the
course. Some comments from those 25 students were:
“The practical portion of the course is enjoyable and gives us a better

physical appreciation for the subject. This is missing from many of the
other courses.”

“Practical project:- got to see the problems and fix them rather than only
receiving theoretical information.”

“The practical part of the course was interesting and exposed students to
the real world of problem solving.”

“The project done in the first semester really helped in reinforcing the
theoretical knowledge studied in the lecture notes. It was good to see
how electronics and mechanics can be merged into one system.”

“The project was most valuable as we were able to learn certain princi-
ples not instilled in second year, by practical means.”

“The projects given at the beginning of the year were more valuable as
they related industry situations with what we do in class.”

Of note is that these comments reflect students’ rightly directed desire for
knowledge more directly applicable to engineering practice, the world of work
— put another way, for Bernsteinian codes of education that correspond more
closely to codes of production. No other aspect of the course was so frequently
named as being the most valuable. There is encouragement, therefore, to or-
ganise the MCT1 course similarly in future years — with the laboratory pro-
ject ‘full-time’ during the first quarter of the course — and to revise other as-
pects of the course to increase students’ motivation and the hierarchical, con-
ceptual quality of the knowledge they acquire.

10. CONCLUSIONS

This project has attempted to conceptually analyse, on the basis of Bern-
stein’s and Vygotsky’s theories, the difficulties encountered in producing in-
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tegrated knowledge of mechatronic principles, especially those of electricity
and electronics, in mechanical engineering students at the candidate’s own
university. The claims that emerge from this conceptual analysis are:

(1) the curriculum of the Mechatronics I course at the University’s School of
MIAE — in common with similar curricula at other universities — has, in
its recontextualisation, organisation and transmission of knowledge,
more a Bernsteinian collection type of educational knowledge code than
an integrated type;

(2) such curricula hence do not foster an adequate, sufficiently subsump-
tively integrated, Bernsteinian hierarchical knowledge structure of genu-
ine mechatronic concepts in the knower — the mechanical engineering
student. Rather, the knowledge structure likely to ensue is a Bern-
steinian horizontal one of specialised ‘languages’ — bodies of knowledge of
engineering sub-disciplines — uneasily linked only at their boundaries.
This amounts to a Vygotskian preconceptual ‘complex’ at best, inade-
quate for the purposes of mechatronics and for the interdisciplinary de-
mands of engineering practice;

(3) moreover, the methods of assessing students’ mechatronic knowledge
must take into account the possibility of such inferior, horizontal-type
knowledge structures — existing as Vygotskian preconceptual ‘complexes’
— successfully masquerading as genuine conceptual knowledge and going
undetected, so allowing students with materially inadequate knowledge
to proceed to the final year of study, or even graduate.

The conceptual tool of bond graphs, complemented by relational block dia-
grams, offers an alternative principle of recontextualisation that should foster
development of students’ typical horizontal knowledge structures — produced
by the collection codes of their earlier undergraduate studies — into the re-
quired hierarchical ones. Bond graphs subsume the governing principles of
different types of physical engineering systems into relations of generality, so
they are on the level of a Vygotskian genuinely conceptual system. However,
they demand a corresponding level of conceptual, abstracting ability in stu-
dents. Consequent pedagogical problems are likely to arise, especially be-
cause of the contrast with the collection-type codes of students’ earlier under-
graduate studies.

Hedegaard’s ‘Double Move’, aimed at developmental learning within learners’
dynamic zones of proximal development, seems a promising pedagogy to fos-
ter Bernstein’s desirable hierarchical knowledge structures in engineering
students. The key principle is integrating students’ everyday experiences of
the real world, plus their previously acquired knowledge, with formalised
subject-matter concepts. The obvious, suitable vehicle for this is the labora-
tory project in the mechatronics course. Here, it is envisaged that experien-
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tially rich spontaneous concepts, arising from working experiences in this
laboratory project and illuminated by previously acquired knowledge, will
move upwards, meet and fuse into downwardly developing subject-matter
concepts. It is also envisaged that students’ motivation will thereby be in-
creased.

As mentioned in the Introduction, this project confines itself to conceptual
analysis of the problem, and exploring conceptual bases for remedies. Fur-
ther work, in the form of empirical, field research, should thus be carried out
to test the validity of this conceptual analysis and the proposed remedies. As
Bernstein observes,

“Conceptual elegance is attractive, but only when it has the living quality
which comes from empirical exploration.” (Bernstein, 1977:4)

---000---
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APPENDIX 1
‘Mechatronics I’ Course, School of Mechanical, Industrial and Aero-

nautical Engineering, University of the Witwatersrand:

Course Outline and Example of Laboratory Project

A1.1 Course Description

The course comprises both theoretical material, assessed individually, and a

team-based laboratory project. In sum, the content of the course is:
“Introduction to mechatronics: synergistic use of mechanical, electrical,
electronic, control and information technologies to optimally perform
tasks. Dynamic characteristics of mechanical and electrical drives and
actuators. Measurement theory and analysis. Signal conditioning and

measurement systems. Elementary automatic control. Computers and
micro-controllers in mechatronics. Laboratory project.”

(University of the Witwatersrand, Johannesburg, 2009:220)

Until 2008, this laboratory project involved designing and building a working
model of a mechanical-electrical device, automating it through a micro-
controller, and then testing it. Key mechanical and electrical components, as
well as the micro-controller, were supplied. Student project teams had to
specify and source the balance of electrical or electronic components, as well
as design the balance of mechanical components for manufacture in the
School’s Engineering Workshop.

In 2006, the number of students in the course increased to 102 from the 2005
number of 75. Class sizes in 2007 and 2008 were 133 and 95 respectively.
Unfortunately, the School’s Engineering Workshop did not have sufficient ca-
pacity to manufacture mechanical project components for the correspondingly
higher numbers of student project teams. Consequently, the requirements for
design and manufacture of mechanical components were drastically reduced
in 2006 and 2007, and in 2008 the School decided to eliminate them alto-
gether. From 2008 on, the scope of the laboratory project was thus reduced to
automating a pre-assembled mechanical-electrical device, through a micro-
controller and associated electrical components, and then testing it.

The course outline and information form, given to students at the start of the
course, is presented on the next two pages. It lists the:

e course outcomes from the viewpoints of instructional objectives and abil-
ity development;

e assessment composition, criteria and due performance requirements;

e detailed course content;

e features of the planned teaching and learning process; and

e applicable ECSA ‘knowledge areas’ (ECSA, 2004), and their weightings
in the course.
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University of the Witwatersrand, Johannesburg
SCHOOL OF MECHANICAL, INDUSTRIAL AND AERONAUTICAL ENGINEERING

COURSE OUTLINE AND INFORMATION FORM

Course name

MECN3012 — Mechatronics I

Coordinator and other staff

Dr M. Bailey-McEwan (SWE105), Mr K. Midor (C8, RP-Composites Facility)

Course SAQA credits 15

Pre- and co-requisites

Pre-requisites: MECN2007, ELEN2000, MECN2003

Course Goals
The main goals of this course are to:

e introduce the systems concept as the framework for the integrated approach of mechatronics;

e promote familiarity with measurement systems for common physical quantities; with common mechanical,
pneumatic, hydraulic and electrical actuators; and with a modern programmable logic controller (PLC);

e in the laboratory exercises, obtain a grounding in applying a PLC to controlling simple mechatronic devices;

e in the laboratory project, develop basic ability to design and synergistically integrate mechanical, electrical
and electronic components, controlled by a PLC, into a working, cost-effective mechatronic device.

Course Outcomes

Instructional Objectives. At the end of the course
you should be able to:

1. analyse simple devices and actuation systems
with pneumatic, hydraulic, mechanical and elec-
trical components, and assess their suitability
for specific applications;

2. specify and assess steady-state measurement
systems for common physical quantities; specify
sensor characteristics for dynamically varying
such quantities;

3. apply a programmable logic controller (PLC) to
processing and conditioning signals to and from
simple actuation and measurement systems;

4. realistically model the above devices and actua-
tion and measurement systems in designing a
simple mechatronic device, and appreciate is-
sues involved with practically applying theory
therein.

Ability Development. The aim is to develop individ-
ual (and in the laboratory exercises, some feam) ability
to select, design and synergistically integrate mechani-
cal, electrical and electronic components into a work-
ing mechatronic device. Particularly important abili-
ties are to select components and systems best match-
ing the task to be performed; and, in designing the
mechatronic device, to model real mechanical, electri-
cal and electronic components, making realistic as-
sumptions in doing so and recognising the limitations
of such models.

Assessment
Composition of the final course mark (100%):
Examination in June: 50%
Assignments (two): 15%
Class test (MONDAY 6 APRIL): 15%
Laboratory Exercises (two) and Project: 20%

Each laboratory exercise will involve student teams in
assembling a circuit of electrical and electronic com-
ponents, and programming a PLC to make that circuit
perform specified tasks. A brief describing the labora-
tory project will be issued separately.

Assessment criteria

For the examination, the test and the assignments, the
assessments will be based on an understanding and

tent covered in the lectures and laboratory sessions, as
demonstrated in written answers to examination, test
and assignment questions. The two assignments will
also be assessed on the effectiveness of communica-
tion in the written answers (20% of the marks). For
the laboratory exercises, the assessments will be based
on three main criteria: the functionality of the circuit
built; the neatness and economy of its assembly and
interconnections; and the flowcharting and robustness
of any PLC program written. A minimum final mark
of 50% must be obtained for the course.

Due Performance requirements

All laboratory exercises and assignments must be
completed and submitted on time; late submissions
will not be accepted. Failure to submit all assign-
ments, to participate in all laboratory exercises, or
to write the class test will result in the withdrawal
of permission to write the examination unless an ac-
ceptable medical certificate or other appropriate
documentary evidence is provided.

ECSA Outcomes Assessed at Exit Level: 5, 8, 9
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Detailed Contents Knowledge Areas
And Weight

The systems concept in product design and analysis. Overview of measure- | Engineering Sciences 55%
ment, control and actuation systems. The mechatronics approach in realising | Design and Synthesis  20%
these systems in a working product. Computing and IT 15%
Pneumatic and hydraulic actuation systems: regulating valves, cylinders, mo- | Complementary Studies 10%
tors. Mechanical actuation systems, including elementary kinematic chains in
robotics. Electrical actuation systems: relays, solid-state switches, solenoids,
the permanent-magnet DC motor. Design of simple actuation systems.

The general measurement system: purpose, structure, elements. Static charac-
teristics of measurement system elements. Propagation of errors and accuracy
of measurement systems in steady state. Dynamic characteristics of measure-
ment system elements.

Amplification, filtering, sampling. = Analogue-to-digital (A/D), digital-to-
analogue (D/A) conversion. Pulse width modulation.

Sensors and transducers: performance terminology. Systems measuring dis-
placement, position, proximity, velocity, force, fluid pressure and flow, liquid
level, temperature and light.

Micro-controller structure and applications. Programmable logic controllers
(PLCs): basic structure, input/output processing, programming, mnemonics, in-
ternal components, data handling, analogue input/output.

Teaching and Learning Process
Lectures — lecture material will generally be presented using overhead projection of transparencies plus exposi-
tions on the blackboard. Students are expected and encouraged to attend all lectures. Experience shows that
students who do not attend lectures regularly are likely to fail. Discussions during lectures are encouraged!
Notes — printed notes will be issued to cover the main topics in the course. You are strongly advised to take
supplementary notes during lectures. Supplementary reading sources are listed below.
Assignments — the two assignments will be issued for individual submission, by the dates and times specified.
Solutions will thereafter be published on the 3rd Year Notice Board.
Laboratory Exercises — you will be required to work in teams of four or five to carry out the two exercises in the
laboratory during the first quarter. The procedures and schedules for these exercises are issued separately. At-
tendance at all exercises is compulsory.
Laboratory Project — a brief describing this project will be issued separately. It will be done during the first
quarter, and will involve assembling a circuit of electrical and electronic components, and programming a PLC
to make a mechanical/electrical device automatically perform a specified task. A small amount of building and
physical adjustment of some parts of the controlled device may be involved.
Prescribed Textbook — Bolton, W., Mechatronics: Electronic Control Systems in Mechanical and Electrical En-
gineering, 4th Edition, Pearson Education Ltd, U.K., 2008.
Recommended References:

1) Bentley, J.P., Principles of Measurement Systems, 4th Edition, Pearson Education, 2005.

2) Alciatore, D.G., and Histand, M.B., Introduction to Mechatronics and Measurement Systems, 3rd

Edition, McGraw-Hill, 2007.

Time requirements:
Contact time: 39 lectures (29 h) + laboratory sessions (39 h)
Minimum self-study time (including assignments, etc): 79 h Total: 147 hours

Times and Venues

Day Topic Time Venue

Tuesday Laboratory Exercises / Project (Ist Quarter) | 14:15—-17:00 | SWE107K (PC Pool) / Mecha-
tronics Laboratory (Ist Quarter)
Tutorials (2nd Quarter) Venue t.b.a. (2nd Quarter)

Wednesday | Lecture 10:15-11:00 | P 114

Thursday Laboratory Exercises / Project (Ist Quarter) | 08:00 —09:45 | SWE107K (PC Pool) / Mecha-
tronics Laboratory (Ist Quarter)
Lectures (2nd Quarter) OS 3 (2nd Quarter)
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Al1.2 ECSA Exit-Level Outcomes Addressed in Course

At the bottom of its first page, the course outline states that it addresses

three ECSA exit-level outcomes.
which it addresses each.

Table Al1.1

Table Al.1 below indicates the manner in

ECSA Exit-Level Outcomes Addressed by ‘Mechatronics I’ Course

ECSA Exit Level Outcome (ECSA, 2004)

Applicable Assessment in Course

“Exit level outcome 5: Engineering
methods, skills and tools, including In-
formation Technology

“Learning outcome: Demonstrate compe-
tence to use appropriate engineering meth-
ods, skills and tools, including those based
on information technology.

“Associated Assessment Criteria:

The candidate:

1. Uses a method, skill or tool effectively by:
a) Selecting and assessing the applicability
and limitations of the method, skill or tool;
b) Properly applying the method, skill or
tool;

c) Critically testing and assessing the end-
results produced by the method, skill or tool.
2. Creates computer applications as required
by the discipline.

“Range Statement: A range of methods,
skills and tools appropriate to the discipli-
nary designation of the program including:
1. Discipline-specific tools, processes or pro-
cedures;

2. Computer packages for computation, mod-
elling, simulation, and information han-
dling;

3. Computers and networks and information
infrastructures for accessing, processing,
managing, and storing information to en-
hance personal productivity and teamwork;
4. Basic techniques from economics, busi-
ness management, and health, safety and
environmental protection.”

1. Effective use of mathematical
modelling methods and skills in
building integrated models of me-
chanical-electrical systems, capable
of realistically predicting behaviour
of such physical systems

2. In the laboratory project, automat-
ing a device by incorporating a mi-
cro-controller, and programming this

“Exit level outcome 8: Individual, team
and multidisciplinary working
“Learning outcome: Demonstrate compe-
tence to work effectively as an individual, in
teams and in multidisciplinary environ-
ments.

“Associated Assessment Criteria: The

1. Identifies and focuses on objectives;
2. Works strategically;
3. Executes tasks effectively;

Effective individual work: this is ad-
dressed in every course, not just
mechatronics
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ECSA Exit Level Outcome (ECSA, 2004)

Applicable Assessment in Course

4. Delivers completed work on time.
The candidate demonstrates effective team

1. Makes individual contribution to team ac-
tivity;

2. Performs critical functions;

3. Enhances work of fellow team members;
4. Benefits from support of team members;
5. Communicates effectively with team
members;

6. Delivers completed work on time.

1. Acquires a working knowledge of co-
workers’ discipline;

2. Uses a systems approach;

3. Communicates across disciplinary
boundaries.

“Range Statement: Tasks require co-
operation across at least one disciplinary
boundary. Disciplines may be other engi-
neering disciplines or be outside engineer-
ing.”

Effective team work: An assessment
sheet was drawn up in 2006 (see Sec-
tion A1.3.6 below), but such assess-
ments have not been done yet

Multidisciplinary work: 2. and 3. are
assessed in the laboratory project,
through its combination of mechani-
cal, electrical and electronic compo-
nents, and the required program-
ming of its micro-controller

“Exit level outcome 9: Independent
learning ability

“Learning outcome: Demonstrate compe-
tence to engage in independent learning
through well developed learning skills.
“Associated Assessment Criteria:

The candidate shows evidence of being an ef-
fective independent learner by the following:
1. Reflects on own learning and determines
learning requirements and strategies;

2. Sources and evaluates information;

3. Accesses, comprehends and applies
knowledge acquired outside formal instruc-
tion;

4. Critically challenges assumptions and
embraces new thinking.

“Range Statement: Operate independently
in complex, ill-defined contexts requiring
personal responsibility and initiative, accu-
rately self-evaluate and take responsibility
for learning requirements; be aware of social
and ethical implications of applying knowl-
edge in particular contexts.”

Reflection on Own Learning: the
laboratory project report requires a
summary of the team’s learning ex-
perience(s), and recommendations for
future such projects

Knowledge Acquired Outside Formal
Instruction: in ascertaining and com-
prehending the detailed behavioural
characteristics of the laboratory pro-
ject’s components, and learning the
programming language of its micro-
controller

A1.3 Example of Laboratory Project

The 2005 laboratory project is presented here. As has been noted in Section
A1l.1 above, this was the last laboratory project requiring student teams to
specify and source some electrical or electronic components, and design some
mechanical components for manufacture in the School’s Engineering Work-
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shop. Students in each branch of engineering in the School — mechanical, in-
dustrial and aeronautical — were given a unique project relevant to their
branch. The projects were:

e  Mechanical — entry control boom for cars;
e Industrial — coin sorting machine;

e Aeronautical — lift and drag force measuring ‘rig’ for a model aircraft in a

wind tunnel.

Students were required to work in teams of four or three. The full handout
for the mechanical project is given in Section A1.3.1 overleaf. This handout
details the project brief; the specific design tasks; the resources and equip-
ment provided; the financial provision for additional resources and equipment
that teams might require; the scheduled tutorial and laboratory sessions; the
health and safety rules for working in the laboratory; the competencies ex-
pected of project teams; the allocation of marks and deadlines; and the re-
quirements for the final project report. Sections A1.3.2 and A1.3.3 following
contain the corresponding briefs and specific design tasks for the industrial
and aeronautical projects respectively.

Initial exercises, which counted towards the project mark, were given to fa-
miliarise students with the micro-controller, its programming software and
its capabilities. Apart from these preliminary exercises, the assessed ‘mile-
stones’ in the project were (as indicated in Item 10 of Section A1.3.1):

(1) submission of manufacturing drawings for the mechanical components to
be manufactured;

(2) the quality of the completed mechanical, electrical and electronic con-
struction of the model device;

(3) the performance of this device when tested in an operating trial;

(4) the written report by each team on the project, documenting the operat-
ing requirements, constraints and optional features added; the design
process and full design specification; and the team’s learning experiences
and recommendations for future such projects.

For the mechanical project, Sections A1.3.4 and A1.3.5 following contain the
assessment sheets for the second and third milestones — the construction of
the model device, and its performance in the operating trial. The assessment
sheets for the industrial and aeronautical projects were similar. Section
Al1.3.6 contains an assessment sheet, prepared in 2006, for the quality of
teamwork displayed during the project; such assessments were not done,
though, due to lack of time for the necessary interviews with teams.
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Al1.3.1 Handout, ‘Mechatronics I" Laboratory Project, 2005 (Mechanical)
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UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
SCHOOL OF MECHANICAL, INDUSTRIAL AND AERONAUTICAL ENGINEERING

MECN361 - Mechatronics I (2005) Page P (M)-1
PROJECT: ENTRY CONTROL BOOM | Starting Date: Tues. 22 February 2005
(MECHAN- FOR CARS

ICAL ENG. Ending Date: Tues. 10 May 2005
STUDENTS)

1 OBJECTIVES

The objectives of this project are to:

(i) develop your ability to design and synergistically integrate mechanical, electrical
and electronic components, connected by a control architecture, into a working,
cost-effective product; and

(i) enhance your appreciation of the issues involved in practically applying theory in
mechatronics.

2 PROJECT BRIEF

Students must work in teams of four or three. The project is to design, build and test a
scale model of a boom controlling the entry of cars to a parking area. This boom must:

(a) wait, in the horizontal (lowered) position, for a scale model of a car to approach it;

(b) once a scale model of a car is at the boom and a button is manually pressed, take
between 3 and 4 seconds to rise smoothly to the raised (nearly vertical) position;

() remain up until that car, and only that car, has passed underneath. The boom must
remain up so long as any part of that car remains underneath it;

(d) take 2 seconds! to fall, rapidly but smoothly. Moreover, the tip of the boom must
come to rest in its horizontal position with a speed of no more than 20 mm/s;

(e) then wait in the lowered position for the next car, whereupon it must repeat steps (b)
through (d).

Table 1 Required Performance Quantities

Quantity Value
Width of roadway 0,9 m max.
Length of boom (from tip to centre of rotation) 1m
Time of rise 4 sec. max.
Raised position 85°-90° to horizontal
Time of fall 2 sec.
Tip speed at end of fall 20 mm/s max.

3 SPECIFIC DESIGN TASKS

The following components of this boom must be designed or selected:
e the l-metre arm, to suit the motor selected from 5.2 below;

e the sensor(s) detecting the presence of a car underneath the boom;

1 To prevent another car passing underneath (“tailgating”) before it has closed.
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e the entire mechanism lifting and lowering the boom, coupled to the selected motor;

e the measuring, display and control system, partly or wholly implemented using the
GPC450 micro-controller.

Once designed, all mechanical components must be manufactured in the Mechanical
Engineering Workshop. The Laboratory and Workshop Procedures for the Third Year
Laboratory Course, contained in “Information for Third Year Students” (issued at the start
of the academic year), apply here.

49 CHALLENGES IN PROJECT

To begin with, these are 2. (a) through (e) above.

5 RESOURCES AND EQUIPMENT PROVIDED

5.1 Resources and Equipment Shared between Teams

None.

5.2 Resources and Equipment Provided per Team

Table 2 Mechanical, Electrical, Electronic Resources per Team

Amount Description Reference

MECHANICAL

ELECTRICAL AND ELECTRONIC

1 12V DC Motor, with rated speed of either 330 or 60 RPM

1 GPC450 Micro-Programmable Logic Controller,2 mounted on GPC450
plastic board, with 25-pin I/O connector; 9-pin programming manual
connector; and 12-volt power connector and soft-

ware

N.B. Teams must acknowledge receipt of the equipment in this table by signature. Any
breakages or loss thereof must be repaired or replaced by the team, in its own time and at
its own expense. Marks may be deducted for loss or breakage as well.

6 ADDITIONAL RESOURCES AND EQUIPMENT REQUIRED

An amount of up to R150 will be available to each team for purchasing extra components
and materials. Additional expenditure is for the team’s account, but should be recorded

in the final report. Refunds will be authorised by Dr Bailey-McEwan, after 10 May, upon
proof of purchase. Teams are requested to submit all such receipts at the same time.

2 Designed by Mr J P Stiekema, School of Electrical and Information Engineering.
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7 TUTORIAL / LABORATORY SESSIONS

These are on Tuesday afternoons, during 14:15-16:00, initially in SWE118 and then in
the PC Pool and / or Mechanical Engineering Laboratory. Dr Bailey-McEwan and three
postgraduate tutors will conduct these sessions.

The first three sessions, on 22 February and 1 and 8 March, will introduce:

[1] the project;

[2] the GPC450 micro-controller; its design and protective features; and its “C” pro-
gramming language and environment. Good practices in constructing electrical and

electronic circuits will also be emphasised. Two preliminary assignments will be
carried out in the sessions on 1 and 8 March.

The remaining sessions will be devoted to the project. For milestones and deadlines,
please see Section 9 below.

8 HEALTH AND SAFETY IN MECHANICAL ENGINEERING LABORATORY

All rules in “Information for Third Year Students” apply to this project. In particular, stu-
dents must remember and understand:

(i) the Laboratory and Workshop Regulations, displayed at the entrance to the Labora-
tory;

(ii) the “Procedure for Working After Hours in the Mechanical Engineering Laboratory /
Workshop”, also displayed there.

IF IN DOUBT, ASK.

8.1 Chief Technician’s Rules for Working in the Mechanical Engineering Labora-
tory

A. Students will not be allowed into the Laboratory for scheduled sessions unless the
responsible staff member (here, Dr Bailey-McEwan) is there to supervise them.

B. No tools, equipment or workpieces are to be left unattended on the work tables,
benches or on the floor in the open laboratory areas. All such items found will be
confiscated and not returned. Students are to make use of the seven (7) lockable
cupboards, underneath the main workbench, to securely store their tools, equip-
ment and workpieces. Mr Moéller will issue keys on payment of a refundable deposit
of R10.

C. Work areas must be left in a clean and tidy state. Students will not be allowed to
work in any area not so left until it is restored to such a state.

9 COMPETENCIES

Each three- or four-person team is expected to demonstrate competency in:

o managing the design process, recognising restrictions on resources, and meeting
deadlines;

o accessing, assessing and utilising relevant information and data;

o converting a broad task statement into a well-defined Product Requirement Specifi-
cation (PRS);

o applying good design practice to all elements of the design;
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assembling all components into a mechanically and electrically neat and robust
working model,;

testing and optimising this working model to maximise its effectiveness and effi-
ciency;

communicating effectively and clearly in writing and through drawings and
sketches.

10 ALLOCATION OF MARKS AND DEADLINES
Item Mark Deadline
(Tues.)
PRELIMINARY ASSIGNMENTS
 Lighting LEDs by switches . 110% |1March |
Speed control of motor / Switching of solenoid 15% 8 March
MILESTONES IN PROJECT
Submission of manufacturing drawings for mechanical com- | 15% 15 March
| ponents ]
| Manufacture by Workshop of mechanical components | | 12 April |
| Mechanical, electrical, electronic construction complete | 15% |26 April |
| Operating trials (randomly selected teams) 259 |4May
Operating trials (the remaining teams) 10 May
PROJECT REPORT 20% 10 May
TOTAL 100%
11 PROJECT REPORT

This should be brief, with between 10 and 20 pages of typed text (excluding tables, fig-
ures and appendices). It is to be typed in 1% spacing and be in the following format:

Executive Summary

Declaration (that the report is the team’s own work)
Contents

Statement of Task

Product Requirement Specification — clearly specifying all the requirements and
constraints that the boom must meet, as well as its non-quantifiable desired (op-
tional) features

Design Development - explaining all assumptions and decisions made, and analyses
done. Samples of detailed calculations should be in one or more appendices

Design Specification — describing the detailed design of the boom. It is to include:
=  a short, overall description of the boom;
= adrawing of its general arrangement;

=  detailed engineering drawings, according to SABS 0111, of all mechanical
components, and of sub-assemblies of these components as appropriate;

=  detailed descriptions and clearly labelled diagrams of all circuitry;
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=  a full listing of the control program used in the GPC450 micro-controller, to-
gether with a flowchart and a description of how this program is intended to
work;

= a table of itemised costs of all mechanical, electrical and electronic compo-
nents used (excluding the equipment in 5.1 and 5.2 above)

o a summary of the team’s learning experience(s), and recommendations for future
such projects

. Bibliography
. References

o Appendices - including samples of detailed calculations

---000---
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PROJECT: COIN SORTING Starting Date: Tues. 22 February 2005
(INDUSTRIAL | MACHINE

ENG. Ending Date: Tues. 10 May 2005
STUDENTS)

1 OBJECTIVES

The objectives of this project are to:

(i) develop your ability to design and synergistically integrate mechanical, electrical
and electronic components, connected by a control architecture, into a working,
cost-effective product; and

(i) enhance your appreciation of the issues involved in practically applying theory in
mechatronics.

2 PROJECT BRIEF

Students must work in teams of four or three. The project is to design, build and test a
working machine to:

(a) sort a batch of 20 (twenty) coins — consisting of any combination of South African Sc,
10c, 20c, 50c, R1, R2 and RS5! coins — into their denominations;

(b) place the coins so sorted into separate bins by denomination,;
() do both (a) and (b) within 2 (two) minutes.

3 SPECIFIC DESIGN TASKS

The following components of this machine must be designed or selected:

e all necessary mechanisms to sort and place the coins, per 2. (a) and (b) above;

e electric motor(s) and / or solenoid(s) — or other devices — to actuate these mecha-
nisms

e sensors to measure the properties of the coins

e the measuring, display and control system, partly or wholly implemented using the
GPC450 micro-controller

Once designed, all mechanical components must be manufactured in the Mechanical
Engineering Workshop. The Laboratory and Workshop Procedures for the Third Year
Laboratory Course, contained in “Information for Third Year Students” (issued at the start
of the academic year), apply here.

4 CHALLENGES IN PROJECT

For example, two of these are:
e error-free distinguishing between coins of nearly the same dimensions;

e completing the task within the time given in 2. (c) above.

1 The OLD R5 coin, not the new, inlaid one.
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A1.3.3 Handout (First Two Pages), ‘Mechatronics I’ Laboratory Project,
2005 (Aeronautical)
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PROJECT: LIFT AND DRAG FORCE | Starting Date: Tues. 22 February 2005
(AERONAUT- | MEASURING “RIG” FOR

ICAL ENG. A MODEL AIRCRAFT IN | Ending Date: Tues. 10 May 2005
STUDENTYS) A WIND TUNNEL

1 OBJECTIVES

The objectives of this project are to:

(i) develop your ability to design and synergistically integrate mechanical, electrical
and electronic components, connected by a control architecture, into a working,
cost-effective product; and

(i) enhance your appreciation of the issues involved in practically applying theory in
mechatronics.

2 PROJECT BRIEF

An existing wind tunnel in the Laboratory is available for this project. Details are in Ta-
ble 1 below. The model aircraft can be any suitable 1/72 scale, plastic model available
from hobby shops.

Students must work in teams of four or three. The project is to design, build and test a
working “rig” (i.e. a system or apparatus) to:

(a) tilt this aircraft to any desired pitch between -10° and +30°;
(b) measure and display the lift and drag forces at this pitch.

Table 1 Specifications of Available Wind Tunnel

Quantity Value
Cross-sectional dimensions of test section of wind tunnel ~308 mm x ~308 mm
Minimum wind speed ~10 m/s
Maximum wind speed ~50 m/s

3 SPECIFIC DESIGN TASKS

The following components of this “rig” must be designed or selected:

e all necessary mechanisms to support and tilt the aircraft, and to measure lift and
drag forces;

e electric motor(s) to actuate these mechanisms;

e sensors to measure the aircraft’s pitch and the lift and drag forces;

e the measuring, display and control system, partly or wholly implemented using the
GPC450 micro-controller.

Once designed, all mechanical components must be manufactured in the Mechanical
Engineering Workshop. The Laboratory and Workshop Procedures for the Third Year
Laboratory Course, contained in “Information for Third Year Students” (issued at the start
of the academic year), apply here.
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49 CHALLENGES IN PROJECT

For example, two of these are:

e designing the mechanism to separately measure the lift and drag forces, ensuring
that the effect of pitch moment is eliminated;

e ensuring that this mechanism has the minimum influence (interference) on the air-
flow pattern around the aircraft.

5 RESOURCES AND EQUIPMENT PROVIDED

5.1 Resources and Equipment Shared between Teams

This is the abovementioned wind tunnel.

5.2 Resources and Equipment Provided per Team

Table 2 Mechanical, Electrical, Electronic Resources per Team

Amount Description Reference

MECHANICAL

ELECTRICAL AND ELECTRONIC

1 12V DC Motor, with rated speed of either 330 or 60 RPM

1 GPC450 Micro-Programmable Logic Controller,! mounted on | GPC450
plastic board, with 25-pin I/O connector; 9-pin programming manual
connector; and 12-volt power connector and soft-

ware

N.B. Teams must acknowledge receipt of the equipment in this table by signature. Any
breakages or loss thereof must be repaired or replaced by the team, in its own time and at
its own expense. Marks may be deducted for loss or breakage as well.

6 ADDITIONAL RESOURCES AND EQUIPMENT REQUIRED

An amount of up to R150 will be available to each team for purchasing extra components
and materials. Additional expenditure is for the team’s account, but should be recorded

in the final report. Refunds will be authorised by Dr Bailey-McEwan, after 10 May, upon
proof of purchase. Teams are requested to submit all such receipts at the same time.

7 TUTORIAL / LABORATORY SESSIONS

These are on Tuesday afternoons, during 14:15-16:00, initially in SWE118 and then in
the PC Pool and / or Mechanical Engineering Laboratory. Dr Bailey-McEwan and three
postgraduate tutors will conduct these sessions.

1 Designed by Mr J P Stiekema, School of Electrical and Information Engineering.
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PROJECT: ENTRY CONTROL BOOM FOR CARS
MECHANICAL, ELECTRICAL & ELECTRONIC CONSTRUCTION
Mark Allocation Date: Group No.
Poor | Fair | Satis- | Good | Excel-
/ not | (part- | factory lent
ASPECT done | ly REMARKS
done)
[0] [2] [S] [7] [9]

Mechanical
Housing of boom 0 4 10 14 18
mechanism se-
curely, stably
mounted on
mounting plate
Boom length! 0 20
Boom stiffness 0 2 S 7 9
Post to hold boom 0 2 S 7 9
in horizontal posi-
tion?
Motor mounted 0 4 10 14
and coupled? to
shaft
Device to hold 0 4 10 143
boom in vertical
position?
Position monitoring | O 4 10 14
disc or equivalent
device(s) mounted
Position monitoring | O 4 10 144
sensor aligned with
disc or equiv. de-
vice
Sensor(s) to detect | O 4 10 14
car underneath
boom mounted

15 21 27
Extra features
(specify in “Re-
marks”)
SUB-TOTAL (Full marks, excl. extra features: 126)

1 Must be between 0,9 m and 1 m from pivot point to tip.

2 By flexible, spring-type coupling or equivalent.

3 Award this mark for secure & neat mounting.

4 Award this mark for good alignment, robustness of mounting, etc.
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Poor | Fair Satis- | Good | Excel-

[/ not | (part- | factory lent
ASPECT done | ly REMARKS
done)

[0] [2] [S] [7] [9]

Electrical & Electronic: Boom

Position monitoring | O 10 145

sensor(s) wired on

housing & mount-

ing plate

Motor wired on 0 10 14
housing & mount-

ing plate

Sensor(s) to detect 0 10 14

car wired on hous-
ing & mounting

plate
Electrical & Electronic: GPC & Breadboard
Motor connections 0 10 147
to screw terminals
correcté
Motor protection 0 10
diode connected
correctly8
Coil of DPDT relay 0 10

(for H-bridge) con-
nected correctly?

Position monitor: 0 10 N/A if micro-switches or
LED connected cor- other devices used
rectly10

Position monitor: 0 10 20 if ALL micro-switches
phototransistor / / other device(s) con-
micro-switches con- nected correctly

nected correctly!!

GPC450: pin 24 0 10

connected to
ground (negative
rail) on breadboard

5 Award this mark for neat wiring on hoist mounting plate.

6 Must be connected, through a pair of screw connectors, between (i) +12V rail; (ii) OP3 (pin 18) on GPC450.

7 Award this mark for neat wiring from breadboard to screw connectors.

8 Side with white stripe must be connected to +12V rail.

9 Between GPC’s +12V rail and an output (OP) port.

10 If LED: between +12V or +5V and ground, with current-limiting resistor to limit volt drop across LED to
1,7V at a current of 20 mA.

11 Between an input (IP) port of the GPC and ground.
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Poor | Fair | Satis- | Good | Excel-
/ not | (part- | factory lent
ASPECT done | ly REMARKS
done)
[0] [2] [S] [7] [9]
GPC450: pin 22 0 10
(suppression pin)
connected to
EITHER pin 25
OR positive (+12V)
rail on breadboard
Breadboard: gen- 15 21 27
eral neatness of
wiring
10 14 18
Extra features
(specify in Remarks
column)
SUB-TOTAL (Full marks, excl. extra features: 143)

TOTAL OF MARKS: (Full marks, excl. extra features: 269)

---000---
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PROJECT: ENTRY CONTROL BOOM FOR CARS
OPERATING TRIALS
Mark Allocation Date: Group No.
Poor | Fair | Satis- | Good | Excel-
/ not | (part- | factory lent
ASPECT done | ly REMARKS
done)
Trial 1a: Boom Horizontal
Finish (85-
Boom position (mm): Start (09 90°)
Inaccuracy: Inaccuracy:
Boom: accuracy of | O 2 5 7 9
positioning!
Time of rise (sec.): (4 sec. max.)
Inaccuracy: [abs(4 — time of trip)]
Time taken for rise2 | O 4 10 14 18
Degree of smooth- | O 4 10 14 18 (visual)
ness of rise
SUB-TOTAL (Full marks: 54)
Trial 1b: Boom Vertical
Boom position (mm): Start (85-90°) Finish (0°)
Inaccuracy: Inaccuracy:
Boom: accuracy of | O 4 10 14 18
positioning
Time of fall (sec.): (2 sec.)
Inaccuracy: [abs(2 — time of trip)]
Time taken for fall3 | O 4 10 14 18
Degree of smooth- | O 4 10 14 18 (visual)
ness of fall

SUB-TOTAL

(Full marks: 54)

1 Limits on av. inaccuracy: excellent, +1°; good, +2°; satisfactory, +5°; fair, £10°; poor, greater still.
2 Limits on inaccuracy: excellent, +0,5 sec.; good, *1 sec.; satisfactory, +1,5 sec.; fair, +2 sec.; poor, greater

still.

3 Limits on inaccuracy: excellent, +0,25 sec.; good, +0,5 sec.; satisfactory, *1 sec.; fair, £1,5 sec.; poor,

greater still.
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Poor | Fair | Satis- | Good | Excel-
/ not | (part- | factory lent
ASPECT done | ly REMARKS
done)
Trial 2a: Boom Horizontal
Finish (85-
Boom position (mm): Start (0°) 90°)
Inaccuracy: Inaccuracy:
Boom: accuracy of | O 4 10 14 18
positioning
Time of rise (sec.): (4 sec. max.)
Inaccuracy: [abs(4 — time of trip)]
Time taken for rise | O 4 10 14 18
Degree of smooth- | O 4 10 14 18 (visual)
ness of rise
SUB-TOTAL (Full marks: 54)
Trial 2b: Boom Vertical
Boom position (mm): Start (85-90°) Finish (0°)
Inaccuracy: Inaccuracy:
Boom: accuracy of | O 4 10 14 18
positioning
Time of fall (sec.): (2 sec.)
Inaccuracy: [abs(2 — time of trip)]
Time taken for fall | O 4 10 14 18
Degree of smooth- | O 4 10 14 18 (visual)
ness of fall
SUB-TOTAL (Full marks: 54)
TOTAL FOR 4 TRIALS: (Full marks: 216)

---000---
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Laboratory Project
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MECHATRONICS PROJECT: ASSESSMENT OF TEAMWORK

Date: Mech./Indust./Aero.: Team No.
Poor Fair Satis- | Good | Excel-
/ not | (part- | factory lent
ASPECT done ly REMARKS
done)

[0] [2] [S] [7] [9]

Gantt Chart

Divisions of work | O 4 10 14 18
(Mech., Elect., Fi-
nancial, Admin. /
Secretarial, etc.1)

Itemisation 4 10 14 18
(breakdown) of
Mech. work?

Itemisation of 0 4 10 14 18
Elect. work3
Itemisation of Fi- 0 4 10 14 18

nancial work#

Itemisation of Ad-
min./Secr. works

Overall co- 0 4 10 14 18
ordination of
planned work®

Tracking of actual | O 6 15 21 27
work / updating of
chart?”

Structure & layout
of chart

Additional fea-
tures

1 E.g. Instrumentation.

2 Aspects of Mech. work considered and their planned co-ordination: e.g. (i manufacturing drawings & steps
in drafting & finalising them,; (ii) specification, sourcing & ordering of mechanical components not manufac-
tured.

3 Aspects of Elect. work considered & their planned co-ordination; see analogous examples in Footnote 2.

4 Budgeting, tracking real and planned expenditure, etc.

5 E.g. scheduling team meetings; compiling regular ‘action minutes’, updating Gantt chart.

6 Individual tasks having logical predecessors and successors, & showing inter-dependencies; time con-
straints and critical tasks highlighted; etc.

7 Regular updating showing differences between planned & revised deadlines & milestones, etc.
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Page TW-Ass-2

ASPECT

Poor
/ not
done

[0]

Fair
(part-

ly

done)

[2]

Satis-
factory

[S]

Good

[7]

Excel-
lent

[9]

REMARKS

Teamwork in &

Co-Ordination of Projec

t (Interview with Team)

‘Action’ minutes of
team meetings8

8

20

28

36

Other Documenta-
tion: e.g. function-
al analyses, man-
ufacturing draw-
ings, design calcu-
lations, budgets,
quotes

8

20

28

36

Leader’s acquain-
tance with project
status, & planned
& actual progress

15

21

27

Leader’s delega-
tion, co-ordination
of work

15

21

27

Status of project
progress w.r.t.
Gantt chart: plans
to compensate for
slippage, etc.

20

28

36

Additional fea-
tures

TOTAL OF MARKS:

---000---

8 Recording of progress & milestones achieved; tasks (with deadlines) to be done by designated individuals,

etc.
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APPENDIX 2
Engineering Council of South Africa: Definitions of Terms
(ECSA, 2003)

(Note: these definitions are verbatim extracts from the reference, and have grammaiti-
cal errors and missing words.)

Broadly-defined Engineering Problem: are parts of or systems within complex
engineering systems; can be solved by application of well-proven analysis techniques;
involve a variety of factors which may impose conflicting constraints; belong to fami-
lies of problems which are solved in well-accepted ways; may be partially outside
those encompassed by standards or codes of practice; involves several groups of
stakeholders with differing and occasionally conflicting; have consequences which are
locally important, but may extend more widely.

Capability: the capacity of a person to complete a specified assessable action in a de-
fined range of complexity, context and purpose. Capability results from learning and
is specified in terms of knowledge, skill, abilities and values.

Competence: A professionally or occupationally competent person has the attributes
necessary to perform the activities within the profession or occupation to the stan-
dards expected in employment or practice.

Complex Engineering Activity: has a large number of entities or influences with
high level of interaction where cause and effect are not simply related. Additionally
the subject requires complex model for adequate description: cannot be treated ade-
quately by considering a part or aspect; has state, that is current behaviour is influ-
enced by past trajectory; has a large number of operational responses; or is sensitive
to disturbance or parameter variation. Can also be applied to a problem, system or
process.

Complex Engineering Problem: is characterised by one or more of the following
factors: requires in-depth knowledge that allows a fundamentals-based, first princi-
ples analytical approach; have no obvious solution and require originality and analy-
sis; involves wide-ranging or conflicting technical, engineering and other issues; in-
volve infrequently encountered issues; are outside problems encompassed by stan-
dards and codes of practice for professional engineering; involves wide ranges of
stakeholders with widely varying needs; have significant consequences in a range of
contexts.

Concept: an abstract or general idea, a mental model, a mental creation, idea of a
class of objects.

Conceptual: involving abstract or generalised ideas, expressed in a general form or
notation.

Content*: traditionally, topic list or “shopping list” syllabus describing the subject
matter of a course or training module; a general specification for the profile of knowl-
edge in an accredited programme.

Convergent problem: one having a definite solution.

Curriculum: the definition of how a programme is to be executed, including the pur-
pose the learning, the outcomes or learning objectives, set of compulsory and elective
courses, content to support achieving the outcomes, learning activities, methods and
media for teaching/training and learning, assessment plan, and a plan for evaluating
the quality and effectiveness of delivery.

Discipline: a major subdivision of engineering such as the traditional fields of
Chemical, Civil, or Electrical Engineering, or a cross disciplinary field of comparable
breadth.

Divergent problem: one having no definite solution due to complexity or lack of
definition, requiring judgement to determine when proposed solution is adequate.
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Engineering: 1: At its most general, Engineering is the entire field of activity of pro-
fessional engineers, engineering technologists and technicians. 2: Engineering as a
university degree, such as the B.Sc(Eng), and as a professional activity is concerned
intellectual and conceptual work using engineering knowledge and engineering com-
petencies to conceive, create designing and implementing, components, systems, en-
gineering works, products and processes and to solve problems of economic or social
value. The process is based on scientific knowledge, requires synthesis of knowledge,
and takes into account wider issues. 3: Engineering is also used to describe a way of
working to create or improve an end product that is useful, reliable and viable.

Knowledge: comprises theory and information which may be formal, factual, de-
scriptive or empirical; (intellectual) acquaintance with a range of facts or informa-
tion; theoretical or practical understanding of an art, science, language, ....; informa-
tion obtained by study (OED); in Blooms Taxonomy: a level of intellectual activity
characterised by actions including arrange, define, label, list, memorize, name, rank
and recognize.

Problem solving: is the ability to get answers to questions through a conscious, or-
ganised process. In Engineering the answers are usually but not necessarily quanti-
tative.

Programme: a structured, integrated teaching and learning arrangement, usually
coupled with examination leading to a qualification.

Well-defined Engineering Problem: can be resolved using limited theoretical
knowledge but normally require extensive practical knowledge; are discrete compo-
nents of engineering systems; can be solved in standardized ways; involve several is-
sues, but with few of these exerting conflicting constraints; are frequently encoun-
tered and thus familiar to most practitioners in the practice area; are encompassed
by standards or documented codes of practice; involve a limited range of stakeholders
with differing needs; have consequences which are locally important but not far
reaching.

---000---
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APPENDIX 3
Inter- and Multi-Disciplinarity in “Whole Qualification Standard for

Bachelor of Science in Engineering / Bachelor of Engineering” of En-
gineering Council of South Africa (ECSA, 2004)

In this Standard, ECSA first allows for cross-disciplinary contexts in its exit-
level outcomes.

“13. Exit Level Outcomes

Exit level outcomes defined below are stated generically and may be as-
sessed 1n various engineering disciplinary or cross-disciplinary contexts
in a provider-based or simulate practice environment. Words shown
italicized have specific meaning defined in ECSA Document G-04 [1].1

General Range Statement: The competencies defined in the ten exit
level outcomes may be demonstrated in a university-based, simulated
workplace context. Competencies stated generically may be assessed in
various engineering disciplinary or cross-disciplinary contexts.”

(ECSA, 2004; candidate’s emphasis)

Then, ECSA’s Exit Level Outcome 8 for graduate engineers requires a sys-
tems approach to demonstrate multidisciplinary work:

“Exit level outcome 8: Individual, team and multidisciplinary
working

Learning outcome: Demonstrate competence to work effectively as an
individual, in teams and in multidisciplinary environments.

Associated Assessment Criteria:

The candidate demonstrates multidisciplinary work by the following:

1. Acquires a working knowledge of co-workers’ discipline;

2. Uses a systems approach;

3. Communicates across disciplinary boundaries.

Range Statement: Tasks require co-operation across at least one disci-
plinary boundary. Disciplines may be other engineering disciplines or be
outside engineering.”

(ibid.; candidate’s emphasis)

Assessment criterion 2. here signifies that the systems approach character-
ises multidisciplinary engineering work. This approach conceptualises engi-
neering structures, arrangements or machinery as systems;? is not limited to
individual [engineering] disciplines, and crosses at least one [engineering]
disciplinary boundary. ECSA Exit-Level Outcome 2 stresses this systems ap-
proach in the context of cross-disciplinary work and recognition of boundaries
and limitations of engineering disciplines:

1 “Definition of Terms to Support the ECSA Standards and Procedures System” (ECSA, 2003).

2 Note: ECSA does not define ‘system’ or ‘systems’. The Concise Oxford Dictionary’s first two
meanings of ‘system’ are relevant: “1 a complex whole; a set of connected things or parts; an
organised body of material or immaterial things. 2 a set of devices (e.g. pulleys) functioning
together.”
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“Exit level outcome 2: Application of scientific and engineering
knowledge

Learning outcome: Demonstrate competence to apply knowledge of
mathematics, basic science and engineering sciences from first principles
to solve engineering problems.

Associated Assessment Criteria:
The candidate:

1. Brings mathematical, numerical analysis and statistical knowledge
and methods to bear on engineering problems by using an appropriate

mix of’
a) Formal analysis and modelling of engineering components, systems or
processes;

¢) Reasoning about and conceptualising engineering components, sys-
tems or processes using mathematical concepts;

2. Uses physical laws and knowledge of the physical world as a founda-
tion for the engineering sciences and the solution of engineering prob-
lems by an appropriate mix of:

a) Formal analysis and modelling of engineering components, systems or
processes using principles and knowledge of the basic sciences;
b) Reasoning about and conceptualising engineering problems, compo-
nents, systems or processes using principles of the basic sciences.

3. Uses the techniques, principles and laws of engineering science at a
fundamental level and in at least one specialist area to:

¢) Work across engineering disciplinary boundaries through cross disci-
plinary literacy and shared fundamental knowledge.

Range Statement: ... ... Understanding of emerging issues in specialist
area(s). Application of knowledge requires recognition of boundaries and
limitations of disciplines.”

(ibid.; candidate’s emphasis)

Moreover, ECSA includes systems in the knowledge area of engineering de-
sign and synthesis:

“Appendix A: Definition of Knowledge Areas

Engineering Design and Synthesis: is the creative, iterative and of-
ten open-ended process of conceiving and developing components, sys-
tems and processes. Design requires the integration of engineering, basic
and mathematical sciences, working under constraints, taking into ac-
count economic, health and safety, social and environmental factors,
codes of practice and applicable laws.”

(ibid.; candidate’s emphasis)
Hence systems are included in ECSA Exit-Level Outcome 3 on engineering
design:

“Exit level outcome 3: Engineering Design

Learning outcome: Demonstrate competence to perform creative, pro-
cedural and non-procedural design and synthesis of components, sys-
tems, engineering works, products or processes.
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Range Statement: A major design problem should be used to provide
evidence. The problem would be typical of that which the graduate would
participate in a typical employment situation shortly after graduation.
The selection of components, systems, engineering works, products or
processes to be designed is dependent on the discipline.”

(ibid.; candidate’s emphasis)

Finally, ECSA declares that its Exit-Level Outcomes (ELO) 1 and 3 demon-
strate an understanding of the world as a set of related systems according to

a SAQA Critical Cross-Field Outcome:

“Appendix C: Consistency of Exit Level Outcomes with Critical
Crossfield Outcomes

SAQA Critical Cross-Field Outcomes | Equivalent Exit-Level Out-
come
Demonstrating an understanding of the “ELO 1, 37
world as a set of related systems by rec-
ognizing that problem contexts do not ex-
ist in isolation” ...
2
(tbid.)

---000---
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APPENDIX 4
Interdisciplinary Course and Curriculum Approaches

Recently reported interdisciplinary approaches to mechatronics education fall
into two broad classes. The first is interdisciplinarity in one or more courses
devoted to mechatronics, sometimes preceded by a preparatory EE course.
The second is more ambitious, integrated and wide-ranging: interdisciplinar-
ity in the curriculum. Table A4.1 overleaf summarises both approaches as
they are reported in recent literature.
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APPENDIX 5
General Representations of Dynamic Physical Systems

Preamble

Modelling a real, physical system means to construct a simplified representa-
tion thereof, neglecting all influencing factors that are not important for the
purpose of the model. As Karnopp et al. put it,
“Models of systems are simplified, abstracted constructs used to predict
their behaviour.” (Karnopp, Margolis & Rosenberg, 1990:4)
There are two broad categories of models: continuous-parameter and lumped-
parameter models. Only lumped-parameter models are considered here. In
such models, different types of elements represent different properties: for
example, lumped masses represent just mass, and lumped springs represent
just elasticity. However, it should be recognised that many real systems have
distributed parameters — for example, a uniform metal bar has both mass and
elasticity {stiffness} everywhere, and cannot be accurately modelled as two in-
terconnected components, one having all the elasticity {stiffness} and the
other having all the mass (Karnopp et al., 1990:368).
“Everything should be made as simple as possible, but not simpler.”
(Albert Einstein, 1879-1955;
quoted in Karnopp et al., 1990:368)
A physical object termed a component or element is thought of and treated as
a unit, not as composed of parts (simpler objects) (Karnopp et al., 1990:7). On
the other hand, a physical object termed a device is deemed to be composed of
interconnected, interacting, closely adjacent parts.83 A set of interconnected,
interacting components, devices, or both is termed a system. Obviously,
therefore, a device is itself a system — it is composed of interacting parts,
which may be components or sub-devices. It is one class of subsystem — a
lumped subsystem — if it is a part of a larger system. Another class of subsys-
tem 1s a distributed subsystem, where the distances between at least some
parts are large compared to the dimensions of these parts themselves.

Subsystems are of various types. If energy flow within depends on (is accom-
plished by):

o physical contact between solid objects (or body forces acting thereon), the
subsystem is mechanical;

o flow of liquid, vapour or gas (or body forces acting thereon), the subsys-
tem is hydraulic or pneumatic;

o transfer of heat, the subsystem is thermal;

83 That is, the distances between all parts are small compared to the dimensions of the parts
themselves.
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o flow of electrons through electrically conducting matter, the subsystem is
electrical.

A dynamic system is one whose:
e Dbehaviour (state and output(s)) varies non-negligibly over time; and

e present behaviour depends not only on present input(s) to the system,
but on its present state, which is determined by the past {e.g. previous
input(s) or previous state}.

In a dynamic system, at least one component is capable of storing signifi-
cant® matter, energy or both; a component possessing such storage capability
1s said to have state, and the time-varying quantities indicating its state are
termed state variables. The state of a dynamic system comprises the states of
all of its such components.

In contrast, a static system has no component capable of significantly storing
matter or energy; the system thus has no state and its behaviour [output(s)]
depends only on its present input(s).

Finally, an information-processing and control system 1is a special class of
subsystem that controls a main system to achieve desired objectives. It does
so by receiving negligibly small flows of power (termed signals) conveying in-
formation on the behaviour of the main system being controlled; processing
this information; and then transmitting commands to the main system, also
via signals (negligibly small flows of power).

Linear Graphs Symbolising Energy Flow in Lumped-Parameter Models of

Dynamic Systems

The linear graph is a graphical (pictorial) tool to symbolise energy flow be-
tween the interconnected components of a lumped-parameter model of a dy-
namic system, as well as energy flow into or out of such a model. In a linear
graph, interconnected line segments, called branches, represent the lumped
components (elements) in such a model. The term ‘linear graph’ arises from
the use of these line segments, and does not imply that the model itself is lin-
ear® (de Silva, 2005:57).

Each branch in the linear-graph represents a single component or element in
the lumped-parameter dynamic model. Each type of subsystem mentioned
above is characterised by one through’ variable and one ‘across’ variable as-
sociated with every element within it. The product of every ‘through’ variable
and its corresponding ‘across’ variable has the units of power,36 that is, en-

84 That is, large enough to significantly affect the behaviour that is important, or of interest.
85 Here, ‘linear’ means that output is directly proportional to input.
86 Except for thermal systems, as noted in footnote 87.
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ergy flow over time (de Silva, ibid.) Table A5.1 lists the ‘through’ and ‘across’
variables for the different types of subsystems (single-type systems).

Table A5.1 "Through’ and ‘Across’ Variables for Types of Systems [Single-Type
Systems] (after de Silva, 2005:57)
System Type ‘Through’ Variable ‘Across’ Variable
Mechanical Force Velocity (Relative to a Da-

tum,)

Hydraulic / Pneumatic

Fluid Flow Rate

Fluid Pressure Difference

Thermald”

Heat Transfer Rate

Temperature Difference

Electrical

Current

Voltage (Potential Differ-
ence)

Table A5.2 shows, for mechanical systems, the lumped components (two, en-
ergy-storing and one, energy-dissipating) and their representations by linear

graphs.

Table A5.2

Mechanical System Elements: Linear- and Bond-Graph Representa-

tions Thereof (de Silva, 2005:58;116)

Element of Mechanical System Linear Graph Bond Graph
Representation Representation
}E nergy.-Storlng Element (derivative causality)
nertia: Mass m
f,v f I
m

. m. |

f Y v

—> 00— m | -}---- ; «— |
7 f =mi =mo ;
U= (1/m)f \\\ m l
\—> \ v

5 (integral causality)

Energy-Storing Element
Spring: Stiffness &

f y f
o A2

.

U2

V=02~ U1

.

U1

(derivative causality)

k f |
v I
E | f
' v

(integral causality)

87 For thermal systems, the product of the ‘through’ and ‘across’ variables in Table A5.1 — heat
transfer rate and temperature difference — does not have units of power. Heat transfer rate it-
self has units of power. Strictly, the ‘through’ variable must be entropy flow for the product of
the ‘through’ and ‘across’ variables to be the heat transfer rate — this having units of power.

See footnote 89.
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Element of Mechanical System Linear Graph Bond Graph
Representation Representation
Energy-Dissipating Element
Dashpot: Damping Constant b
f,v f

f —— b f ) b

\_> L} f =bv f

U2 U1 b l
UV=v2— U1

Note that for the energy-storing inertia element, the linear graph’s line seg-
ment is half-continuous and half-dashed. This is because the ‘through’ vari-
able, force, does not physically travel through the element, but rather 'felt’ at
the two ends of the linear graph (de Silva, 2005:58).

This observation highlights, in the candidate’s opinion, a disadvantage of
linear graphs: ‘through’ and ‘across’ variables are only partly intuitive for me-
chanical systems, where force is not intuitively perceived to be a ‘through’
variable, and velocity is not intuitively perceived as an ‘across’ variable. As
will now be seen, bond graphs are both more intuitive (the concepts of effort

and flow being more so) and more informative.

Bond Graphs Symbolising Energy Flow and Causality in a Dynamic System
The bond graph is a graphical (pictorial) tool to symbolise energy flow be-

tween the interconnected components of a lumped-parameter model of a dy-
namic system, as well as energy flow into or out of the system. Branches be-
tween components, called bonds, perform this symbolisation, indicating both
the direction of energy flow and the causality thereof — i.e. which quantity is
the input to a component that causes its output. For example, the block dia-
gram and the bond graph of a dynamic component A with a force f as input
and a resulting velocity v as output are shown in Figure A5.1.

f v

A EEE—

Block Diagram

Bond Graph

Figure A5.1 Block Diagram and Corresponding Bond Graph (de Silva, 2005:115)

The bond’s half-arrow indicates the direction of energy flow when both the ef-
fort variable (here, force f) and the flow variable (here, velocity v) are positive

according to a chosen sign convention. The effort and flow variables are
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marked, respectively, above and below the bond — or, if the bond is vertical,

on its left and right respectively. The short stroke at one end of the bond in-

dicates causality. If this stroke is next to A, the input thereto is the effort

variable and the output is the flow variable. If this stroke is away from A,

then the input is the flow variable and the output is the effort variable. So in

Figure A5.1, the input to A is the effort variable —here, force f — and the out-
put is the flow variable — here, velocity v (de Silva, 2005:115).

State variables in bond graphs are effort variables and flow variables. Table

Ab5.3 lists these for mechanical, electrical, fluidic and thermal (heat-

transferring) components of systems.

Table A5.3 Bond Graphs: Effort and Flow Variables8 for Basic System Compo-
nents
Type of Com- | Effort Vari- Flow Basic Components
ponent able Variable Energy-storing Energy-
dissipating
Mechanical Force (force | Velocity Object possess- | Frictional
(translational) | difference) (transla- ing inertia due | damper
tional) to its mass
Spring (stiffness
element)
Mechanical Torque Velocity Object possess- | Rotary frictional
(rotational) (torque  dif- | (rota- ing moment of | damper
ference) tional) inertia  due to
its mass and
configuration
Rotary  spring
(stiffness ele-
ment)
Electrical /| Voltage (Po- | Current Inductor Resistor
Electronic tential  Dif- Capacitor
ference)
Fluidic  (Hy- | Pressure Dif- | Fluid Fluid  storage | Element offering
draulic / Pneu- | ference Flow-Rate | element (fluid | resistance to fluid
matic) capacitor) flow (fluid resis-
Element  with | tor)
fluid inertia due
to fluid’s mass
(fluid inertor)
Thermal (Heat | Temperature | Heat Thermal energy | Element offering
Transfer)s® Difference Transfer storage element | resistance to heat
Rate (thermal capaci- | transfer (thermal
tor) resistor)

88 More correctly, effort difference and flow variables.

89 As for footnote 87, the product of the effort and flow variables in Table A5.3 for thermal sys-
tems does not have units of power. Heat transfer rate itself has units of power. Karnopp et al.
(1990:61) show that for true bond graphs representing thermal systems, the effort and flow
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Causality

The energy-storing components in Table A5.1 are dynamic, and so their out-
puts depend not only on the prevailing inputs, but on their states. This is
best reflected if their input-output (constitutive) relations are written in the
form of integral causality (de Silva, 2005:117), where the outputs are the
natural state variables. In a mechanical system, for example, the two basic
energy-storing components are an object with mass of, say, m, and a spring
with stiffness of, say, k. For both, the effort and flow variables are force f and

velocity v respectively. Their constitutive relations with integral causality
(ibid.) are:

Mass: Av = ljf -dt Spring: Af = kj v-dit
m

In both of these, the constant of integration is the initial state of the compo-
nent (initial velocity vo and initial force fo respectively). For energy-
dissipative components, the relation between effort and flow variables is al-
gebraic, so the causality is arbitrary (ibid.).

Inputs to the System

Inputs crossing a system’s boundary to the system are represented by source
elements, where either the effort or flow variable is specified as externally-
originating with a given value. The value of the other variable depends on
the system (de Silva, 2005:116). For example, in a mechanical system, a force
source (SF) is represented as in Figure A5.2. The time-varying, externally-
originating force is indicated as f(f). The value of the velocity variable v de-
pends on the properties of the system to which the force source is the input.

component | f®) SF
of system |
systern§
boundary
Figure A5.2 Bond Graph Representation of Force Source in a Mechanical System

Two-Port (Transformer-Type) Components

The component A in Figure A5.1 is a single-port component, that is, it has one
input and one output. Two-port (transformer-type) components also exist,
having two inputs and two outputs. The diagrams and bond-graph represen-
tations of two basic mechanical such components, the lever-type transformer
and rotational gyrator, are shown in Figure A5.3 (de Silva, (2005:117). Both

variables must be temperature difference and entropy flow. However, pseudo-bond graphs for
thermal systems, which do have temperature difference and heat transfer rate as effort and
flow variables, lend themselves more easily to modelling complex systems where thermody-
namic interactions play major roles (ibid.:447-488).
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of these are simple machines, where the combination of input force and veloc-
ity represents energy inflow, and the same energy flow? leaves the output in
the form of more desirable combinations of force and velocity. For the lever-
type transformer, the obvious application is obtaining greater force, at the
expense of lesser velocity, at the output.

It 1s not difficult to see that other simple mechanical machines — a block-and
tackle pulley system, or a screw jack, for example — amount to such mechani-
cal transformers. In electrical systems, the obvious analogy is the electrical
transformer that converts electrical energy inflow at one combination of al-
ternating voltage and current to the same outflow at another, more desirable
combination. Furthermore, devices that convert one form of energy to an-
other are, in essence, also transformers.? Examples are electric generators
or motors transforming (converting) between electrical and mechanical en-
ergy; pumps, compressors or turbines transforming (converting) between me-
chanical and fluid energy, and so on.

Element Conventional Bond Graph Constitutive
Representation Relation
v; fi TF | fo v, =TV,
Ui " ' vo = rf,
Transfor- l l—l 1
mer T I7ITTIITZ. TUO fi o TF _fo fo=21
A T
fi fo Y @ v, = lvo
r
j)' f‘ | GY | f" Uo = Mfz
; i; ( | Vi ! (M) ! Vo v; = MFO
Gyrator ’ ® Uo/ f,=—v,
i GY fo
fi, vi M oM v ! f = 1,
12 M [}

Figure A5.3 Basic Two-Port Mechanical Bond-Graph Elements (de Silva,
2005:117)

Multiport Junction Elements

Next, in order to link more than two components, bond graphs necessarily
have multiport junction elements (de Silva, 2005:118-9). For mechanical sys-
tems, the two types of such junctions are common-force and common-velocity
junctions; representations and examples of three-port such junctions are

90 Neglecting imperfections that dissipate energy in any real device. Non-negligible such dissi-
pations can be accounted for by adding energy-dissipative elements to the bond graph.
91 A more appropriate term might be energy converters.
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shown in Figure A5.4 (de Silva, 2005:118). For a common-force junction, the
sum of all velocities at the junction must equal zero; the same is true of all
forces in a common-velocity junction.

Assigning causalities in a 3-port common-force junction simply consists of se-
lecting any two of the three velocities as inputs; the third velocity is then nec-
essarily the output (de Silva, 2005:119).
forces in a 3-port common-velocity junction (ibid.).

The same is done with the three

Element Significance Bond Graph Constitutive
Representation Relation
o
> P
Common- Compatibility 1 0 3 i=fh=fH=f
force e _
. . (sum of velocities in a loop = 0) /‘ U +0,+0;, =0
junction 2
()
- 0~ =
C‘?e?;réli:; Continuity 1 1 3 U =0y =03 =V
junction (sum of forces in a node = 0) /‘2 fi+f+f=0
Figure A5.4 Three-Port Junction Elements in Bond Graphs (de Silva, 2005:118)

Causality Conflicts and System Order (de Silva, 2005:117)

In modelling a system with multiple energy-storing components, the bonds of
all such components are drawn with integral causality. If it is not possible to
assign causalities to all bonds in the graph without violating this assumed in-
tegral causality, a conflict in causality exists. Such a conflict indicates that
the behaviours of all energy-storing components are not independent of one
another, and hence that the ‘system order’ (the number of independent en-
ergy-storing components) is less than the total number of such components.

---000---
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APPENDIX 6

Key Aspects of Hedegaard’s ‘Double Move in Teaching And Develop-

mental Learning’

The correspondence between Figure 9.1 in the text and the key aspects, in

Hedegaard’s own words, of the ‘double move’ are outlined in Table A6.1.

Table A6.1: Key Aspects of Hedegaard’s ‘Double Move’ Depicted in Figure 9.1

Key Aspects of Hedegaard’s ‘Double Move in Teaching
and Developmental Learning’

Figure 9.1’s De-
piction of these

Aspects
“The teacher’s planning must advance from the general laws | Before Course:
to the surrounding reality in all its complexity. In order to | downward  arrow
explain these laws the teacher must choose concrete exam- | D’-D’ signifies the
ples that demonstrate the general concepts and laws in the | teacher’s planning
most transparent form. Whereas the teacher’s planning | from general to
must advance from the general to the concrete, the chil- | concrete. During
dren’s learning must develop from preconceived actions to | Course: upward

symbolisation of the knowledge they obtain through their re-
search, finally resulting in a linguistic formulation of rela-
tions.” (Hedegaard, 1990:274-5)

“In the double move approach, the process of instruction
runs as a double move between the teacher’s model of sub-
ject-matter concepts of a problem area and the students’ eve-
ryday cognition and knowledge.” (Hedegaard, 2002:78)

trend line D-D sig-
nifies the students’
upward develop-
ment from concrete
(or everyday con-
cepts) to general (or
subject-matter con-
cepts)

The conflict between the explanations offered by the stu-
dent’s core model and the phenomena introduced in the
teaching creates situated motivation (Hedegaard, 2002:78),
alternatively named situation-specific motivation (ibid., 68).
This leads to the development of motives (ibid.); develop-

Upward trend line
M-M denotes this
upward develop-
ment of motives,
owing to the situ-

ment occurs through changes in the dominant motive (ibid.). | ated motivation
m-m
Developmental teaching aims at development within the | Stepped line P-P
Zone of Proximal Development (ZPD) (Hedegaard, 2002:81). | represents the up-
The social aspect of the ZPD is fundamental. “Working | per level of the
within the zone of proximal development requires the | ZPD, rising toward
teacher to combine children’s knowledge and proficiencies | and into subject-
from daily lives with the subject-oriented teaching going on | matter concepts.

in the classroom environment. The situation also requires
that the teacher work with an entire class at the same time.”

(tbid., 80)

Kutnick (2001) points out that development within the ZPD
occurs not only because of asymmetrical relationships —
“adult guidance or collaboration with more capable peers”
(Vygotsky, 1978), but also because of symmetrical relation-
ships — mutual interaction between peers. Vygotsky in fact
used this expanded concept of the ZPD, where mutual as
well as hierarchical relationships support development
(Kutnick, 2001).

Line M-M, the line
of envisaged devel-
opment, represents

the lower level of
the ZPD
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Key Aspects of Hedegaard’s ‘Double Move in Teaching
and Developmental Learning’

Figure 9.1’s De-
piction of these
Aspects

“The teacher guides the learning activity both from the per-
spective of both the general concepts and methods of a sub-
ject-matter area and from the perspective of engaging stu-
dents in ‘situated’ problems that are meaningful in relation
to their developmental stage and life situations.” (Hede-
gaard, 2002:78)

Within a spiral of problem-solving, the students begin by
working with situated problems chosen by the teacher; they
gradually acquire the concepts and develop a core model
which is continually being revised & refined; this equips
them to approach different tasks; through this diverse prob-
lem-solving, students become able to evaluate their learning
(Hedegaard, 2002:78)

Downward  arrow
D-D’ signifies the
teacher’s planning
that underpins
such guidance. The
spiral of problem-
solving, ascending
and descending be-
tween concrete and
general, 1s shown
on trend line D-D

“... the students are given tasks that motivate them for re-
search activity so that a relation between the pupils’ own
problems and the problems in a subject area is created. The
learning motive thereby can become connected to subject-
matter concepts ...” (Hedegaard, 2002:21)

“Five factors can be conceptualised as crucial in the double
move approach for how teaching can lead to developmental
learning. These are:

(b) “formulation of problems that involve the central con-
ceptual relations and methods, as well as motivate the chil-
dren attending the class, ...” (Hedegaard, 2002:82)

(Formulation of
problems) All three
phases in develop-
mental teaching,
from situated to
less situated, self-
determined  prob-
lems.

(Motivation) Riser
m-m shows how
these problems mo-
tivate the students;
the envisaged moti-
vation connects the
subject-matter
problems with the
students’ goals
springing from
their dominant mo-
tives (Hedegaard,
2002:66)

(¢) “content analyses and formulation of germ cell/core
models, ...” (ibid., 82)

{ a core model being a person’s own abstractions of a subject-
matter area (ibid., 86) }

Phase 2 of Phases
in  Developmental
Teaching

(d) 7 (bid., 82);

“Thus there is a double move in instruction: The teacher
must guide instruction on the basis of general laws, whereas
the children must occupy themselves with these general
laws in the clearest possible form through the investigation
of their manifestations. That is why practical research ac-
tivities with objects, films and museum visits are such an
important part of instruction, especially during the early pe-
riods.” (Hedegaard, 1990:275; candidate’s italics)

“analogy to research methods, ..

“The solution is ... to use a teaching approach that motivates

The “spiral of prob-
lem-solving”

(ibid.:78) along line
D-D, “Planned De-
velopment of Stud-
ents’ Learning”, il-
lustrates this. As
seen, this spiral is
back and forth be-
tween general and
concrete, which 1is
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Key Aspects of Hedegaard’s ‘Double Move in Teaching
and Developmental Learning’

Figure 9.1’s De-
piction of these
Aspects

the pupils to plan and participate in research activities with
the objective of creating a link between the pupils’ own ques-
tions and the problems that are central to the subject being
taught.” (Hedegaard, 2002:81)

characteristic of re-
search activity

(e) “phases in teaching, which are based upon progressive

and qualitative changes in the children’s appropriation of
knowledge and skills;” (ibid., 82)

This is developmental teaching, whose phases are dialecti-
cally linked to phases in learning; the three phases in devel-
opmental teaching are (1bid., 89):

(1) helping children to develop flexible concepts and formu-
late goals about the thematic relationships in a course of
subject-matter — here, pupils are just set assignments (ibid.,
90);

Phases in devel-
opmental teaching
along time axis

Phase 1: “Situated
Problems”

(2) formulation and expansion of these thematic relation-
ships in the form of a germ-cell model for the problem area
being investigated — where the relationships within the
germ-cell model®? are explored through various assignments
— here, pupils are both set assignments and required to for-
mulate problems (ibid., 90);

“Spiral of problem-
solving” by research
activities;
Phase 2 of Phases
in Developmental
Teaching

(3) enable children to learn how to critically evaluate what
has been learned concerning their own skills; the conceptual
relationships being investigated; and the content of the
teaching being used to shape the germ-cell model — here,
pupils must set tasks that allow evaluation, and they are set
assignments that allow them to evaluate both the capability
of the germ-cell model, and further knowledge and skills
they would like to acquire (ibid., 90).

Phase 3 in Phases
in  Developmental
Teaching: “Still less
situated problems,
more self-determin-
ed by pupils from
their evaluations of
their learning”

(f) social interaction, communication, co-operation between
children.” (ibid., 82)

“This type of teaching and learning in school favours co-
operation between teacher and learner and between learners
in problem formulation and problem solving within a subject
domain.” (ibid., 2002:78)

“... children’s development takes place through their relation
to the class and to the groups in the class.” Group solving
processes were used to develop the children’s intellectual
processes. Children would work on different tasks in a
group with a shared motive for the entire activity (Hede-
gaard, 1990:279)

Not shown

92 Strictly, the term core model should be used here. Hedegaard (2002:86) uses the term ‘germ-
cell model’ for the ideal abstraction of the key relations in the content of a subject area. She
points out (ibid.) that it is difficult to ensure that any chosen model is the ideal one; hence she
prefers to call teachers’ and students’ models core models.
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