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Outline

Criterion 1: Demonstrate an understanding of the key ideas introduced in the course
Criterion 1 will be met in Chapter 1, where the students’ approaches to learning are
discussed, in Chapter 4 where the assessment methods and their goals are reviewed,
and the aims of higher education are examined.

Criterion 2: Undertake a thorough critical evaluation of at least one issues addressed
in educational research
Criterion 2 will be met through looking at the use of visualisation in engineering
teaching, predominantly discussed in Chapter 3, but also relating to findings in
Chapters 1 and 2 as well.

Criterion 3: Apply our understandings of the key ideas about learning and teaching
in higher education to:
i) Preparation for teaching and ii) The theoretical intention behind visualisations is
examined in Chapter 3, and its practical outworking shown in the examples and props
in Appendix D.

iii) Assessment of student learning: Three short anecdotes of

assessment are given in Section 4.2, following an investigation into students’
perceptions of difficulty of exam questions in Section 2.2. iv) Application at different
levels: The discussions throughout this portfolio address the use of visualisation in
engineering teaching; from the use of illustrations in formal examinations (Section
2.2), to tutorials and examples (Chapter 3 and Appendix D), to the way that individual
student understanding is addressed (Chapters 2 and 4).

i

Criterion 4: Demonstrate the capacity to make research-based decisions and critical
accounts of own practice within the contexts created by policy at local and/or national
levels. Section 4.1 looks at the purposes of higher education, of the effect that the
needs of employers and requirements for professional certification has on the way in
which our assessments are interpreted.
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Introduction

What is intuition?
The idea of a tutor exploring intuition seems a little incongruous, but behind the
common interpretation of that word – a gut feeling, a hunch, instinct, sixth sense –
lies the basis of this document. We find the etymology:
intuition (1497) from M.Fr intuition, from L.L. intuitionem (nom. intuitio) “a
looking at, consideration” from L. intuitus, pp of intueri “look at, consider”,
from in- “at, on” + intueri “to look at, watch over”
… and consider whether intuition could be encouraged by enabling the ‘looking at’ to
be literal. If intuition is linked to seeing, if having a correct way of seeing is a part of
meaningful learning, then can well-designed visualisation tools can help students
more naturally develop the ‘way of seeing’ that is associated with expertise. We ask:
Why is intuition important in higher education?, and discuss this in Chapter 4. We
look at the role of visualisation in developing intuition, and ponder ‘To see or not to
see?’ in Chapter 3. Chapter 2 revolves around two small investigations into student
learning: the structure of knowledge and the perception of difficulty. Finally – or
firstly – Chapter 1 reports on the Michaelmas Term Investigation interviews that
sparked my interest and confirmed my enthusiasm for visualisations and intuition;
that seeing can be more than just believing.

2

1.1 Defining the starting point
1.2 Defining the end point
1.1.1 The influence of discipline: Hilary Term Investigation
1.3 Learning. What we’re talking about.
1.4 Measuring progress
1.1.2 An aside: The language of mathematics
1.1.3 Visualisation and understanding
References for Chapter 1

4
5
7
10
12
13
14
15

Chapter 1: Student approaches to learning

Anyone who has thrown a paper aeroplane will confirm the principle – used by
self-help books, educationalists, and bored engineering students alike – that attitude
determines altitude. The approach we have to a process affects how we carry out that
process, and the process in turn affects its outcome. This chapter is a reflection on the
Michaelmas Term Investigation (MTI) into the influences of individual and
contextual factors on the approach that students – in particular, Year 3 Engineering
Science students – have towards learning.
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1.1

Defining the starting point
… an introduction

I am assume that the readers of this document are more likely to be academics and
teachers than students, but there is something to be learned from following the
example of the Christchurch dons and considering ourselves ‘Students’ for a moment.
This chapter outlines the Michaelmas Term Investigation (MTI) into students’
approaches to learning, the product of which – a poster – is shown in Appendix A.
Instead of reproducing the examples given by the students interviewed, there is much
to be learned from an example closer to home: ourselves. Each of us is aware of
different approaches to research and teaching. At times we have taken shallow,
teacher-focussed approaches: How can I give my students more information? How
can I help my students to pass? What methods or skills can I use? And we have
adopted deep and student-centred approaches at others: How have I seen my teaching
change my students learning? How can the learning environment be used in a positive
way? How can I be a good example in my own research of the attitudes I’d like in my
students?

We too have responded to contextual and individual factors, making

phrases such as ‘I’ll spend time on it later when I’ve got time to spend on it’, ‘it’s not
really my thing’, and ‘if I don’t like the topic I just want to try and get through as
quickly as possible’ that are heard from the students just as easily applicable to us
regarding our research and teaching. The contextual contributing factors we face
include time constraints (getting papers ‘out’ in time for the RAE, lecture schedules),
performance pressures (how many graduate students you have, the funding for your
grants), and misaligned goals, assessments and rewards.

As the poster shows,

students react in the same way that we do (they’re still people, after all), taking
strategic approaches to minimise the input for the maximum output. The interested
4

reader is referred to Ramsden [11] for more discussion on the theory, and to Appendix
A for the Michaelmas Term Investigation poster. What follows now centres around
the most revealing answers given by the engineering students during the MTI. These
questions were:
1. What makes a good engineer? (Section 1.2)
2. Why did you want to be one? (Section 1.2)
3. What do you think understanding means? (Section 1.3)
4. How do you know that you’ve understood something? (Section 1.4)

1.2

Defining the end point
…or, what makes a good engineer, and why did you want to be one?

It is the correct application of theory in tutorials, exams and assignments that
students are most rewarded for by our current educational system, and (consequently
or coincidentally?) is then interpreted as what ‘being a good engineer’ is all about.
Biggs [1] discusses ‘constructive alignment’ as the combination of constructivism
(where ‘what the learner has to do to create knowledge is the important thing’) and its
alignment within what we expect students to be able to do when the course is
finished. When asked what makes a good engineer, students gave weight to two
areas; the application of knowledge, and something beyond knowledge and
approaching intuition:
Application:
Analytical ability (Adam)
Good knowledge of concepts, maths (Geoff)
Someone that can like sleep at night and know that his bridge holds up
(Geoff)
A good engineer is someone who can apply their skill to different
situations, not necessarily have that knowledge of a particular situation
but still be able to relate it to something that they do know. And still kind
of get a good solution to something. (Emma)
5

Intuition:
The ability to look at a problem, however abstract. (Adam)
There is something that defines every engineer I know, but I can’t really
put my finger on it. It’s almost a kind of quirky intelligence, not a
conventional intelligence, but a sort of a mission to learn; almost an
intrigued nature about the world around you. (Adam)
A feel for numbers in general, in terms of if you think orders of a
thousand or millions. (Geoff)
These are happily similar to the departmental view:
The qualities of a good engineer include not only a high degree of
technical competence but also imagination, strength of purpose,
commonsense – and a social conscience [12]
Students recognise and appreciate the abstract value of thinking like an engineer, but
only one of the six (Nick) had its application within the discipline as a goal for
himself. For the others, the answers followed a different theme:
I’m not doing an engineering degree to do an engineering degree, I’m
doing an engineering degree to get the benefits of doing an engineering
degree. (Adam)
I don’t particularly want to be an engineer. I do like various part so of it,
but I know to some extent I probably would have preferred doing
something like Physics or Maths, because I feel that engineering is
probably not pure enough… I really do like engineering, but … after A
levels you’re like thrown into the deep end and you don’t really know
what you have to choose. (Geoff)
I’ve had to think about it, and I’m still thinking that there isn’t another
subject that I want to go and do. Engineering is what I’m good at, so
yeah, I’m happy to stick with it. I still have the same kind of reasons –
because it suits me well. (Emma)
The final goals of these students – and the personal and external motivations felt, the
methods and operandi assumed, and assessment of successes employed – will
naturally differ from those who actually do want to become an engineer.
In considering the 3P (presage, process, product) model of teaching and learning as
described by Biggs [1], we could perhaps add a fourth P of ‘profession’ (Figure 1.3).
It was clear from the MTI interviews that the end goal of most of the students was to
6

become a ‘good student’ rather than to become a ‘good engineer’; the ‘product’ of
student learning outcome isn’t detailed enough to encompass this difference. If the
constitutionalist view is taken – that ‘perceptions, approaches and outcomes … should
be considered to be simultaneously present in the students’ awareness and are not
independently constituted’ [8] – then this distinction is much more than their eventual
graduate career path, and becomes a theme throughout their approach, appreciation
and application of their learning.
1.1.1

The influence of discipline: Hilary Term Investigation

Part of the student attitude that ignores any underlying professional endpoint
comes from the effect of discipline: Engineering Science as it is taught at Oxford falls
somewhere between the groupings of hard-pure and hard-applied [7]. The profession
of engineering tends more toward the hard-applied side, while the majority of lectures
and tutorials within the Oxford course rely heavily on theoretical derivations and
analyses; this is engineering in a strictly academic sense. Lindsay [6] proposed that
student motivations include a combination of the number of contexts to which a
concept may be applied and the perceived importance of each context. The more the
tutor can repeatablyi demonstrate situations to which a general idea may be applied,
the greater the positive influence upon factors contributing to the students’ motivation
to understand that idea, the appeal to their professional responsibility, and ultimately
to their ability to distinguish the idea from its setting. The ‘able’ repetition depends
on the manner of the examples: they must be sufficiently benign as to discourage a
situated experiential approach, at the same time as being ‘authentic’ and allowing a

My spell checker wants to change ‘repeatably’ into ‘repeat ably’, which is perhaps
more true.
i
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genuine application of the knowledge [5]. The structure of the Oxford engineering
tutorial system is such that this type of learning is aimed at, by presenting theoretical
derivations in lectures and applying them to a range of examples in the tutorials, as
given in an example below.
force is applied
spring is stretched

bar is rotated

Figure 1.1

The contrived spring and strut arrangement used in the tutorial. As the
force increases, the amount of rotation in the bar is balanced by the
tension in the spring as it is extended.

Beginning with a situation (the contrived strut and spring arrangement in Figure
1.1), the student is presented with a precept through which to view it (conservation of
energy), giving a (yet unproven, from the student’s perspective) basis for the analysis
that follows (defining energy paths, finding equilibrium, classifying equilibrium), and
allowing a conclusion to be drawn (that the stability of the system depends on the
relationship between the spring stiffness and the applied load). If this conclusion was
the end goal of either the teacher or the student, it is unlikely that any real academic –
that is, unsituated – learning will take place, but by ‘going through the motions’ or
using a ‘routine methodology’ [6] the student implicitly hypothesises that the concept
can be used to explain the context. This hypothesis is not truly tested until the reverse
loop of Figure 1.2 – from the conclusion back to the concept – is performed.
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Schematic of how the repeated application of a general concept to
many contexts can build first belief, then decontextualised knowledge,
allowing its extension to arbitrary situations.
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Stretching Biggs’ 3P model of student learning to include their career
goals or ‘profession’ as an influential factor.
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Until the extension to other and eventually all situations is made, the beliefs (that the
concept can be applied to this situation) are not yet transformed into the unsituated
knowledge [6] (that the concept is generically true, and therefore useful) so desired by
academia. At this point, we have created a novice; the transition to expert is thought
to ‘need long periods of practical experience in order to develop and refine
professional expertise’ [3].
Laurillard argues,
Everyday knowledge is located in our experience of the world. Academic
knowledge is located in our experience of our experience of the world. [5]
Perhaps expertise comes from a third layer of experience, building upon how
academic learning is validated (or not) by the return to the situated context of a
discipline. It could be said that the learning process begins by being situated (students
know or think of specific ideas), continues through an academic process wherein it
becomes unsituated and abstract (students know and think about ideas), until
returning to the disciplinary context and applying the abstract to the – excuse the pun
– concrete (students now can think with their understanding), as shown in Figure 1.3.

1.3

Learning. What we’re talking about.
…or, what do you think understanding means?

The interviewed students were shown the list of five conceptions of learning in
Figure 1.4 (adapted from Marton and Saljo, 1997:55, in [8]), and asked to say which
one(s) most represented what they thought understanding was, or what learning
changed:
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Learning changes:

Figure 1.4

1.

The quantitative amount of knowledge you have

2.

The amount of information you can reproduce

3.

The methods or skills that you have and can use

4.

The meaning that you can take from a given situation

5.

The way you understand reality and reinterpret knowledge

Students’ conceptions of learning (adapted from Marton and Saljo,
1997:55, in Prosser and Trigwell 1999:15)

Most identified the application of knowledge as being the most important part of
learning:
Learning is being able to apply the theory that’s behind it to a wide range
of problems, I’d say, but that’s sort of an engineering definition. Learning
tends to involve more levels, is more structured. (Adam)
I do see that all of them do apply to learning, I guess. But I think learning
is less for the knowledge, probably more for the skills and methods and
how you approach it, I think. There’s so much stuff to learn, but if you
can teach yourself to learn stuff then that’s more important, I think.
(Geoff)
It definitely changes the skills and that type of thing. It’s the picking up
skills and then being able to apply them, so even if I don’t necessarily
understand that topic I can then apply skills from other areas, or learn the
sort of way of approaching a question and still get through it. (Emma)
Studying can be seen as you can look for patterns in exams, you can sort
of look through and try and learn things just for the sake of learning them,
so I learn a formula and sort of [know] “this is what I have to apply”, if
the question comes up, whereas learning is more like “why do I use this
formula?” or deriving it from first principles. (Geoff)
There’s this saying in French that says that [learning] opens something
that was already inside you, so you realise something that was probably
always in you, but it just like opens it up, so just like “now, I understand”.
I do think, “yeah, now I know that”, but it’s sort of a bigger picture also
and how it fits the bigger picture. (Geoff)
Engineering students value the application of knowledge – manifest in the methods
and skills they can acquire through learning – above the knowledge itself. Whether
11

application itself sits within the third category of methodology, or the higher ones of
meaning creation or conceptual change is unclear, but one interesting point is to do
with the availability of testing techniques for their learning:
I can’t really judge how well I’m learning things unless I’m able to do
questions. I need to be able to apply what I know, or what I think I know
to actually test that I actually know it. (Emma)
Could it be that students recognise understanding only (or better) when they are able
to test it? And, as the most accessible form of testing is in application, they not only
recognise application as being analogous to understanding itself, but value the it all
the more for providing feedback and validation of their learning as well. Perhaps one
of the contributing factors to a surface approach is the strategic decision to
concentrate on learning that is measurable, and therefore valid. If feedback and
reassurance are required, the student is more able to test the products of their learning
by reciting a rote-learned list than by assessing an abstract understanding. The role of
feedback and self-assessment in student learning is discussed more in Chapter 4.

1.4

Measuring progress
… or, how do you know you’ve understood something?

When asked the question, How do you know you’ve understood?, five out of the
six came up with very similar answers:
When it’s clear in my head. When I know that A leads to B leads to C.
Asking ‘where do I go’ is not understanding. When I learn I know where
to go from the next point. I can visualise it. (Ali)
It’s when I can sort of visualise it. To visualise the maths or the physical
happening? I like to see how they both work. I do like it if there’s the
maths behind it, but if it does also apply to the visual thing then it makes
more sense. To be honest, I’m more inclined towards the maths part, but I
think I do see both, I do like to see both. (Geoff)
I suppose the first thing I can think of is that I can kind of visualise it once
I’ve understood it. I can be studying it for a while, and as soon as I can
actually start to visualise in my head what’s going on, then I find that
12

helps a lot because then I’ve got a mental picture, I suppose, and I find for
me that really helps. I think that’s one of the main things. (Emma)
Others reported that when difficulties are encountered in understanding a concept it’s
because they ‘can’t see it’. Three aspects are mentioned above: Emma seems to refer
to the physical happening, Geoff – additionally – to mathematical or physical theory,
and Ali to the conceptual linkages.
1.1.2

An aside: The language of mathematics

Laurillard [5] refers to the need for symbolic representation in the creation and
communication

of

the

second-order

understanding

of

academic

learning.

Mathematics is a language that the successful engineer must be fluent in syntactically
in the application of formulae and procedures, but also communicatively in what is
actually expressed, as in any other language. It is an unfortunate feature of the
mathematical language that the observer has very few clues with which to distinguish
genuinely understood and translated communication from rote recital.

Geoff’s

response above can be taken in two ways: firstly, and pessimistically, that his
‘visualisation’ of the maths is purely methodologically driven. If he can ‘see’ the
logical progression through applied formulae needed to get to the answer, then he
‘understands’. Secondly, and in this case I think more truthfully, he recognises that
the formulae have something to communicate about the physical nature of the
situation, and that his own understanding is deepened through this communication.
The fact that mechanistic algebraic manipulation has been used to represent and store
information does not detract from the implications of the information itself, or from
the ways in which the physical situation can be explored, discussed and better
understood through the language of mathematics.
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1.1.3

Visualisation and understanding

Traditionally men have dominated engineering, in part because genetic wiring
gives them good spatial perception, but the kind of visualisation that the students refer
to in Section 1.4 above is different. I think it refers instead to a way of thinking about
something; a structure, or framework, or outline for knowledge in which understood
concepts are represented, and subsequently accessed and interrogated.

For the

engineering student at least, this framework has visual connotations, and instead of
being merely an ability to imagine a complicated physical situation, the student sees
the more fundamental governing concepts themselves [2].
Constructivist theory [4] supports the idea of a framework, with the added
specificity that that which is constructed is quasi-visual. On Marton and Saljo’s
continuum, the formation of structure and the abstraction of meaning from
information are at the highest level of understanding: by saying that ‘understanding’
could equate to ‘being able to visualise’, perhaps these students are stating the form of
their constructed knowledge structure, rather than more generally that they seek to
define one in the first place. The progression from novice to expert depends on the
representation of knowledge (to which intuition is strongly related) which in turn
affects the ability of the holder to retrieve and associate ideas and concepts. These
will be discussed in more detail later in Chapter 3, but for now let us summarise what
is known:
1. That in learning to understand, students are seeking to construct imagined
quasi-visual knowledge objects
2. That students use visualisation as a measure of their own understanding
3. That students consider the application of knowledge to be important, and
4. That students need to test what they have learnt through application.
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The remainder of this portfolio seeks to exploit the relationship between tangible firstorder experiences of everyday situations, the quasi-visual nature of knowledge
objects, and the need for mediation between the two if we are to ‘create the
environments that will enable the students to learn the descriptions of the world
devised by others’ and ‘go beyond their experience’ [5]. The ‘mediation’ process of
teaching – wherein the artificiality of the academic learning environment is
recognised, at the same time as the efficiency of first-hand learning techniques is
exploited – will be combined with the findings of this chapter in order to assess the
role of visualisations, tangible prompts and analogies in encouraging more intuitive
understanding in our students.
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Chapter 2: Investigating the structure of knowledge

The way that knowledge is received, interpreted and structured affects how it is
applied and perceived. This chapter reports on two small investigations: one about
how students relate ideas and concepts to other knowledge, and another about what
parts they find difficult or troublesome. The final section looks at different theories of
knowledge, in an effort to discern the underlying trouble from the symptoms of
student difficulty.
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2.1

Concept mapping investigation
… or, looking for structure

Concept mapping [1] is a tool in which ideas or concepts are linked together
diagrammatically such that the relationships between them are seen. The transition
between the novice and the expert relies more on the way in which the retained
information is organised and structured rather than on its bulk quantity, as discussed
later in Section 3.2. Concept mapping gives a way of making the knowledge structure
of our students’ understanding explicit and accessible, providing an opportunity for
well-targeted corrections and enrichments.
2.1.1

Method

First and second-year students at Pembroke College made concept maps for the P4
Structures & Mechanics or A4 Structures & Materials courses as a part of their
revision.

Lecturers and postgraduate students who either teach within or have

graduated from these courses participated also. The maps created are shown in
Appendix B.

The aim of this investigation was to construct a three-levelled

collaborative concept map:
o

The base level – constructed from specifically taught tutorial concepts and
lecture notes, and conversations with the lecturers involved. This represents
the ideal level, the understanding that the current curriculum would like its
graduates to show. These maps are shown in Appendix C.

o

The middle level – based upon ways of thinking about concepts, (analogies
used, helpful illustrations and visualisations, ‘x can be thought of like y’, key
examples, idealised applications, etc), compiled to target the areas of greatest
discrepancy between the top and bottom levels. Examples are shown in Hall
of Fame in Appendix D, and are intended to be a means of communication
between the other two levels.

18

o

The top level – a collaboration between students, and representing their
current knowledge and its structure at the end of their course.

Connections that the students made between concepts whose relationships are not
clearly established by current theory were highlighted in their maps. These links
represent areas where existing ‘old’ knowledge could possibly prevent good
understanding in this area in the future. Using the same boxes as the students listed, I
myself created new maps by making links between the existing ideas that I thought
the most theoretically defensible. These were compared to the students’ maps to
identify where relationships that I thought important were unclear or unknown to the
students, and to show which areas were most commonly misaligned or confused. It
should be remembered that these maps are not definitive: a) there are no ‘right’ and
‘wrong’ maps, but relationships on the maps must be based on defensible theory, and
b) the scope of possibilities even within the first-year course is enormous, and time
pressures meant they were necessarily less than comprehensive.
2.1.2

Results

Figure 2.1 shows Sarah’s (first-year) concept map, where the original connections
are shown by black arrows, ‘wrong’ connections are shown in red, and my
connections shown in blue. In some cases it is difficult to determine from the concept
map exactly what the student intended as the terms used were not a predefined set.
Similarly, the degree to which connections made between boxes are correct or
otherwise is somewhat subjective: concepts erroneously connected by the students in
these maps that are known to have also caused confusion in the past are the ones that
are concentrated on in subsequent sections.

19

Figure 2.1

Sarah’s concept map.
Connections she made that are not
theoretically sound are shown in red, connections I made using
Sarah’s boxes are shown in blue.

Common wrong connections in the first year maps included specifying
relationships between:
o
o
o
o
o

Young’s modulus and yield stress
Tresca’s yield criterion and crack propagation
Griffith’s theory of fracture and yield
Young’s modulus and density
Yield stress and Mohr’s circles

The examples given in Appendix D have been designed to distinguish between these
concepts and to explain them more clearly: they form the middle layer of the concept
map sandwich communicating between the ideal understanding on the base level and
the students’ understanding on the top.
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2.2

Measuring students’ perceptions of difficulty
… or, when I think I don’t know

In this section the results of a survey into two courses (P4 Structures and
Mechanics and the Solids sections of P3 Engineering Materials and Thermo-fluids)
are presented. Six first-year students were given the exam scripts from the last three
years for both P3 and P4 papers and asked to quickly fill a simple questionnaire.
Students were not required to actually answer any of the exam questions, merely
comment on whether, given their current knowledge and current skills, they thought
that they could understand and answer them.
2.2.1

Method

The questionnaire presented to the students consisted of three options regarding
each examination question. These options were answered with yes or no, and were:
a. I understand the concept being asked about
b. I could answer the question
c. I think that this question tests my understanding of the concept (as opposed to
testing only methodological skills like mathematics)
The combination of answers across the columns could be interpreted as follows: ‘I
could answer the question but I don’t understand the concept’ shows areas of
conceptual weakness that would not be identified during the examination process, and
‘I understand the concept but could not answer the question’ could show where the
mathematical or external skills needed are not yet integrated sufficiently with the
context of the question, or are lacking entirely. Following an initial analysis, two
further questions were added which I answered myself:
d. The examination question included an illustration
e. I (the tutor) think this question conceptually difficult or testing
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2.2.2

Results

Despite there being 90 exam questions, each assessed by six students, with eight
possible permutations of each student’s answer, this is a very small sample population
being asked about highly subjective material. Results reported are for the P4 paper,
and are the number of times a negative response was returned by the student, either
related to the total number of questions (45, three years each with eight short and
seven long questions) or the total number of responses (270). Table 2-A shows some
initial results, looking at whether the ability to understand the question is correlated to
the ability to answer it.

Table 2-A

Number of exam questions to which negative options were returned
(45 total)
(a)

(b)

(a) and (b)

(a) not (b)

(b) not (a)

1 or more

16

22

16

15

1

2 or more

5

13

4

5

0

3 or more

2

6

2

0

0

4 or more

0

1

0

0

0

Where students did not understand the concept being questioned (a) they were
generally also unable to answer the question (b). On some occasions, understanding
the concept (not a) was not enough to allow them to subsequently answer the question
(b), indicating that the translation from conceptual understanding to technical analysis
is not complete. With one exception, all questions that could be answered were also
based on concepts that were understoodi, all of which is encouraging to the assessors.

i

It is encouraging to think that the examination questions do indeed require
understanding as well as mathematical analysis to be answered correctly, as the
engineering tutor is well aware of the ‘monkey factor’ by which mathematical
analyses may be created by unknowing minds. On the other hand, the way in which
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But which questions are the difficult ones? What makes one question seem more
difficult than another? What inspires confidence?

Wire hanging under own
weight

2

2

N



Pressure vessels

1

3
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Rocket propulsion

1

2

N



Pump mechanism

1

2

Y



Rigid bar supported by
wires

1

2

Y





Crank slider mechanism

1

2

Y



Pulley and weight system

0

2
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Flywheel, varying torque





Vectors



Algebra



Trigonometry

N



Diagram sketching

3



Integration, differentiation

2

Differential equations

Satellite launch, orbit

Velocity diagrams



Torque



Circular motion

N

Relative velocity

3

Friction

3



Momentum

Car acceleration



Pressure vessels

N

Poisson’s ratio

4

Yield stress

3

Stress

Illustration present

Bar design for torque

Forces, moments

Question

Can’t answer

Problematic questions and the concepts and skills they involve.

Not understood

Table 2-B








































Looking deeper into the nature of the questions that were persistently called
difficult, an interesting – though entirely incidental – trend was found.

Of the

questions that students lacked confidence in answering the great majority were
without an accompanying illustration. The division of the questions themselves into
‘answerable’ and ‘understood’ is not as straightforward as dividing the responses, as
students’ opinions on any one question will differ. Nonetheless, of the 14 exam

students view their own understanding (especially at the first-year level) is probably
linked to their ability to perform the requisite calculations, rather than on a true
recognition of their own insight into the physical situation. The monkey lives on.
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questions that were not illustrated, at least two of the six students deemed 12 to be
‘unanswerable’, and ten to be ‘not understood’. This has implications for assessment
(discussed in Chapter 4) as well as for teaching and understanding our students’
learning better (discussed in Chapter 3).
To make this analysis more specific to engineering and engineering teaching, a
summary of the questions and student responses regarding them is shown in Table 2B, where the topics have been ordered according to how many students reported
difficulty with understanding or calculation.
2.2.3

Discussion

The recurrence of certain concepts in the questions that students found difficult –
indicated in Table 2-B by the presence of many ticks – could either indicate that these
concepts are particularly difficult, or that they are particularly common. For example,
the fact that most of the difficult questions involves algebra more probably indicates
that algebra is a commonly required skill than that students are incapable of
performing it. The same is probably true for the presence of Forces and Moments in
so many of the questions. However, concepts highlighted by students that I agree are
conceptually challenging include Yield Stress, Circular Motion, Momentum, Fracture
and Relative Velocity, and examples relating to these concepts are shown in
Appendix D. Looking at the list compiled from analysis of the concept maps, we see
that Yield Stress is repeated there too. The few students that included the remaining
concepts on their maps have done so in a very sparsely-connected and linear manner,
indicating that it is probably the difficulty in their knowledge that prevents them
understanding or answering the question, rather than the secondary factors such as
illustrations or mathematical demands. From both these investigations, interviews
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with students, and teaching experience a list of difficult areas can be compiled, and is
shown in Table 2-C.
Table 2-C

Areas of difficulty in the P4 Structures and Mechanics, and A4
Structures and Materials papers

Topic

Reason for difficulty

Torque

Knowledge is too abstract, students have no ‘feel’ for the physics
behind the equations
Notion of the car as a rotating body instead of a translating mass
is unfamiliar

Car acceleration
Satellites

Assumptions not clearly understood, gravity no longer intuitive

Wire hanging under own
weight

Previous questions neglect the weight of wires and beams – this
is a new idea
The design conditions for failure with respect to wall thickness are
counter-intuitive

Pressure vessels
Flywheel, varying torque

Torque is generally not well understood, flywheels are unfamiliar

Pump mechanism

Students are distracted by an unfamiliar setting

Crank slider mechanism

As above

Rocket propulsion

Troublesome knowledge of Newton’s Second Law limited to fixed
mass systems
Requires a firm understanding of forces and moments before the
solutions are attempted

Pulley and weight system

Before we can address these areas effectively, we must first understand what
makes each one difficult.

The theoretical background of knowledge and the

difficulties associated with having or not having it will be discussed in the next
section, where the types of knowledge that create confusion and limit deep
understanding are described.
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2.3

Threshold concepts and troublesome knowledge
‘All truths are easy to understand once they are discovered;
the point is to discover them’ – Galileo Galilei

In their paper sharing this section’s title, Meyer and Land [2] define the
characteristics of a ‘threshold concept’ as being those shown in Figure 2.2. Threshold
concepts are identified through hind-sight and experience rather than theoretically
predicted; their transformative nature means that the expert now uses (and takes for
granted) his new way of seeing the world. If his way of seeing the world has not
changed, no threshold has been crossed; now that it has been, his own frame of
reference has altered.
Characteristics of threshold concepts:
transformative; creating a significant alteration in the way the student sees
the topic
irreversible; unlikely to be forgotten, and once understood, ignorance of it is
not easily imagined again
integrative; showing new or newly discovered relationships between
established ideas
bounded within a discipline or application
possibly troublesome
Forms of troublesome knowledge:
ritual knowledge
inert knowledge
conceptually difficult ideas
alien or foreign views, conflicting with one’s own perspective
tacit or implicit understandings within a community of practice
troublesome language
concepts that are not visually accessible

Figure 2.2

Adapted from Meyer and Land [2], the characteristics of threshold
concepts and troublesome knowledge.

This can make it difficult for would-be teachers to identify with students in their
misunderstanding: the transformed point of view breaks the teacher’s awareness of
the building-block structured knowledge held by many engineering and science
students. As one third year student said during the MTI, ‘For engineering, [learning]
is about learning models, and then learning better models …’ (Geoff). Students
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generally do not anticipate crossing a threshold, or having a significant shift in
perspective in the future; they are concerned with the present problems rather than the
future understanding.
From analyses and comparisons between the students’ and teachers’ concept maps,
we can classify the specific misunderstood concepts identified in the previous section
as to the form of troublesome knowledge they constitute. The forms most likely to be
relevant to the hard disciplines are the naïve implementation of ritual knowledge
(Section 2.3.1), the presence of troublesome language (Section 2.3.2), and the
presence of conceptually difficult or counter-intuitive ideas (Chapter 3).
2.3.1

Transforming knowledge

If you were to ask a science student what Newton’s Second Law states, the
confident response would probably be ‘Force equals mass times acceleration’, and the
response would be correct. In some cases. Under certain conditions. When specific
assumptions are valid.

But without making those particular assumptions, the

statement does not encompass all of what Mr Newton discovered, and is an example
of ritualised knowledge causing trouble (students have repeated these formulae until
the terms lose meaning) and a lack of integration between old knowledge (high school
physics) and new and more general knowledge of the ‘force equals rate of change of
momentum’.
When a new concept is introduced, the teaching structure can have one of two
directions: we can take something complicated and make is simple (and risk of
disengaging the student from the beginning by not appealing to his intuition), or we
can take something simple and add sophistication (and risk the disaggregation of a
core principle into discrete simplified forms, and treating the growth of understanding
as a linear process). Both methods are present in our engineering curriculum, and the
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benefits and disadvantages of each are manifest in the depth and correctness of our
students’ understanding as well.
The analysis of the first year students’ concept maps and their surveyed responses
to examination questions highlighted specific areas in which old knowledge in a
simplistic form has prevented the integration of the more general or sophisticated new
knowledge. To continue the example above, we can look at question B5 from the
2006 preliminary exam for the P4 Structures and Mechanics course, which is
reproduced in Figure 2.3. This question was flagged as one of those causing ‘I don’t
understand the concept’ and ‘I can’t answer the question’ responses in the student
survey, for which there could be several reasonsii. Understanding the concepts behind
the question relies on the student realising that Newton’s Second Law has more to it
than the high school ritualised F=ma, and being able to base his analysis on the more
general form. If this understanding were present, an easy five marks can be obtained
with the few lines of working shown in Figure 2.4; there is very little mathematical
manipulation or external skills required to formulate the answer from the
understanding.

Figure 2.3

Question B5(a) from the 2006 preliminary examination for the P4
Structures and Materials course.

ii

The first thing to notice about this question is that it is one of those without an
illustration.
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Figure 2.4

Model answer published for Question B5(a) above.

Figure 2.5

Detail reproduced from the first-year concept map for region
concerned with Newton’s Second Law.

Looking at the relevant parts of the year one combined concept map shown in
Figure 2.5 we find that the students have included links between ‘force’, ‘mass’,
‘acceleration’, but the key and fundamental concept of Newton’s Second Law (that
force is the rate of change of momentum) is not recognised, and nor are ‘momentum’
and ‘force’ directly coupled to reflect this. From both sides, we have an example of
how the existing old knowledge is troublesome to the students in their understanding
of the new, general concept.
29

To clear the way for new knowledge any assumptions that are implicitly present in
the old knowledge must be explicitly stated.

A characteristic of troublesome

knowledge is its integrative nature; if teachers know possible areas in which old
knowledge will prevent the integration of the new, perhaps its troublesome-ness can
be more effectively addressed.
2.3.2

The hidden jargon of engineering

One of the most confusing aspects of engineering is that its jargon consists of
terms also present in everyday language, and is open to logically sensible but
technically incorrect interpretations.

There are no language clues to hint to the

confident student that they don’t know that they don’t know. Terms like ‘fluid’,
‘normal’, ‘specific’, and ‘tough’ are used in everyday life, but when used by engineers
their implications can – should – be quite different. Table 2-D has a list of common
engineering terms with their technical definitions.
In the individual concept maps created by the first year students, the commonly
mis-connected concepts included the word ‘yield’. In engineering semantics, yield is
what a material experiences when it is subject to enough stress (force normalised by
cross-sectional area) that the limit of its elastic (reversible) deformation is reached and
exceeded, and plastic (irreversible or permanent) deformation begins. Confusion
comes in because students interpret yield in a more common sense to mean any
process that causes the material to fail in its purpose or change in shape; fracture or
cracking, buckling and melting are other types of failure, and are quite distinct from
yield. Again, clarifying the terms that we use, reserving the common terms as jargon,
and being sure that the students know that the meanings are specialised will help to
break the intuitive mis-associations between unrelated concepts.
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Table 2-D
Argument
Basic
Brittle
Complex
Elastic
Fatigue
Fluid
Fracture
Hardness
Identity
Imaginary
Impulse
Moment
Normal
Plastic
Specific
Stiffness
Strain
Stress
Toughness
Work
Yield

The hidden jargon of engineering: common terms and their
technical definitions

The angular component of a complex number
Alkaline, having a pH greater than 7
Failure involving minimal plastic deformation
A mixture of real and imaginary numbers
Able to undergo reversible deformation
A result of cyclic loading
A substance that continually deforms under stress of any magnitude
The propagation of cracks through a material
The ability of a material to resist penetration
An entity that has no effect in an operation (e.g. 0 in addition, 1 in multiplication)
Referring to i, the square root of -1
A force applied over time
A force applied at a distance perpendicular to its direction
The vector perpendicular to a surface
Pertaining to irreversible or permanent deformation
Per unit mass
The ability of a material to resist elastic deformation
Deformation normalised by size
Force per unit area
The ability of a material to resist crack propagation
The change of energy through application of a force over a distance
The onset of irreversible plastic deformation

Finally we come to the final region of student misunderstandings: when something
is just plain hard (excuse me, I mean difficult). Appendix C contains a collection of
concept maps prepared based on the individual tutorial sheets for the P4 Structures &
Mechanics course. The creation of these maps showed areas in which conceptual
connections were not being made within the teaching approach, and could benefit
from being more explicit. This forms the base-level of the concept map sandwich.
Appendix D contains a list of illustrations and ideas that have been compiled in an
attempt to help students towards constructive ways of thinking about those
engineering theories which are conceptually challenging – they are the links between
the students on the top level and the learning objectives on the base. The next chapter
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discusses ways that student understanding might be improved using illustrations and
analogies to help develop correct and valid intuition.

References for Chapter 2
1. Hay (2007) “Using concept maps to measure deep, surface and non-learning
outcomes”, Studies in Higher Education 32(1):39-57
2. Meyer JHF and Land R (2003) “Threshold concepts and troublesome
knowledge: Linkages to ways of thinking and practising within the
disciplines” in C Rust (ed) Improving Student Learning: Improving Student
Learning Theory and Practice – Ten Years On, (Oxford, Oxford Centre for
Staff and Learning Development)
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Chapter 3: To see or not to see

If we compare the use of visualisations to the use of crutches, the metaphor is valid
insofar as it highlights the possibilities and the dangers of their use. A healthy man is
not the one with the most crutches to use, it is the man who can walk, run and jump
unassisted (and return to the crutches for a limited time when next he breaks his leg
from all that running and jumping). In previous sections we looked at those particular
aspects of the Engineering Science course that caused problems to students. Once the
confusions of jargon and previous ritualised knowledge are removed, those concepts
that are truly difficult to understand remain. This chapter examines the intention
behind visualisations, the theoretical perspective, and case studies from here and
overseas. Examples designed specifically to address areas within the P4 Structures &
Mechanics and A4 Structures & Materials courses that cause difficulty are shown in
Appendix D.
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3.1

Situated examples of visualisation
…or, learning from experience

Two stories; one based on my experiences in the last year, and one based on a large
study into the use of visualisation at Massachusetts Institute of Technology (MIT),
Boston, USA.
3.1.1

An example form my teaching: Poisson’s ratio

Poisson’s ratio (ν) is a material property that describes the compressibility of a
substance; it is a measure of how much compression in one direction causes
expansion in another. If you press a block of rubber downwards, the sides will bulge
because rubber is very nearly incompressible (ν ≅ 0.5), but the amount of sideways
bulging tells you nothing the force needed to deform it downwards (a function of its
stiffness). When introducing this topic, I used examples to help convey the Poisson’s
ratio concept (Figure 3.1).

Figure 3.1

Props for demonstrating Poisson’s ratio: squeeze-toy, water-balloon
and sponges.

The students experimented and discussed how it was possible to squash the sponge in
one direction without its other sides bulging (it has a low Poisson’s ratio close to
zero), and how it was not possible to squeeze the toy or the balloon without goop
leaking out from somewhere else (it has a high Poisson’s ratio). We talked about
where common engineering materials fall between these two, and concentrated on
decoupling the concepts of compressibility and stiffness (steel has a Poisson’s ratio
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nearly half that of rubber though is ten thousand times stiffer). Though the students
seemed to understand this concept and could discuss it, their understanding did not
lead to an ability to answer examination questions: a question involving Poisson’s
ratio ranked high in the difficulty list in the previous chapter, with half of the students
unable to answer it, though all but one ‘understood’.
Preconditions for learning:
1. Students must be aware of what they are intended to learn
2. Students must be aware of the goals which new material can be used to achieve
3. Students must attach importance to achievable goals
4. Thoughts, emotions and motor activity should reinforce, not compete with learning
5. Students must be aware of their own pre-existing beliefs
Conditions for learning:
1. Existing beliefs are deficient
2. New material remedies deficiencies
3. New material is intelligible
4. New material is accepted
5. New knowledge allows achievement of significant goals
6. Students are aware of what actions allow goal achievement
7. Students are aware of how new knowledge is relevant to potential action
8. Students can identify action contexts in which new knowledge is relevant
9. Learner can deploy new knowledge in action contexts

Figure 3.2

Implications for the facilitation of learning in practice, from Lindsay
[10]

Recalling that the MTI interviews showed that students use visualisation as a
means of self-assessment, do we risk concealing rather than contending with students’
confusion by providing the visualisations, instead of allowing the them to internally
construct their own? Students think they understand because they can visualise part
of the problem, but not (yet) the application: we have corrupted their self-assessment
and, once again, they don’t know how much they don’t know. Three options exist:
we could remove the visualisation entirely and uncover the confusion, leave it as is, or
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continue with the props in a way that does encourage an intuitive understanding of the
application as well as the concept, by making more ‘authentic’ examples [1]. So far,
illustrations have been helpful in demonstrating the nature of the concept, addressing
the incorrect connections made on the year one concept maps between stiffness
(Young’s modulus) and compressibility (Poisson’s ratio): the third and fourth
conditions for learning (Figure 3.2) have been met. The second – that the new
material remedies deficiencies – as yet, has not.
Anyone who has played with balloons or bubblegum knows that there is a limit to
the size they can be blown; their walls become thinner as their size increases, which
was the gist of the difficult question mentioned above. An artificial situation dealing
with pressure vessels for the students to interact with would be simple to construct,
but consider first the continuum shown in Figure 3.3 below.

theoretical

applied

simplistic

realistic and detailed

encourages student-ship

encourages engineer-ship

abstract and continuous

situated and fragmented

concept-based
not recognisable as engineering

Figure 3.3

problem-based
recognisable as engineering

A continuum from application to abstraction.

By using applied or problem-based examples (be they illustrated or not), we risk
fragmenting the students’ understanding into a collection of discrete scenarios that
don’t allow recognition of the abstract concept. The use of simplistic examples
(again, illustrated or not) makes the abstract concept more recognisable, but does not
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engage the students’ responsibility as an engineer towards understanding it [1], and
nor do they help them become expert by performing the authentic activities of the
discipline [9]. Brown, Collins and Druguid say that:
…to the degree that abstractions are not grounded in multiple contexts,
they will not transfer well. After all, it is not learning the abstraction, but
learning the appropriate circumstances in which to ground the abstraction
that is difficult (quoted in [9]).
In some cases learning the abstraction is difficult, and the simplistic approach is
needed – at first – to make the concept clear. The best approach is, in my opinion, not
either but both, in the hope that the positives of each will together form a complete
picture that encourages comprehensive understanding.
3.1.2

An example from abroad: the MIT experiment

A recent investigation into an electromagnetism course at MIT [4] offered two
streams of teaching; one in the traditional manner of lectures and individual
assessments, and an alternative involving small tutored groups and aids designed
especially with the intention of ‘making unseen concepts seen’ and showing visual
representations of electrical and magnetic fields. Although the students did not enjoy
the new format and did not have confidence that they were learning well within it,
nonetheless their learning (quantitatively and qualitatively assessed) was found to be
significantly better than that of their peers in the traditional stream. Herein lies an
important issue; one part student perception, one part semantics, one part quantifiable
knowledge. Assessment is the subject of the final chapter of this portfolio. The other
two are discussed briefly below.
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3.2

Semantics: The expert and the novice
…or, seeing may be believing but is it knowing?

The difference between the expert and the novice is that the way in which the
knowledge is organised and represented in memory, and not (necessarily) on the
quantity or complexity of that knowledge [6].

These representations are mostly

related to the type of memory involved – from sensory memory (lasting a couple of
seconds), to working memory (lasting up to 15 seconds), to long term memory – and
to the type of information, beliefs or knowledge, that is stored [10]. Beliefs are those
ideas that require continual testing and updating based on our interactions and
observations; knowledge relates to those beliefs that have, through experience, been
sufficiently tested as to need no further evaluation.

The terms ‘expert’ and

‘experience’ share an etymological root: ‘experiri’ from Latin meaning to ‘test or try’
[1]. Thus, it is possible to be highly educated without becoming expert, it is not
possible to become expert without experience in the form of authentic practice; the
transformation from educated academic graduate into practiced expert requires the
restructuring of that un-situated academic knowledge into something else.
The notion of expert learning is important in this document for two reasons: firstly,
because enabling or at least preparing for the transformation process [Dreyfus and
Dreyfus (1986) in 5] from novice, to advanced beginner, to competent practitioner, to
proficient practitioner and finally to expert should be an underlying goal of any
educational system.

Secondly, and more specifically, the notion of expertise is

strongly related to intuition.

In the final level of the Dreyfus model of skills

acquisition (listed above), the characteristics of the expert include an ‘intuitive grasp
of situations based on deep tacit understanding’, as well as a ‘vision of what is
possible’. Eraut [5] describes the model stages (emphasis added):
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The pathway to competence is characterised mainly by the ability to
recognise features of practical situations and to discriminate between
them.
And later:
Progression from proficiency to expertise finally happens when the
decision-making as well as the situational understanding becomes
intuitive rather than analytic.
Recognition – the ability to see correctly – and a more developed intuitive way of
processing ideas are the strongest characteristics of the Dreyfus model’s path from
novice to expert, but it would be naïve to think intuition in its common form (a
feeling, a hunch, an instinct) is of greater intrinsic value than the scientifically
established, knowledge-based education of the graduate. As Eraut said, ‘there is
clearly a danger in assuming that, because experts do not appear to possess or use
scientific knowledge more than those who are recently qualified, such knowledge is
unimportant’. Instead, the key word is more: the quantity may not be important but
the knowledge certainly is.

The intuition that the Dreyfus model values has

progressed through academic learning, through competence, through proficiency until
an intuitive structure of the original knowledge is finally established.
Intuitive knowledge (or even expert opinion or action) is not necessarily correct;
only that the manner of its storage, retrieval and consideration is more like
unconscious intuition than it is like conscious analysis. A good example of this is
found in examining the motion of a yoyo.
3.2.1

An aside: When experts don’t know either

… or, how to lose friends and influence people
Step 1: Find a yoyo and a friend, and, placing the yoyo on a flat surface with the
string wound on the top of the central shaft, ask them to guess which way the yoyo
will roll when the string is pulled gently (Figure 3.4).
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string unrolls
yoyo moves in same direction

Figure 3.4

Yoyo with string wound so that it emanates from the top of the
central shaft; the yoyo follows the direction of the strings pull and
the string unrolls.

Step 2: Turn the yoyo over so that now the string comes from underneath, and ask
them to predict the direction the yoyo will roll now (Figure 3.5).
I asked this question to about 40 people, including students, lecturers and
engineers, and only two (a computer programmer and an ethnomusicologisti) correctly
predicted the result. In the interests of space – and as a shameless advertisement for
the Hall of Fame in Appendix D – I refer you to the end of this document where the
correct answer, and its accompanying analysis, is given. Suffice it to say here, that
intuitive and academic knowledge is not necessarily correct, and for this reason, the
experience that produces expertise becomes invaluable.

i

This particular volunteer is my dad, qualified here as an expert by virtue of a
misspent youth.
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?

Figure 3.5

3.2.2

Yoyo with the string wrapped underneath it. Will it unroll the string
and roll away from the puller, or roll in the direction of the force?

To analyse or not

… or, when is intuition useful?
So if intuition and expert knowledge are not always correct, how are they useful>
Figure 3.6 shows a representation of the Cognitive Continuum Theory defined by
Hammond [Hammond (1980) in 5], which stretches the approach to problem solving
between analysis and intuition. Intuition here gives an approach to problem solving;
it is not the path to the answer, it is the path to the correct question, the correct ‘way
of seeing’ that limits the analyses to those which lead to the correct answer. Expert
intuition is a way of creating an appropriate hypothesis, that the investigation of that
hypothesis proves relevant and valid.

Birgerstam [3] argues that intuition and

rationalisation are not opposite, but that the rational should sit within the intuitive in
order to structure and explain what has been intuitively learned from. As in student
learning, ‘approaching a phenomenon intuitively or rationally yields different kids of
knowledge’, and that the things of most importance to reality are those things that are
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learned intuitively rather than the ‘severe, rational, critical’ knowledge that becomes
overly sterile and lifeless.

Figure 3.6

expert

proficient practitioner

competent practitioner

advanced beginner

analytic approach

novice

amount of analysis

intuitive approach

Hammond’s Cognitive Continuum theory, where intuition and
analysis are the extremes of a continuous scale, against the degree of
intuition used at the five stages of skill acquisition in the Dreyfus
model [5]

We have said already that it is the representation of knowledge that creates the
expert and not its quantity, and that to have expert knowledge you must first have
knowledge, but we have not yet considered what (if any) initial quantity of
knowledge is needed. Is it possible to create a system of teaching and learning that
encourages first-year experts instead of graduate novices? The progression takes
practice and experience – intuition and professional expertise are based around
memory, and if you haven’t encountered it, how can you remember it? – and that
practice takes time, opportunity and maturity. Even so, could it be possible to begin
this process in such a way that the transition is conceptually easier and more natural
for the student? From the arguments so far – the idea discussed in Chapter 1 that
students measure understanding in terms of visualisation, the constructivist theory that
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understanding is created in a formed way in individual minds, the literal translation of
‘intueri’ from Latin meaning to ‘look at or consider’ [11], and from my own
experience of learning, I feel it is safe to hypothesise that if visualisation can be
linked to intuition, and intuition to expertise, then encouraging conceptual
visualisation can help our students’ transition from novices to experts, regardless of
their level of academic education.

3.3

Students’ perceptions of learning
‘Confusion is a word we have invented for an order which is not yet understood’
- Henry Miller

If in order to learn students must realise that their existing beliefs are deficient, by
using visualisations during the learning and teaching process do we obscure this
realisation? Are we in fact short-circuiting an important creative process that stems
from an initial confusion? The mistimed provision of answers by the tutor in order to
reduce or eliminate his students’ confusion can remove the students’ desire to
construct knowledge for themselves [8]: deep and surface approaches [1,12,13] can be
defined with reference to whether or not the creative knowledge construction occurs.
Thus, could providing a visualisation be analogous to giving an answer, and drive
students towards a surface approach rather than towards true knowledge creation?
Two areas in Dori’s report on the MIT experience can help here. Students in the
experimental visual stream of the course were dissatisfied with their learning
experience, suggesting that very little knowledge creation was either required or made
possible.

They felt none of the pleasure or satisfaction Hendry’s constructivist

philosophy describes in relation to the creation of knowledge [7].

Although

(apparently) little knowledge construction occurred, these students performed
significantly better than those in the traditional group. Did visualisations made their
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learning more efficient without making it deeper? Is better surface-oriented learning is
still better learning? To address these questions, the intention of visualisations needs
to be examined. If, as the paper’s title would suggest, the aim of the MIT study was
only to ‘make unseen concepts seen’, then it does not investigate all of what
visualisation means in this document.

h1
h2

(v, p, A)2
(v, p, A)1

Figure 3.7

Schematic of a Venturi nozzle. As fluid flows through the
constriction, its speed (v) increases and its static pressure (p) – seen
by the change in height on the pressure tap on the top – decreases.

Fluid dynamics – like the electromagnetism in the MIT study – is notoriously
difficult to visualise in practise, but just being able to see that something happens
does not always help us understand how or why it does so. Figure 3.7 shows a
Venturi nozzle tapped with tubes that measure the pressure at points along the pipe.
Despite being able to see that the fluid speed increases and pressure decreases through
the narrow portion does not actually help the student to know why or how it does so.
It is the visualisation of the concept itself, and not merely of that concept’s
manifestation in a physical example that is the real goal.
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An easier way to visualise the how of the pressure-flow relationship is to use the
analogy of a child bouncing a ball. Students have encountered this kind of situation
for many years in high school physics (as well as in the playground!). Before the
child lets the ball go, it has potential energy (it is high off the ground) but no kinetic
energy (it is not moving). After the ball is released, it begins to fall (its kinetic energy
increases) downwards (the potential energy decreases) until it reaches its fastest speed
just before it hits the ground (all the potential energy has been converted into kinetic).
The total energy of the ball system is analogous to the total pressure felt by a region
of fluid. The kinetic energy of the ball is analogous to the dynamic pressure, and the
potential energy to the static pressure, to the point that their mathematical
representations are strikingly similar:
Kinetic energy of ball:

1
2

mv 2

Potential energy of ball: mgz

Dynamic pressure of fluid:

1
2

!v 2

Static pressure of stationary fluid: !gz

Just as the ball can bounce, and on its upward path convert kinetic energy back into
potential energy as it slows down but travels upwards, so fluid can accelerate and
decelerate converting pressure from static to dynamic as well. Students who can
visualise this concept are nearer to the expert representation – the how of thinking –
than the students who can only recall seeing the what of the situation.
The first condition of learning in Figure 3.2 tells us that students need to recognise
that their existing knowledge is deficient, and it is a part of the teacher’s role to make
this clear. Confusion is the starting point from which conceptual change can grow.
How the second condition of learning – that the new material remedies these
deficiencies – is addressed was discussed above; that the untimely provision of
answers does not encourage deep understanding through the construction of
knowledge. Visualisations are not intended to provide the answer per se or the what;
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they are intended to encourage a correct representation of the how. What of the third
and fourth conditions? Can students be expected to adopt a deep approach to learning
the new material if it is neither intelligible nor accepted (or in a form that is
acceptable) into their current understanding? As discussed in Chapter 2, it is by
enabling us to address these third and fourth points that illustrations and analogies are
at their most useful. A collection of visualisations designed at demonstrating precepts
rather than percepts [9], and targeted at areas of the P4 Structures & Mechanics and
A4 Structures & Materials courses that have been troublesome is shown in Appendix
D.
We have said that a fundamental difference between the novice and the expert is
not the amount of detailed knowledge retained, but the structure and the
representation in which it is retained. The analogies used in explaining abstract
concepts in Appendix D are deliberately far removed from reality; they are the
opposite of problem-based learning in order that the emphasis be shifted away from
the what (the specifics of the example) towards the how (the underlying abstract
concept).
Another important part of becoming an expert is the transformation, through
authentic practise and experience, of beliefs into knowledge. It is the practising and
application that is most easily observable in students and forms the basis of
measurement and assessment, as discussed in the final chapter.
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Chapter 4: Assessment and practicing teaching

Baron von Liebig is purported to have said in 1852 that ‘without examinations all
efforts are useless and no scheme of instruction has any perceptible effect’ [7]. Bill
Watterson’s Calvin would seem to agree:
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4.1

Defining arguments
… or, my very own jargon

Before anything can be appreciated, its value must be measured. Before anything
can be measured, a measurement tool is needed. If I want to know how big a chair
is, I need a ruler calibrated with units I understand. If I want to know whether the
chair will be comfortable, I need to have an idea of how the dimensions of the chair
translate into ‘too big’, ‘too small’ or ‘just right’. Measurement alone is not enough;
its translation into meaningful judgements [15] is the real underlying goal. The
measurement tools here are the examinations, tests, assignments, grades, rankings
and certifications to which students are subject by the university. These – like the
knowledge that the chair dimensions are 142x78x120cm – are a necessary but
insufficient indicator of the real requirement and its fulfilment. Is the measure of
success in higher education the sure knowledge that Jack got a first and Jill got a
second, or that both Jack and Jill are able to fulfil their chosen roles in society,
whether they be professional roles requiring certification and proficiency in a welldefined set of skills (for example, in engineering, medicine, accountancy), or more
generally still, the higher thinking that could be expected to proceed from higher
education?

(a) precise but not accurate

Figure 4.1

(b) accurate but not precise

Defining precision versus accuracy.
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Before continuing, I would like to define the way in which some terms in this
chapter will be used.

Consider Figure 4.1.

Precision is a measure of how

reproducible our measurement is: if we perform the same tests on the same subject
and come up with the same answer our measurements are precise. If this answer is
also close to reality, we are accurate. A professional is someone eligible to belong
to a national body of chartered or registered practitioners, whatever stage of their
career they are in. The expert is someone with a well-structured body of knowledge
in a particular discipline and is not necessarily a professional.
4.1.1

Defining the graduate
… or, the national perspective

If students stood on one side of the educators’ scales with their would-be
employers on the opposite, then the role of the educator would be solely to create a
balanced match between the ability of each side to fulfil the expectations and
requirements of the other. But alongside job competence, employers also want
graduates ‘to be educated rather than trained’ [12], to be creative [2], and for higher
education institutions to supply academic knowledge that can ‘transcend the
particular’ and exists as un-situated precepts rather than context-based ‘percepts’
[16]. Barrow puts it best in his discussion on relevance in educational curricula:
As educators, we all agree that we want relevant schooling and relevant
university courses, rather than irrelevant ones. The questions we should
next ask are obviously: Relevant to whom? To what? In what way? …
We assume … that it is the contemporary, the here and now, the local,
the ‘in-your-face’, the vivid, the immediate that is relevant, rather than
things that have indirect or long-term consequences perhaps, and rather
than things that are traditional, distant, complex, and foreign. [4]
Certainly this point supports the view of the employers, professional boards and
universities, that graduates should possess – and therefore higher education should
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provide – something more than a job-specific skill set, though his subsequent
conclusion that universities ‘are not even supposed to be useful in any direct way’
(emphasis original) perhaps needs some mitigation. (After all, though he may not
want creativity in his dentist, surely he would appreciate some degree of competent
skill?) Why should engineering education not be both pragmatic and academic in its
preparation of students for a societal role, to develop their abilities in accordance
with the competencies required for professional certification, that they might [8]:
o

o

Use a combination of general and specialist engineering
knowledge and understanding to optimise the application of
existing and emerging technology;
Apply appropriate theoretical and practical methods to the
analysis and solution of engineering problems;

o

Provide technical and commercial leadership;

o

Demonstrate effective interpersonal skills;

o

Demonstrate a personal commitment to professional standards,
recognising obligations to society, the profession and the
environment;

and at the same time being such a process as renders them ‘educated’, having:
… a developed mind, which means a mind that has developed
understanding such that it can discriminate between logically different
kinds of question and exercise judgment, critically and creatively, in
respect of important matters. [4]
The answer is two-fold. First, an important part of defining the role of the university
in society comes from the distinction between the graduate and the professional, and
will be discussed in Section 4.1.2. Second, in theory there is no difference between
theory and practice; in practise there isi.

i

Tensions, balances, trade-offs and

Attributed to Yogi Berra

51

compromises do exist, and concern not educational theory but practicalities such as
money, time and policy. If students are the principal stakeholders of education, then
the university as the education-vendor has a responsibility to define and defend its
‘product’: the students’ education.

If the employers and industrial sector are

subsequent users (we hope not consumers) of that education via the graduated
student, then they too have a real interest in the nature and detail of the product. But
the vendor, the educator, the provider of the place at which value is added, is funded
not only by the student, not only (on occasion) by industry but, via intellectual
expenditure and monetary taxation, by all of society. The ‘third role’ [6] of the
university that exists firstly to educate students through teaching, secondly to
research and broaden the base of knowledge, is to contribute to – and therefore be
guided by the needs of – society as a whole. This concept is not well conveyed to the
student body generally, especially at universities whose bias is more towards the
academic than the vocational; students are more likely to see themselves as
consumers of education than as the commodities it produces.
Following the historical and philosophical evolution charted by Bowden and
Marton [6] from the ‘university of teaching’, to the ‘university of research’, to finally
the ‘university of learning’, where ‘the most important form of learning is that which
enables us to see something in the world in a different way [6]’, we must conclude
that there is something about the way the successfully learned graduate sees the
world that is important; important not only to the graduate and his own perspective,
but also to his discipline and community of practice, as well as to society generally.
Intuition is the ability to look at and perceive the relevant and critical aspects of a
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situation. Developing intuition is therefore one of the products of good education,
and a hallmark of the transition from novice to expert.
While Barrow may argue that the value of higher education is in its implicit
abstract nature, its appreciation within society is more correlated to its explicit and
observable consequences. If the university is to show its fulfilment of the third role,
then a demonstration of value – that is, of the benefits of higher education – needs to
be publicly visible, and so the transformed graduate thinker requires a stage upon
which to be introduced. It would be commonly accepted that a graduate engineer is
different from a graduate medic; their educational preludes differ, and their
subsequent activities on the applied stage of life differ also. The way that the
engineer sees the world will be different from the way the medic sees the world,
though both will have undergone higher education. Education is ‘played out’ in a
context. In describing the idea of the university and the concept of higher education,
Barnett [3] cites Newman’s view:
… it was important for the student to retain a proper conception of the
relation of the parts to the whole: ‘the mind never vies any part of the
extended subject-matter of knowledge without recollecting it is but a
part…
… which gives us an important distinction between academic and vocational
education. Higher education is expected exist in an abstract space at the same time
as it is played out in a specific disciplinary arena, and will have the higher benefit
over vocational training in that the conceptual generalities, the identification and
location of itself as ‘but a part’ of the whole, are maintained. The inter-relatedness
will have become a part of the graduate’s way of seeing; he recognises familiar
concepts applied in unfamiliar disciplines through his intuition. In doing so, the
expansion, widening and transforming of the collective mind [6] becomes possible,
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as the application of one concept to arenas beyond its local stage creates the
possibility for innumerable combinations and permutations.
In Otter’s report of the Enterprise in Higher Education initiative [17] she discusses
the ASSET programme for assessing competence, which attempts to:
… go beyond the simpler definitions of core [competencies] towards the
criteria which characterize professional, and by implication, graduate
level work … The criteria include:
o
effective grasp of professional knowledge
o
intellectual rigour and flexibility
o
continuous professional learning
o
task effectiveness
o
effective communication
o
interpersonal awareness
o
commitment to professional values
The ‘considerable overlap’ between unrelated disciplines of engineering and social
work is highlighted, with the implication being that a professional attitude or ability
is independent of the context in which it is applied.

At this point it is worth

considering the list again, whereupon it can be seen that all but one (interpersonal
awareness) of the criteria listed above requires a discipline, an application before
they can have any meaningful consequence at all.

Surely in engineering,

‘professional knowledge’ is the knowledge that an engineering professional has,
rather than an abstract set of ideologies? And doesn’t the ‘intellectual rigour’ that the
professional engineer has refer to her thoroughness in analysing those details
pertinent to the engineering-ness of the situation? In turning school-leavers from
students into engineers, we want them to have learnt to see and do and think about
things differently; that is, different to their previous ways, as well as distinct from
non-engineers. If the highest level of learning is to have our conceptions of the
world transformed, then it is right and fitting that the well-learned engineering
student is the one who is able to perceive the world as a professional engineer does;
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and, implicitly, this means seeing and reacting to different things in a different
manner than the professional social worker does. Some of the generic aspects of
professionalism may overlap, but the details, the outworking and the products of the
discipline and situated context must be very different. We, the assessors of these
merits, must firstly be able to distinguish good from poor levels of quality, and
secondly measure them in some consistent and calibrated fashion.
4.1.2

Academics versus professionals
… or, who does what and why?

Otter [17] also makes the point that many academics do not wish to assess
professional competencies either because they feel no responsibility to do so, or
because they do not feel sufficiently competent as a professional to act as true
assessors.

Herein lies a fundamental tension in engineering education, and in

academic education generally.
engineers.

Engineering academics are not professional

We are professional teachers, professional theoreticians, professional

researchers; we are not professional engineers. As such, we are competent to assess
engineering students upon their student-ship, but less so to assess young and
developing engineers on their engineer-ship. After all, ‘there are difficulties in
claiming that [assessment] judgements have a lot of meaning beyond the local
community of practice in which they were created’ [14], and in the university, the
pervading ‘community’ is the academic rather than the professional. We can use
measurement units and tests that precisely and accurately discern the good student
from the poor student and, on occasion, good learning from poor learning, but we do
not often interact with the senior professionals who can distinguish between the good
and the poor engineer. But are we, the university, expected to make this distinction?
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The answer is, I believe, no, but it requires explanation. The UK Standard for
Professional Engineering Competence from the Engineering Council UK [8] details
the requirements for registration as a chartered or incorporated engineer, and gives
some enlightening information. Firstly, knowledge and understanding are expected
to proceed from a university education, but this is only one part of what makes the
engineer of certifiable professional standard.

Secondly, the responsibility for

assessing the degree of professional competence (as opposed to academic
competence) is placed outside of the university with professional review boards of
practicing engineers. Thirdly, it is recognised that growth as a professional engineer
is an ongoing event beginning after graduation. Other professional registers echo
these ideas, and we may summarise that the task of university assessment relates
more to ‘demonstrating knowledge and understanding’ [8] than it does to either
employability prediction or the assurance of professional behaviour in the future.
Formal education is but one part that makes up the professional, and though we may
have a responsibility to provide an opportunity for that education, we also need to
know where our remit ends and not go beyond it (which is my way of complying
with Section 3.3 of the professional code of conduct, and ‘disclosing relevant
limitations of competence’). So what are we as academics, the university, actually
responsible for? What can we really measure?

4.2

The purposes of assessment
… or, creating meaning from measurement

Assessment of any kind attempts to create meaning from measurement. The
measurements need to be precise (being repeatable and internally consistent) and
accurate (being valid in their setting and externally consistent) if the judgements
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based upon these measurements are to be legitimate. And if there are many things
we want to measure, then we need many different measuring tools. Formative
assessment – for the students’ own development – is dominated by the internal: the
grades themselves are unimportant, it is the progression from one to another that
matters.

Summative assessment – for certification and standardisation – is

dominated by the external, where the absolute standard attained at a given moment is
more important than the way in which it was reached.
4.2.1

Formative assessment: internal and precise
… or, forming assessment ability in students

Formative assessment useful in training the students’ self-assessment ability; it is
a scaffolding, to be lessened appropriately, that allows the students to form valid
opinions of their own or another’s work.

The transformation into ‘reflective

practitioners’ [Schön (1983) in 10] comes with an increased confidence in their own
judgement and growing ‘way of seeing’, reinforced and shaped through consistent
rehearsal and formative assessment.

In the hard-pure disciplines the degree of

nuance in answers is small and differences between a right and a wrong answer are
easily made explicit. Our formative assessment times are an opportunity to influence
more than the learning ‘product’ itself, and shape the way our students approach their
learning, the structure of their knowledge, and their motivations and goals.
Section 1.3 introduced the notion that the efficacy of self-assessment in any task
may influence students’ approaches to it. Emma’s comment, ‘I can’t really judge
how well I’m learning things unless I’m able to do questions’ shows that though she
is using a formative assessment tool (tutorial sheets), the knowledge she is able to
assess with it, and her manner of assessment is limited and more in keeping with
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summative assessment purposes. Her conceptions of understanding are not in a form
able to be assessed using the tutorial sheets; they perhaps encourage her to use a
surface approach to learning by indicating that the successful completion of the sheet
is equivalent to understanding. This conception of learning needs to be addressed
first, before tutors can provide digestible feedback and adoptable feed-forward
suggestions to students. Perhaps by encouraging other forms of self-assessment – the
construction of a ‘knowledge object’ or ‘visualisation’ – students could be persuaded
towards higher conceptions of knowledge, and therefore to better targets for their
own self-assessment.
Before encouraging students to give more value to deeper conceptions of
understanding we need to have given them the tools to measure that value, whether
they be internal through self-assessment, or external through formative or summative
processes. What follows are three anecdotes from teaching experiences this year: the
good, the bad and the chocolate.
The good:
For the Hilary Term collections, my third-year cohort were sent a link to an exam
paper to which the model answers were not yet published. They were given the
option of looking at the paper up to a week in advance, giving them an opportunity to
work out answers ahead of time, or of doing the paper ‘blind’ as a more real test of
their standing for their final exams in a few months time. Responses were varied –
one student worked his way though the paper in advance, and gained 83% when he
sat it. One student did it totally blind, as in the case of a real finals examination, and
gained 45% when she sat it. The idea behind this process was to show the students
that these assessments are not just a requirement by their teachers; to show them that
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that they, the students, could and should be seeing the internal or college-based
assessments as a helpful tool for themselves and their own learning as well. This
represents formative assessment at its least discerning: there is clearly no external
meaning that can be associated with the different numerical grades gained by these
two students, but just as clearly these grades represent something meaningful to the
students themselves; they are the most informative type of formative assessment.
The students were content to organise their own study and practice around this
collections format, and on the whole the exercise was a success.
The bad:
As a cautionary tale I relate an experiment involving the second year cohort, who
are not formally examined on the material taught during their second year until the
end of their third. Students have an opportunity to engage deeply with the concepts
as the threatening time constraints of finals are not yet apparent. At the beginning of
the year, I strongly encouraged my students to pursue understanding of the material
first, instead of concentrating on practising questions from previous examinations as
they normally would do in preparation for collections. On one level, our approaches
to the teaching and learning were well rewarded. During the tutorials it was clear
that these students had indeed constructed a firm understanding of the topics, and we
were all pleased with the progress made. College-based collections each term still
constituted a part of their year’s requirement, and the results of these collections
were terrible. The students did not prepare in the usual manner by doing practice
questions from past papers, and the deep understanding displayed during tutorials
was not translated into an appreciable form during their examinations. The students
were disappointed, I was disappointed, and my superiors in college were more than
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disappointed. These students did indeed have a deep understanding, but didn’t value
it because the only recognised measurement tool available – a blind collection paper
– did not confirm the progress of their understanding alone, but also relied on its
interpretation and communication through the responses of the questions.

Two

issues arise: one of accuracy – the students’ self-assessment and my formative
assessment of them was not aligned with the summative assessment, and
disappointment was the result. This part was my fault as I failed to appreciate the
second point: that just as learning is about learning something, so examining
someone for something is about the someone as well as the something. The whole of
the student sits the exam, not only the part in which understanding is ‘stored’; it is
the whole of the student that is being measured. Instead of trying to disassociate
students from their understanding, perhaps a more valid approach would be to assess,
as Otter reports [17], the students’ competence (that is, the extent to which the
student behaves as a good engineer would) rather than their competencies (an
artificially discrete set of skills or knowledge). Issues such as disability and dyslexia
arise from the same point, though the extensive debates surrounding these issues will
not be gone into here.
The next chapter of this story will unfold soon: through consultation with the
senior tutor it was agreed that these students will re-sit their collections at the
beginning of Michaelmas Term 2008, having used the vacation time to prepare and
practice the appropriate skills that will enable them to demonstrate their true
understanding with better accuracy.
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The chocolate:
Finallyii we come to what I have found to be a most useful gauge in terms of
informal assessment. Before students are shown their collection marks, I provide a
box of chocolates and ask those students who are satisfied with themselves so far –
that is, with their preparation, their attitude, their execution of the exam, though
obviously not (yet) with its outcome – to help themselves to a chocolate. If they feel
that they have not prepared or approached these exams the way they would have like
to, then they do not take a chocolate. This is done before they are (confidentially)
shown their marks, and has been useful in two ways. Firstly, it tells the students that
it is their responsibility to set goals and work towards them, that their attitude and
approach is important, and it is not my role during these formative assessments to tell
them in absolute terms what ‘good’ is. Secondly, it tells me whether their own
perception of their performance is aligned with reality. For example, if a student is
happy with his performance but actually gained 16%, it shows me that the selfassessment measurements are somehow misaligned, as in the previous anecdote. If
the same student was not happy with his performance but still gained a 16%, it shows
both of us that the first port of call for change is in his own approach and attitude to
the work. Honesty between the students and the teacher is a natural by-product, and
the students can see how the assessment is a tool that they too can use to measure, to
correct, and to be encouraged in their own progress. Ultimately it show the student
that, in this formative assessment context, ‘absolute achievement is secondary to
encouraging continued development’ [17].

ii

I am indebted to Tom Wilson for suggesting this technique originally
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4.2.2

Summative assessment: external and accurate
… what have we measured?

To the optimist, the glass is half full. To the pessimist, the glass is half empty. To
the engineer, the glass is twice as big as it needs to be. What your measurements tell
you depends on what it is you measure, how you measure it, and the context in which
your measurements are interpreted. In Section 2.2 the results of a very simple survey
into students’ perceptions of difficulty were given, and while the philosophy of
assessment is not entirely contingent on student opinion, nevertheless insight can be
found by considering it. We asked whether the presence of an illustration made a
question easier to answer, to which the response was overwhelmingly positive. Why
should students think this? Could it be, perhaps, that the illustration does help them
answer the question? And if so, are we biasing our measurements by the use of
sporadic and inconsistent illustrations? This is an example of how precision is
needed in our measurement tool if we are to be internally consistent: as in the earlier
anecdote, we need to understand what it is we are actually measuring. Diversity in
measurement is different from inconsistency: diversity gives us many ways of
measuring the same thing, inconsistency does not recognise enough about what it
actually measures to allow any interpretations of the outcome.
During an investigation into how students prepare for finals exams, Entwistle and
Entwistle [9] describe ‘knowledge objects’ to convey the idea that students construct
a ‘tightly structured, quasi-visual form of understanding’. However:
It may be helpful to distinguish between a remembered image or diagram
provided by someone else, and a knowledge object which is constructed
in the process of developing a personal understanding.
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Perhaps there is a reciprocal relationship between images and knowledge
objects: images can be used in forming a knowledge object, and they also
reside in memory, acting as triggers for the reconstruction of a
knowledge object. The underlying representation apparently exists
independent of any visual representationiii, but visualisation may help in
explaining that understanding to others.
Discussing the findings of Hammond’s task continuum, which attempts to determine
those factors making a particular method of thinking appropriate, Eraut [10] reports
that ‘pictorial forms of presenting information induce intuition and quantitative
forms induce analysis’, and that ‘decomposition into subtasks will also aid analysis.’
Engineering exam questions deliberately encourage more analysis than intuition:
they are decomposed into smaller sections, and the nature of the answers required is
known to be analytic. So is it possible to examine students for the higher, abstract,
intuitive understanding of the expert? Do we actually want to? To what extent is it
within our remit to do so?
Before that hatchet is taken to the traditional examination, let me hasten to its
defence by citing a statement by Bowden and Marton in which we find the best
justification for the written examination as it exists currently at Oxford:
We cannot specify competence just in terms of what a person can do.
Effective action springs from the way the situation is seen … and ways of
seeing can be understood in terms of aspects of the situation discerned
and attended to simultaneously. So what the student should learn, above
all, is to focus on critical aspects of professional situations. [6] (emphasis
added)

iii

It should be noted that the students and examinations leading to this result involved
the humanities and social sciences, and the examinations were essay-based as
opposed to the numerically-based ones encountered in engineering. Whether the
final sentence above – that visualisation is merely the vehicle through which
understanding may be communicated and not its substance – may be mitigated by a
dependence on its discipline and context.
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Being able to ‘focus on critical aspects’ can be demonstrated through its application
to exam questions, just as it may be confirmed through problem-based assignments
and ‘real-world’ tasks.

In both situations it is the determination of the most

applicable, most relevant, and most meaningful aspects of the problem that
ultimately hold the greatest influence over the success of the solution; something that
is recognised in the marking schedules as more marks are given for those questions
without explicit direction or decomposition. But recognition is not sufficient, the
‘effective action’ also requires that the recognised aspects be ‘attended to’: analysis,
solution mechanics, and communication in an appropriate form to the appropriate
people are similarly crucial. We test students’ analytic ability in terms of calculus
and mathematical handle-winding in order to test their ability in calculus and
mathematics. Why? Because this form of assessment is precise, reliable, and cheap,
yes; but more so because these abilities contribute towards what our view of ‘being a
good engineer’ is. Bowden’s and Marton’s [6] examples of open questions: ‘A
golfer hits a ball and it lands on a completely level green – what kind of path will it
follow and why?’ may test the initial conceptual understanding of the student, but the
questions that must necessarily come next if that understanding is to be made useful,
such as ‘How hard must the ball be hit to reach to the green?’ are not possible
without quantitative analysis in a contextual setting. A child could say ‘Make the
beam big’, a lay person could say ‘Make the beam big enough’ but by saying ‘Make
the beam a 186x51 RHS’ the engineer has identified all the important aspects of the
beam’s situation, its purpose, what ‘enough’ is, and more besides.
Summative assessment has been criticised for failing to provide students with an
opportunity to show their conceptual understanding.

Some of the alternatives
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proposed swing far to the other end of the scale, and risk failing to test analytical
ability or communication in the manner that is required by professionals of that
discipline. I suspect that the happy middle ground is a place in which summative and
formative assessments are both used for their best purposes, that is:
o

Summative assessment: to approve students to a set standard, showing them
to meet criteria needed for the initial approval of the real world. If this is to
work well, then the things that we measure need to be aligned with what the
outside world wants to know.

o

Formative assessment: to continue to ‘generate feedback on performance to
improve and accelerate learning’ [18]. The meanings that are constructed
from the measurements here must be most relevant to the student. Involving
the students in this process allows them to see how they can have control over
their learning and use assessment as an informative as well as formative tool.

The theme I have found most pervasive and persuasive during my reading and
thinking about the theme of assessment is this: that assessment is basically a
modelling process. We reduce students to a small set of parameters then use the
model to diagnose weaknesses and attest to strengths.

But whatever the

measurements, and whatever their nature, they are still open to the judgement and
interpretation of the rest of the world. If, instead of trying interpret, we were focused
first on measuring – to better understand what our tools actually assess, and to align
this with what we want to assess – then perhaps all sides would benefit more from
the process towards the higher and further of higher and further education.
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Conclusions
… but not really an ending
The conclusions drawn during the writing and reading of this portfolio are many
fewer than the questions it has raised. In the previous chapter, the issue of assessment
for employability were raised; the definitive description of the best role of an
academic university in this assessment is not clear, which leads to uncertainty
regarding the best manner of measurement, as it naturally depends on what it is we
intend to measure.
In Chapter 3 we pondered ‘To see or not to see’, and though experience shows that
good visualisations do help student learning, the questions of their intention and
interpretation need further research. We found that students link visualisation with
understanding, but whether providing the visualisations enables or obviates the need
for independent knowledge construction needs further investigation.
Chapter 2 showed the influence of illustrations on students’ perceptions of
difficulty – that students think themselves less able to answer non-illustrated
questions – but the extent to which this translates from perception into fact, and the
implications on developing the students’ ability to visualise things for themselves is
not yet resolved.
We began Chapter 1 by considering ourselves as students, and that’s how we will
conclude. If the hallmarks of learning are having a new perspective and a changed
way of seeing, of the satisfaction and enjoyment of a creative process, of beginning
with confusion and ending with a little less confusion but a lot more questions, then I
can say with confidence that I have certainly learnt something this year. Have I learnt
enough? (Enough for what?). No, but there’s always next year.
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Appendix A: Michaelmas Term Investigation poster

During the Michaelmas Term Investigations our group – Andrea Laczik, Senel
Simcek and I – interviewed our own students to find out the individual and contextual
factors that influence their approaches to learning. The results of this investigation
were presented in a poster, which is reproduced here.
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RESEARCH QUESTIONS:

… within my
degree I’ll learn
to do my degree.

GOALS

TEACHING METHOD

… sometimes it is quite hard
to judge how much you
need to know from the
books…

SURFACE
This time I am doing something I am very interested
in … I also have a different approach to it because I
have worked before and I learn while I am
comparing what I did. I find that very important.

ENJOYMENT OF COURSE MATERIAL

… a home environment rather than
a classroom as if you were in
school. It is a lot more relaxed.

…it is such an entirely different course…I am
having enough trouble to just keep up with it. So
the learning I am hoping will come after term…

I like to see how
[the maths and the
physical situation]
both work

DEEP

I strive on … not stress, but ‘make
a break now’.

ENVIRONMENT

…[learning] opens something that was already inside you, so you
realise something that was probably always in you, but it just like
opens it up, so just like “now, I understand”.

DEEP

...you've learnt the relevant information, but you've
also processed it …even in the learning of a word you
can take it into its part and put it together.

TIME CONSTRAINTS
I’ll spend time on it later when I’ve got time to
spend on it.

If I don’t like the topic I
just want to try and get
through as quickly as
possible!

… I don’t like listening to people talk…

I don’t learn in lectures at all. I can’t … I am
not good at the passive method, where you
can sit there and cannot take anything in
and nobody would notice.

If I can use knowledge in
another context, it will
show that I understood it.

I started realising
what is different in
Turkey from us

If I get stuck I’ll think more
about the real stuff than the
maths of it, I guess.

Interest is important:
- clear link needed between the content and
application to capture students’ interest
- exercises/tasks should be interesting,
relevant, motivating
“…how engaged you are affects the way you
work.”

“…in lectures I just sit there and doze off and I
don’t really pay attention … so I get the lecture
notes and sit down and read them until I
understand them, and then I look at the
questions…”
“…as I have difficulties with the language, I
prefer reading to speaking…”

Approaches to learning are not characteristics
of students3

Students adapt their approach to suit:

Students bargain between ideal and real:
“…ideally I’d like to learn it from first
principles, but most of the time for exams I do
leave it quite last minute…”

- opportunities for expansion and clarification
- lectures should be smaller in order for students
to ask questions without feeling they interrupt

We can create contexts that afford a deep
approach1

“…as soon as you voice something it sticks in
your head…”

vs.

Students perceive contexts differently4
“…I don’t like listening to people talk…”

IMPLICATIONS FOR FUTURE TEACHING:

Data collection tools: Semi-structured interviews
Sampling: non-probability convenience and
purposeful sampling
Method of analysis: content analysis of interviews

INTERVIEWERS and INTERVIEWEES:
S SimsekUndergrad Turkish Studies
A LaczikPostgrad Educational Studies
K MoyleUndergrad Engineering Science

REFERENCES: (1) Prosser and Trigwell, p19 (paper 3.1), (2) Ramsden Ch 4, (3) Prosser and Trigwell, p85 (paper 3.2), (4) Prosser and Trigwell, p63 (paper 3.3)

… what stops you learning well?

… how do you want to learn?

... what is your ideal environment
for learning?

CONTEXTUAL FACTORS:
• time pressures
• assessment types
• physical environment

… why do you want to learn?

… how do you measure how well
you understand?

…you’re looking to learn something
within the tutorial in order to utilise it in
future examinations …

… when I take notes I remember, I
engage and think about what I am
reading…

CONCEPTION OF LEARNING

I concentrate on doing the tut
sheet things first off, and later
on I’ll look stuff up.

DEEP

…get the lecture notes…read them until I
understand them, and then I look at the questions..

constraints, and for perceived irrelevant or uninteresting
subjects. Students adopted a deep approach (looking
for understanding, future applications) when they could
see its utility and relevance to past or future work, and
broader implications.
• Learning is individual, and students will adapt to
circumstances and/or change their environment.

I prepare in the way I prepared for
my literature classes at school.

When you understand it you would
know how to use it. You would …
apply it.

…trying to imprint it, almost
imprint the method into my head
through the process of repetition

SURFACE

I don’t think that I think of any techniques. I just
sit down and learn whatever is on the paper.

… what do you mean when you say SURFACE
you understand something?

INDIVIDUAL FACTORS:
• personal motivation
• conception of learning
• measuring understanding

.. what did you do in preparation
for your last tutorial?

STUDENT APPROACHES:
• preparation for tutorials
• study methods used
• alternatives considered

Typical interview questions asked

• The interviewed students have shown a mixture of
deep and surface approaches to learning depending on
factors such as deadlines, type of task, motivation and
goals, physical environment.
• All students demonstrated a surface approach to
learning in different circumstances; having a surface
approach (memorisation, seeing application to exams
and assessments only) when under stress, time
constraints

SUMMARY:

EXPLORING STUDENTS’ EXPERIENCES OF LEARNING AT OXFORD

Appendix B: Top level, students’ concept maps

First year students at Pembroke College constructed concept maps based on P4
Structures & Mechanics, and then collaborated to form a single combined map, which
also included some of the P3 Engineering Materials course. The second year students
made a single combined map based on the P4 and the A4 Structures & Materials course.
Finally, the map drawn by a first class graduate is shown.
First year students’ maps
Charlie Oakes
Ed Sorby
Omar Islam
Qasim Raza
Sarah Patterson
Combined first year map
Combined second year map
Graduate map
Tim Bowker

B2
B3
B4
B5
B6
B7
B8
B9
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Figure B-1: First year concept map
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Figure B-2: First year concept map
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Figure B-3: First year concept map
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Figure B-4: First year concept map
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Figure B-5: First year concept map
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Figure B-6: Combined first year concept map
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Figure B-7: Combined second year concept map
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Figure B-8: Graduate concept map
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Appendix C: Base level, the teachers’ concept maps

Interviews with teachers and lecturers in the P4 and A4 courses have contributed to
the formation of this map, representing the course objectives of these papers. This
appendix pertains only to the first year syllabus, and is arranged in order that the
lectures are given.

P4B: Pin-jointed frames & P4C: Further statics problems

79

P4D: Stress and strain I & P4E: Stress and strain II

80

P4J: Beam theory I & P4K: Beam theory II

81

P4G: Particle dynamics

82

Satellites and Orbits

83

P4H: Rigid body dynamics

84

P4F: Kinematics
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78

79

80

81

82

83

84
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Appendix D: Visualisation examples for P4 and A4 courses
… or, the Engineering Hall of Fame
This appendix lists the beginning of a collection of examples designed to provide the
middle layer of the concept map described in Chapter 2; the how and why of
engineering concepts, and not just the what.
Appendix D: Visualisation examples for P4 and A4 courses
D-1

Material properties

87
88

D-1.1

Poisson’s ratio, ν

88

D-1.2

Yield stress, σy vs stiffness, E
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D-2

Structural failure

90

D-2.1

Brittle fracture versus ductile yield failure mechanisms
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D-2.2

Pressure vessel fracture: Catastrophic fracture or ‘break’
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D-2.3

“Leak before break” design condition

92

D-2.4

“Yield before break” design condition

93

2.1.1

Stress concentration and Griffith’s theory

93

D-2.5

Buckling versus yield

94

D-3

Beam Theory

D-3.1
D-4

Axis transformation

Dynamics and kinematics

95
95
96

D-4.1

Relative motion

96

D-4.2

Circular motion

97

D-4.3

Centre of rotation

100
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D-1
D-1.1

Material properties
Poisson’s ratio, ν

(a)

(b)
Figure D.1

Examples used for teaching about Poisson’s ratio; (a) squeeze toy to
illustrate a high value, (b) water balloon to illustrate a high value,
sponge to illustrate a low value.

Poisson’s ratio (Greek symbol, ν) is a measure of how compressible a material is.
It is a function of the material itself, and is not directly related to the material’s
stiffness. Students commonly confuse these two definitions, and assume that because
a material has a high Poisson’s ratio that it also has a high stiffness. I use three props
to illustrate this lesson. Firstly, a sponge is used as the material with a low Poisson’s
ratio, as the students can compress it in one direction and the sides in the other
directions do not bulge. This indicates that the sponge is compressible, so Poisson’s
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ratio will approach zero. Secondly, either a water-filled balloon or the squeeze toy
shown in Figure D.1 are used to illustrate a material that is nearly incompressible. As
the students compress the balloon, they find that it is not possible to contain the
material, and the material on sides other than those compressed changes shape
dramatically.

This indicates that the material is (nearly) incompressible, and is

therefore associated with a high Poisson’s ratio (ν = 0.5). Finally, it is useful to
mention a comparison between rubber and steel in order to clearly dissociate between
stiffness and compressibility.

Steel has a stiffness (Young’s Modulus, E) of

approximately 210 GPa and a Poisson’s ratio of 0.3. Rubber has a stiffness of 10 kPa
and a Poisson’s ratio approaching 0.5.
D-1.2

Yield stress, σy vs stiffness, E

As discussed in earlier sections, students frequently mis-define ‘yield’ as being
equivalent to failure in general. Yield refers to a specific occurrence, where the yield
stress (Greek symbol σy) – a function of the material composition and atomic
structure – is reached, causing the onset of plastic (that is, irreversible) deformation
from the previously experienced elastic (that is, reversible) deformation at lower
stresses. Students compare the deformation of clay (which yields and stays deformed)
with rubber (which elastically deforms and recoils) to help show the difference
between stiffness and yield stress.
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D-2
D-2.1

Structural failure
Brittle fracture versus ductile yield failure mechanisms

(a)

(b)
Figure D.2

Brittle versus ductile failure: (a) brittle failure by snapping a rubber
band – there is no plastic deformation and the original shape is
restored, and (b) ductile failure shown with chewing-gum – the
material reaches yields stress, so is plastically and deformed and
changes shape.
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Students often confuse stiffness with ductility – this example, showing rubber as a
brittle material is a good way of demonstrating the difference. The amount of plastic
deformation before failure will remain afterwards, showing whether yield or fracture
was the failure mechanism. The ends of the rubber band can be put back together in
their undeformed shape: no plastic deformation occurred and brittle fracture was the
failure mechanism. The chewing gum is the opposite, all the deformation is plastic,
and yield is the failure mechanism. Other examples of a ductile material, such as
stretching a paperclip until it breaks can be used to further illustrate that the stiffness
and the failure mechanism are not directly related, but that yield stress and the
ductility are.
D-2.2

Pressure vessel fracture: Catastrophic fracture or ‘break’

In learning the design of fail-safe pressure vessels the students often get confused –
instead of designing something not to fail, now they must design how it will fail
if/when it does. Basically, the idea is to avoid brittle failure mechanisms, as these
involve rapid release of pressure or explosion, in favour of either leaking – which is
slow and relieves the pressure build up naturally – or yield, where the pressure vessel
enlarges without releasing the contents.
Figure D.3 illustrates the brittle fracture of a balloon because the rubber is not
tough enough to sustain a crack through its thickness, which would enable it to leak.
From this example students appreciate why brittle failure in pressure vessels is
catastrophic and to be avoided!
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Figure D.3

D-2.3

Fracture demonstrated using a balloon and a pin

“Leak before break” design condition

Figure D.4

Leak before fracture demonstrated using tape on the balloon to
increase its fracture toughness.

Using tape, the fracture toughness of the balloon can be increased so that it can
now sustain a crack long enough to penetrate through the thickness of wall, allowing
for leak-before-fracture, as shown in Figure D.4. The confusion often comes from
needing to make the walls sufficiently thin that the critical crack length (at which
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brittle fracture occurs) cannot be reached before the wall is breached; a wall that is too
thick results in the possibility for large cracks to be present, without reaching through
the walls to leak and lower the pressure.
D-2.4

“Yield before break” design condition

The yield-before-break design condition may be discussed by using bubblegum
and a balloon, and comparing the failure mechanisms when both are over inflated.
The balloon will fracture, without any plastic deformation to absorb the strain energy
released. The bubblegum bubble does plastically deform, so shows that yield has
happened, decreasing the pressure difference through the wall.
2.1.1

Stress concentration and Griffith’s theory

Griffith’s theory is about the balance between strain energy released from a
stressed material (shown in blue in Figure D.5), and the energy absorbed in the
creation of the crack surfaces. In a ductile material, the energy is also absorbed in
plastic deformation at the crack tip, where the stress is concentrated; in a brittle
material there is no plastic deformation, so crack propagation will become unstable at
much lower stresses and shorter crack lengths, as shown in Figure D.6 where the tape
changes the material characteristics and allows a greater crack length than would
normally be found in a brittle balloon.
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Figure D.5

The analogy of a fishing net shows how the presence of a crack
influences stress distribution, where the areas of increased stress are
shown in red and decreased stress caused by strain energy being
released from their bonds is shown in blue.

Figure D.6

The development of a crack in the balloon wall from the initial pin
prick, just visible in the centre of the crack. When the crack
propagation becomes unstable – when more energy is released from
the strain energy of the surrounding material than can be absorbed in
making the new surfaces of the crack or in plastic deformation –
then catastrophic brittle failure occurs.

D-2.5

Buckling versus yield

Bucking as an alternate failure mechanism to yield or fracture. Buckling, like
brittle fracture is an unstable and rapid process, and is to be avoided in a failsafe
design. The importance of considering buckling during design can be highlighted
using soft-drink cans. These will support the weight of a small person – up to about
60kg – if applied carefully, showing that the cross-section of the can and the stiffness
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of the material is sufficient to prevent yield; the can does not elastically or plastically
squash. However, if there are even small defects present in the material, if the column
is not perfectly straight or if the load is not exactly centred then the failure load –
through buckling – will be very much lower than that required for yield by
compression. This can be shown by flicking the side of the can with a pencil to make
a small defect, and induce the catastrophic failure shown in Figure D.7.

(a)
Figure D.7

D-3
D-3.1

(b)

(c)

Demonstrating bucking failure versus yield failure. After showing
that the can will not yield (a), a small defect made in the side (b)
will induce catastrophic buckling failure (c).

Beam Theory
Axis transformation

When studying beam theory, students frequently do not realise that most of the
analysis deals with concepts they are familiar with, but presented on a different axis.
Instead of viewing a structure from the side – as they do in order to calculate the gross
structural loads and reactions – now we consider the beams of that structure end-on,
as the cross-section of a thick 3D beam. Terms such as bending moment, with which
they are familiar from pin-jointed structures and general structural theory now seem to
refer to a different thing; in reality it is only the viewing direction that has changed.
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Making this point clear to the students helps their transfer of understanding
enormously, even through the tutorial sheets and teaching questions do not make this
explicit. To illustrate this idea, I use a collection of straws to model the beam, where
each straw represents a cross-sectional element of the area. From this, students can
intuit a) the variation in tensile stress felt by each area element with distance from the
neutral axis, and b) the distance-squared contribution that the tensile stress on each
area element has on the net moment about the neutral axis of the beam. The fact that
the stress elements are balanced on the cross-section (there is no net horizontal force)
and that the moments are not (the moment in the cross-section is a reaction to the
applied bending moment from the external loads) becomes apparent as well.

D-4
D-4.1

Dynamics and kinematics
Relative motion

The key to understanding relative motion is dividing it up correctly into the polar
coordinates: change in radius is motion towards or away from the point of reference,
change of theta is motion perpendicular to the direction from the point of reference to
the point of interest. The props for demonstrating this can be anything that two
students can hold between them: a ruler, a broomstick, anything rigid. Getting two
students to each hold an end of the stick and move about the room shows them that
without a change in the length of the stick, there is no change in radius: from the point
of view of either student, the other one is neither closer nor further away. If one
student stays still and the other one moves, it becomes clear that the instantaneous
direction of movement is always perpendicular to the ruler; which stays true, provided
the radius is constant, even when both ends move.
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(a)
Figure D.8

D-4.2

(b)

(a) When the radius is constant, the only relative direction of motion
is normal to the connecting line, and (b) decomposing any motion
into the radial and angular displacements.

Circular motion

The one biggest difficulty students have when they encounter Circular Motion at
an undergraduate level is that old A-level knowledge – derived originally from these
equations, but with tacit assumptions – is not seen as being only a part of these full
equations.

Though this particular ‘example’ is neither physical nor visual,

nevertheless it does communicate the important relationships using the language of
mathematics.

& x # &r cos ' #
&cos ' #
R=% "=%
" = r%
"
$ y ! $ r sin ' !
$ sin ' !

(1)
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First, the position of a point is established as being a vector from the origin, both in
Cartesian coordinates and in polar coordinates, as shown in Figure D.9 and Equation

y = r sinθ

1.

R = (x,y)

r

θ
x = r cosθ

Figure D.9

Schematic showing initial definition of R as a position vector in
Cartesian and polar coordinates.

The extension to velocity by differentiating with respect to time is straightforward, but
it should be made clear (and probably re-emphasised) that both θ and r are functions
of time, so students must use the product rule to perform the differentiation to get the
second term:

&cos ( #
&' sin ( #
R& = r& %
" + r(&%
"
$ sin ( !
$ cos ( !

(2)

Thus far the derivation has been simple, and – as long as they remember to include
the !& term above – the students can follow it. They recognise that velocity depends
on the rate of change of the radius as well as the rate of change of the angle, swept at a
given radius. The final extension to acceleration is not intuitive, and this is the
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greatest part of the reason for reviewing the derivation. Again emphasising the need
for the product rule:

' cos ( #
&cos ( #
&' sin ( #
&' sin ( #
&' sin ( #
2&
R&& = &r&%
" + r&(&%
" + r(&&%
" + r&(&%
" + r(& %
" (3)
sin
(
cos
(
cos
(
cos
(
'
sin
(
$
!
$
!
$
!
$
!
$
!
then introducing new vectors referring to the radial and tangential directions:

&cos ( #
&' sin ( #
nˆ = %
", tˆ = %
"
$ sin ( !
$ cos ( !

(4)

and simplifying, we get:

&& = (&r& " r!& 2 )nˆ + (r!&& + 2r&!& )t
R

(5)

Finally, we introduce the symbols for angular velocity and angular acceleration:

# = !&, " = !&&

(6)

and get a form in which parts are now recognisable from the A-level syllabus:

&& = (&r& # r! 2 )nˆ + (r" + 2r&! )t
R
Now it is possible to discuss the limitations of their previous knowledge and the
assumptions that were used to get there. Common assumptions are:

Fixed radius
Fixed direction
Constant radial velocity
Constant angular velocity
No acceleration at all
(both vector terms must be 0)

r& = &r& = 0
#& = #&& = " = ! = 0
&r& = 0
"& = ! = 0
&r& = r! 2 , r" = 2r&!
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Once these have been made clear, students recognise their familiar old knowledge of
centripetal acceleration for a fixed radius and constant angular speed: rω2. The final
part of the derivation is the most important as it shows the danger of neglecting
aspects that are probably not intuitive. The expert is the one who knows when to use
which method of approach: circular motion is one area in which intuitive knowledge
is slower to develop than most.
D-4.3

Centre of rotation

string unrolls
yoyo moves in same direction

Figure D.10 A yoyo used to show the limits of intuition, and to demonstrate how
powerful the kinematic analysis based on the centre of rotation can
be.

?

Figure D.11 The yoyo is turned upside down and the process repeated with the
string coming underneath the central shank.
This is a question that has worked very well as an admissions question, in addition to
being a good demonstration of the concept. First, as shown in Figure D.10, the yoyo
is put on a flat surface such that the string comes from above the central shank;
students are asked to predict the direction it will roll if the string is pulled gently.
Most of them – correctly – guess the yoyo will roll in the same direction as the string
is pulled. Secondly, the yoyo is inverted so that the string now comes from the
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bottom of the shank as shown in Figure D.11, and the same question is asked. I have
asked under-graduate, post-graduate students and staff members this same question,
and two people only have been able to correctly predict the answer. However, once
the centre of rotation – that is, a point in the system that does not translate, but only
rotates – is correctly identified as the point of contact between the bottom of the yoyo
and the table, the analysis is simple and the answer quite obvious. By treating the
centre of rotation as an instantaneous hinge, the vertical line in (b) will fall towards
the direction of pull, so the string rolls up and the yoyo again moves in the direction
of pull.

centre of rotation
is point of contact

Figure D.12 The centre of rotation is the point of contact, so treating this point as
a hinge, the string roll up towards the pull of the string, as indeed it
does.
A good way to emphasise the limiting cases of this analysis is to consider what
happens when the yoyo is replaced by a toilet roll. The analysis of the toilet roll is
fundamentally different from the yoyo because the centre of rotation is no longer the
point of contact – there is slipping between the roll and the table – so a different
method of analysis must be used instead.
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