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Preface

Although my first language is Dutch this thesis is written in English in order to make
reaching a potentially larger audience possible. I am aware of the fact that the resulting
‘broken English’ of this thesis can at times be painful for native English speakers and
completely incomprehensible for all nationalities. Misunderstandings because of
language difficulties will occur, but my estimate is that these occurrences will be
infrequent and certainly less than when people with other nationalities would attempt to
read this thesis in Dutch.

Whenever I write about a teacher or student in a general sense I will use the personal
pronoun ‘she’ instead of ‘he’ or ‘he/she’. This is my modest way of making up for
centuries of patriarchy. When the context makes it clear that the particular person to
whom I refer is male I will of course use the accompanying pronoun.

Throughout this thesis I will speak about ‘teaching/learning activities’ and ‘the
teaching/learning process’, instead of for instance ‘teaching activities’ or ‘learning
process’. The reason for this is that the interest of this research, as in most didactical
research, lies in the interrelation of teaching (as descriptive of what a teacher does) and
learning (as descriptive of what students do). The ‘grain size’ of the description of what
goes on in the classroom I chose to be large enough so that it would include both
teaching and learning. It is to emphasise this interrelation of teaching and learning that I
will use the somewhat cumbersome terms ‘teaching/learning activities’ and ‘the
teaching/learning process’.

Another term [ will frequently use is ‘didactics’ with which I mean the content-specific
interrelation of teaching and learning activities and processes. This usage of the term
didactics is quite common in many continental European languages, but differs from the
British or North-American usage of the term, which for some seem to carry negative
connotations.

In this research I have benefited from the advice of mainly two people: Piet Lijnse and
Kees Klaassen. I found it stimulating and humbling to work with these really smart
individuals. Educating people is stretching people. However, nobody likes being
stretched. I found being stretched by these two gentlemen in the process of educating
me unpleasant and I resisted as much as I could. If there has been any increase in my
qualities it is therefore completely due to their unrelenting efforts.

Discussions of this research with colleagues were sometimes useful. In this respect I
like to offer thanks to Roald Verhoeff and Hanna Westbroek. Without the kind
contribution of two teachers the educational design described in this thesis could not
have been tested and developed. Warm thanks are therefore due to Felix Metselaar and
Michiel Boonzajer.

Since for obvious reasons I could not implement all suggestions for improvement, any
mistakes in this thesis are completely my own.

Axel Westra
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Chapter 1 Introduction

1. The topic of mechanics

An important aim in teaching and learning of mechanics, I think, is that students come
to understand and appreciate mechanics for the right reasons. Newtonian mechanics has
been one of the great successes of physics or science in general. It can be seen as a
prototypical example of capturing natural phenomena in quantitative expressions that
have such a wide applicability that they can be called universal laws. The power and
simplicity of Newtonian mechanics makes the heart of many a physicist beat faster.
Could students be made to appreciate mechanics for the same reasons? If so they would
have truly understood something about mechanics! I think it might be worthwhile to
find out to what extent this is possible.

Learning mechanics is notoriously difficult and much research has been devoted in
mapping and understanding these difficulties (e.g. (Hake, 1986)). Concerning possible
causes of this lack in understanding, the mainstream opinion appears to be that the
‘naive’ conceptions of students are very different from the ‘expert’” Newtonian
conceptions and that therefore a transition between those is difficult to achieve. Far less
research was directed at remedying these problems, which makes some sense, since one
first has to diagnose the disease before trying to apply a cure. Another reason for this
lack of remedies is that science education as a field of research is very young. Roughly
speaking the history of the sciences shows a development in particular sciences (like for
instance biology) from a descriptive level (what kind of things are we dealing with) to a
explanatory level (why are the things doing the things they do) to an applicatory level
(how can we use the understood behaviour of things). The science of ‘science
education’ is in many respects still in the early stage of description. However, at the
same time many people involved in science education are more interested in the
applications. This results in rather explorative research, since thoroughly tested
didactical theories have not yet been developed. This research too will show the
resulting tentative exploring that comes from searching for applications without the aid
of a mature didactical theory.

The earlier mentioned metaphor of a disease (with the symptoms of learning difficulties
in mechanics) also illustrates another point, namely that the cure one applies depends on
the kind of disease that is diagnosed. It will turn out that part of the reason for the first
steps towards a cure that I have taken lies in the fact that I tend to diagnose a different
disease than many other researchers.

2. Overcoming difficulties in learning mechanics

My diagnosis of the difficulties in learning mechanics and the related approach for
remedying these use the basic idea that although there obviously are differences
between the Newtonian way of explaining motions and the common sense way, they
also have something in common, which may be used productively for teaching/learning
mechanics. What they have in common, I think, is what may be called an explanatory
scheme. This explanatory scheme consists of the assumptions that a particular kind of
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motion needs no explanation and that motions that deviate from motion of that kind
must be accounted for in terms of influences. I call the assumed motion that needs no
explanation an ‘influence free motion’. Newton’s assumption of an influence free
motion is motion with uniform velocity. Deviation from such motion is caused by
influences, which Newton called forces. Common sense explanations of motion use the
same explanatory scheme. Take for example the explanation that for keeping speed on
one’s bicycle one needs to keep pedalling, because otherwise one would come to a stop.
In this one can recognise the combined use of an influence free motion (gradually
coming to a stop) and an influence (pedalling) that causes a deviation from this kind of
motion. The ‘expert’ explanation may aim at theoretical values like broad applicability,
simplicity and empirical adequacy, while the aims of a common sense explanation are
related to practical usefulness and may depend on the context. That is, I interpret the
differences between expert and common sense not so much as differences of belief, but
rather as differences of aims and motives.

A common sense explanation of a motion, like that you have to keep pedalling in order
to keep speed on a bicycle, is usually straightforward. In comparison, the description of
such an explanation in terms of the explanatory scheme for motion, which involves an
assumption for an influence free motion in conjunction with an identification of suitable
influences that account for deviations from this influence free motion, may appear very
difficult or even awkward. Indeed, the scheme’s use is not in the first place of a
practical nature, but rather lies in the fact that it allows one to talk about explanation of
motion. From this theoretical perspective, moreover, its broad applicability can be
appreciated, not only in the sense that one can see it as underlying various explanations
of motion, but also in the sense that one can begin to wonder whether, perhaps, any
motion could be explained in this way.

As I just suggested, the differences between naive and expert conceptions may be much
smaller than they appear, in the sense that there are structural similarities between them
and that the differences between the expert and the novice are to be found in their
respective motives and aims. Of course this does not mean that students already know
Newtonian mechanics and even less that they are willing to learn it. In fact, they will
have to expand their knowledge considerably, and how they can be made to want this is
a big educational problem.

Apart from the explanatory scheme’s possible immediate use in a course in mechanics I
would like to suggest that the explanatory scheme also provides a ‘vocabulary’ for
clarifying or addressing what students actually say when they later explain motion and
for pointing out the differences and similarities between their explanations and the
Newtonian ones. In this sense I think that having available this explanation vocabulary
can also be of help in discussing, with students, the usual problems in understanding
mechanics.

Although this idea might be applied to a complete mechanics course for secondary
education, such an endeavour would be too time consuming and unnecessary for
exploring how this idea may be made productive. I therefore decided to apply the idea
in a design of an introductory course of about 10 lessons for upper level pre university
students (age 16). In an introduction of any study topic one expects to find what the
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topic is about and some indication of the importance of studying the topic. In my case
this fits in nicely with my first two aims of giving students some sense of how
mechanics works and the power and range of mechanics.

3. Research question and method

My research question is how the idea of a common explanatory scheme in common
sense and Newtonian mechanics can be made productive in teaching/learning
mechanics. How this can be made productive, concrete, in real life education, is still an
open question I am going to explore in this thesis. This question concerns both how the
explanatory scheme can be used in a design of an introductory course that will lead to
my educational aim (of making students appreciate the power and range of mechanics
and know how mechanics works) and whether this course will provide the vocabulary to
address the usual learning difficulties to be used in the regular course following this
introductory course.

Since my research question is a design question, the method followed is a design
experiment (Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003) sometimes also called
developmental research (Lijnse, 1995).

A starting-point in my design is the idea that it would be worthwhile if students in each
successive learning activity can see the point of doing that activity, how it builds on or
makes use of the preceding activity and attributes to and prepares for the next one. All
‘local’ activities are leading to a ‘global’ goal students have some perspective on
(however vague) and have some reason for achieving. This is sometimes called a
problem posing approach (Klaassen, 1995).

This idea together with the idea of the explanatory scheme will be worked into a design,
which will be described in a scenario. A scenario is an important instrument in this kind
of research. It describes and justifies in considerable detail the learning tasks and their
interrelations as well as the actions that students and teacher are expected to perform. It
can be seen as a hypothesis, as a prediction and justification of the teaching/learning
process that is expected to take place. As such, it also enables the researcher to precisely
observe where the actual teaching/learning trajectory deviates from what he expected,
and thus to test his hypotheses in a valid and controllable way.

In my scenario a justification will be given for each teaching/learning activity, why this
particular activity should take place, what the goals of the activity are and why this
activity would be expected to meet these goals. All successive activity goals should of
course lead to the course goal of giving students some sense of how mechanics works
and some appreciation of its power and range.

Expectations for each teaching/learning activity will be compared to the actual
teaching/learning process that takes place. The precise expectation determines what sort
of data, e.g. observations, video- and audio recordings, interviews with students and
teacher, students’ written materials and questionnaires, will be collected. These can then
be analysed by qualitative interpretative methods. This will give information to what
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extent the teaching/learning activity goals are met and this in turn sheds some light on
the more general course goals.

4. Content of this thesis

In chapter 2 the context of this research will be described. Some goals for mechanics
education, problem analyses of what might be difficult in reaching those goals,
approaches of remedying these difficulties, research methods for investigating these
approaches and the results they yielded will be presented and critically discussed. After
that, chapter 3 continues with a broad description of my own attempt, in the light of the
discussed alternative approaches. Here the idea of the explanatory scheme will be
extensively presented as a possible means of reaching the desired educational goals. The
research question will be further elaborated upon and the method of design experiments
will be presented as a useful way of answering the research question. Chapter 4
describes how the test of a first design resulted in ideas for revising it and broadly
describes the resulting second design. Also the way in which the teacher was prepared
for executing these designs will be addressed there. Chapter 5 zooms in on the (in
chapter 4 broadly described) second design. It contains a detailed description of the
second design, which includes the revisions that were based on the testing of the first
design. Chapter 6 describes the results that were obtained from testing that second
design. Finally, in chapter 7 these results are reflected upon, which will result in an
answer to the research question and which will point to directions for further research.
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Chapter 2 Background

1. Introduction

The aim of this chapter is to position this study in the field of related research. The
literature on teaching/learning mechanics is extensive. It is impractical if not impossible
to give an account of what people have done to understand and improve
teaching/learning mechanics that comes close to being complete. Some way of selecting
and systematising is therefore in order. A first selection is that I will restrict myself to
starting upper level pre-university students (age 16). The research on and approaches to
teaching/learning mechanics presented in section 2 and discussed in section 3 are
organised around four focal points:

1. What are the goals for teaching/learning mechanics? This point will illustrate
what types of goals are considered normal in teaching mechanics.

2. What are the problems in teaching/learning mechanics? This is an important
point because differences in the problem analysis naturally might have
consequences for the approach to teaching/learning it.

3. What approaches to teaching/learning mechanics are expected to solve the
problem and contribute to reaching the goals? Together with a design to solve
the identified teaching/learning problem one would expect to find an argument
of how this design is expected to do that. Without such an argument the
(sometimes impressive) learning outcomes are difficult to relate to elements of
the design. It will turn out that sometimes more attention is given to presenting
learning outcomes than to this type of argument.

4. To what extent did the design work in solving the problem and reaching the
goals? And how was this found out. Here the empirical outcomes and research
methods are presented.

After presenting literature organised around these points it will be critically discussed
using the same organisation in section 3. So for instance several problem analyses will
be presented in section 2.2 and discussed in section 3.2. In the same way section 2.3
corresponds with section 3.3 et cetera. In this way I aim to show what has already been
achieved in teaching/learning mechanics that is worthwhile and to be adopted, what has
proven less successful and is to be abandoned and what is still unanswered and to be
researched. Such an account, which is necessarily incomplete, will position this research
project in what has already been done.

2. Teaching/learning mechanics in the literature

In this section relevant research will be presented around the mentioned four focal
points.
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21. Goals

In this section I will give an overview of a number of goals for mechanics formulated in
influential curriculum projects concerned with upper level pre-university education in
the past 40 years, to get a feel for the range and type of goals that are considered to be
important.

The first goal is knowing how mechanics works, i.e. understanding the conceptual
structure of mechanics. As Matthews (1994) describes an aim of PSSC (Physical
Science Study Committee), a major project in the US in the sixties: “Its intention was to
focus upon the conceptual structure of physics, and teach the subject as a discipline:
applied material was almost totally absent from the text”. Understanding mechanics is
of course an obvious goal, which is quite common for most mechanics courses. In
addition to this common goal for mechanics I will present three more goals that have
been aimed at: Mechanics as illustrating ‘science at its best’, mechanics as illustrating
science as a humanistic enterprise and finally mechanics as raising the motivation of
students for physics.

Mechanics can be used to illustrate ‘science at its best’. In Harvard Project Physics
(Holton, Rutherford, & Watson, 1970) one aim was stated as: “To help students
increase their knowledge of the physical world by concentrating on ideas that
characterise physics as a science at its best, rather than concentrating on isolated bits of
information.” A unit on mechanics was titled ‘the triumph of mechanics’ which
illustrates this aim quite well.

Another addition to the goal of understanding mechanics is to use mechanics to
illustrate the humanistic enterprise that physics is. This is stated in HPP as: “To help
students see physics as the wonderfully many-sided human activity that it really is. This
meant presenting the subject in historical and cultural perspective, and showing that the
ideas of physics have a tradition as well as ways of evolutionary adaptation and
change.” In HPP and also in PSSC this adaptation and change is presented as a
development from Aristotle to Galileo to Newton. Inquiry is also an aspect of the
human activity of doing mechanics'. French described this aim in the PSSC course 30
years later:

“The PSSC course would seek to present physics as an integrated intellectual
activity, not as a set of mechanical rules for solving problems and manipulating
nature. The course would be designed to reflect a spirit of inquiry, presenting
both theory and experiment as processes of successive approximation, not as
definite or final knowledge. [...]. The goal was to get students to think and act
like professional scientists: to learn to ask questions, collect and analyse data
and form reasoned conclusions” (French, 1986).

! Physics by Inquiry, developed by McDermott, is another course that is specifically concerned
with this aim (McDermott, 1996). This course does not address dynamics, only kinematics,
and is therefore not included in this chapter. Another course developed by McDermott,
Tutorials in Introductory Physics, does address dynamics, but in a way in which the inquiry
element is not emphasised (McDermott, Shaffer, & Group, 1998).
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The PSSC way of teaching included lots of experiments, reflecting this inquiry aspect of
the humanistic aim. This latter characteristic seemed to apply even more to the equally
influential English Nuffield-Physics project.

The elements of inquiry, history and development of the subject or the specific
emphasis on the discipline made these three projects more suited for the academically
inclined brighter students, although both HPP and Nuffield did in fact aim at a larger
audience.

The third addition to the common goal of understanding mechanics is raising
motivation. In the influential Dutch PLON project in the seventies and eighties
motivation was attempted to be raised by showing the relevance of mechanics for daily
life for all students, not only the academically inclined ones. In this course the physics
topics were organised around themes that connect a particular context to particular
physics content. Both context and content were meant to provide for a coherent
structure. In this way mechanics was organised in the theme ‘traffic’. This theme
concerned, among other things, important factors in safety in traffic, leading to studying
situations like braking and colliding, the relation between speed and braking distance,
estimates of forces exerted during collisions and discussion of the use of safety belts.

Another way of trying to raise motivation is to emphasise the theoretical challenge of
mechanics. This is applied in the quite recent British Advancing Physics project. In their
words:

“Our aims in this chapter are very ambitious, even immodest. These are that we
want students to enjoy and value mechanics and the mathematical thinking
which goes with it. Taken together with work on vectors in chapter 8, and
looking ahead to work on modelling in chapter 10 which is developed in much
of the rest of the A2 course, this is where we make a real start on selling the
value and interest of theoretical, mathematical thinking in physics to students.
We want students to enjoy these theoretical episodes, and to appreciate the
power that mathematical thinking brings to physics. So here for a time the
course takes on a strong theoretical flavour, to be sampled as one — though by no
means the only — flavour appreciated by those who do physics.” (From CDROM
Advancing Physics AS 2000 Teacher’s version)

2.2. Problem analyses

The second focal point concerns what are considered to be the problems in
teaching/learning mechanics. 1 start with an overview of the main opinions in this
regard. Next [ will present these in more detail.

Two basic problems that are mentioned in the literature are the lack of understanding
after traditional” education in mechanics and the lack of motivation to engage in and

% The much used phrase ‘traditional education’ seems to be the type of education with which

everything is wrong. In a way this is using a straw man. It would be hard to imagine a type of
education that has all the features attributed to this devilish ‘traditional education’. However, it
can also be read as ‘education lacking the feature I am promoting’, but at least with the
suggestion if not the claim that the promoted feature is indeed lacking in most education.

10
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continue with learning mechanics. The first problem of disappointing learning outcomes
is extremely widespread. It is found in all research that took the trouble to measure
learning outcomes and in all age groups ranging from lower level secondary education
to university education. At least on this point there is strong agreement within the
research community. Quite some agreement still exists when the cause of this problem
is seen in inadequate attention given in education to students’ pre-educational notions,
although other causes are also identified which will be considered shortly. Further
analysis of status and content of these pre-educational notions, and therefore what
adequate attention would consist of, leads to widely differing views. Also a distinction
is made between paying attention to student notions concerning mechanics itself, and
their so-called epistemological notions concerning how knowledge in general and
knowledge about mechanics in particular is acquired.

Some researchers try to develop some theory about the nature of the pre-educational
notions on mechanics, which might guide others in applying or adapting this theory to
education, but do not do this themselves. Others take some theory about the nature of
notions on mechanics as starting point in trying to develop improved ways of
teaching/learning mechanics.

Different theories about the nature of the pre-educational notions have been suggested.
Notions on mechanics can be seen as ‘naive theory’ in the sense of a systematic set of
concepts with which motion can be explained and predicted or as ‘knowledge in pieces’.
Seeing these notions as naive theory considered to be consisting of alternative
conceptions still leaves room for disagreement as to whether these alternative concepts
are a hindrance or a help in teaching/learning mechanics.

Apart from inadequate attention to students’ pre-educational notions other causes for the
lack of understanding in mechanics are seen in poor consideration of process knowledge
in mechanics education. Process knowledge, in contrast to factual knowledge, concerns
explicitly the ways of doing mechanics. It consists of strategies and techniques for
developing, validating and utilising factual knowledge. This can be, but not always is,
related to epistemological notions. Finally a cause is seen in mechanics’ inherent
difficulty because of the mathematics involved (Genderen, 1989).

The second main problem that is identified is the lack of motivation. Although this is a
recognised and important problem it is by choice not the main subject of this research,
though I will briefly return to it in the section on goals. I will now continue with a more
detailed presentation of the problem analyses that were broadly sketched above.

2.2.1. Neglect of intuitive mechanics in teaching

Almost every researcher sees as a cause of the problem of students not learning as much
as hoped for that the pre-instructional common sense notions about movement and the
causes of movement are not properly dealt with in traditional education. There are many
names for these common sense notions, such as preconceptions, alternative conceptions,
misconceptions, alternative frameworks, alternative schemas, intuitive physics et cetera.
Of course these different names are not synonymous. What they have in common is the
idea that a student is not a tabula rasa, but has certain ideas (maybe only after being
invented at the spot) about motion and how to explain motion. Let us call the situation

11
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before education in Newtonian mechanics intuitive mechanics. The intuitive mechanics
is the set of beliefs a student has (on mechanics) before education in mechanics.
Depending on one’s particular theory concerning the nature of this intuitive mechanics
people use different terms, like preconceptions and the rest. If for example one thinks of
this intuitive mechanics as consisting of a coherent set of false ideas explaining wrongly
the experiences in the world, a word like ‘misconceptions’ may be used.

It is argued that this intuitive mechanics, even though it differs from Newtonian
mechanics, nevertheless may be quite appropriate for the student in making sense of her
everyday life. But precisely because this is the case, it cannot be neglected in the
transition to Newtonian mechanics. Since in traditional teaching this is neglected, this
neglect accounts for the poor results.

Strong agreement within the research community can be found on the point that the
intuitive mechanics is not appropriately taken into account in traditional teaching in
mechanics. A further analysis as to why this not taking into account of intuitive
mechanics leads to poor educational results shows considerable differences in opinion.
The question why inadequately taking into account of intuitive mechanics leads to poor
result is related to how the nature of the intuitive mechanics is seen, which, as was
mentioned before, is reflected in the terms used to describe this intuitive mechanics.
Broadly speaking how intuitive mechanics is seen ranges from potentially useful to
potentially harmful. If it is seen as harmful the poor results of education can be
attributed to failing to do something about this harmful influence. If it is seen as useful
the poor results of education can be attributed to failing to make productive use of this
potential. Next I will present four further analyses of the nature of intuitive mechanics
in order to illustrate the spectrum from useful to harmful.

Intuitive mechanics as an alternative wrong theory of motion

McCloskey (1983) saw intuitive mechanics as a coherent view of the world, an
alternative theory. He considered this theory to be similar to a pre-Newtonian theory
called impetus theory. This alternative theory is considered wrong in the sense that it
gives false predictions in a number of situations, for instance the trajectory of a ball
dropped by a flying airplane. It is also seen as stable in the sense of resistant to
education. Furthermore it is seen as creating learning difficulties by making students
misinterpret or distort a presentation of Newtonian mechanics to fit their intuitive
mechanics. Intuitive mechanics is therefore clearly considered to be a hindrance. That
traditional education does not realise this and take care of this alternative theory is seen
as causing its poor results.

Hestenes also sees the problem of disappointing results of education in mechanics in the
role intuitive mechanics plays. His characterisation of intuitive mechanics as alternative
theory is more elaborate than McCloskey’s in the sense that he identifies not only the
alternative impetus theory, but also other alternative theories or conceptions. Many
different common sense conceptions are mentioned in the literature. A classification can
be found in Halloun & Hestenes (1985). The most important in the sense of most often
mentioned are: a) Activity implies a force and more activity implies more force
(Dekkers & Thijs, 1998). This is a more general description of the ‘motion implies
force’ conception. b) Closely related, but not the same is the ‘impetus theory’ that states
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that during an interaction between two objects an amount of impetus is transferred from
one to the other, which ‘uses it up’ during its motion. ¢) Force as overcoming a
resistance and action and reaction forces are not the same size. This is called the
dominance alternative conception (Hestenes, 1992). These are considered to be too
easily dismissed in traditional education. Hestenes too saw strong similarities between
intuitive mechanics and mechanics of pre-Newtonian intellectual giants like Aristotle,
so intuitive mechanics should be seen as a set of serious and stable alternative
hypotheses (Halloun & Hestenes, 1985). The change from intuitive mechanics to
Newtonian mechanics for an individual student is seen as of comparable magnitude as is
claimed of the historical scientific revolution from pre-Newtonian to Newtonian
mechanics. The stability of intuitive mechanics is attributed to a natural human
resistance to conceptual change, in order to overcome which Piagetian accommodation
by means of cognitive conflict is advised.

“Traditional physics instruction does not adequately take the intuitions of
students into account, so it frequently fails to establish the conditions of
cognitive conflict needed to drive a transition from common sense intuitions to
the more veridical intuition of a physicist.” (Hestenes, 1987).

Furthermore, this stable intuitive mechanics is sometimes inadvertently promoted by
instruction.

Intuitive mechanics as containing some useful anchors

Another further analysis of the nature of intuitive mechanics by Clement agrees with the
alternative wrong theory analysis in the sense that students’ intuitive mechanics poses
strong barriers to understanding in physics (Brown, 1994; Clement, Brown, &
Zietsman, 1989). It is not further explained how these barriers function, but the usual
misconception literature is referred to (Viennot 1979; Clement 1982; McDermott 1984;
Halloun and Hestenes 1985 et cetera), so it seems fair to conclude that Clement would
agree with the ‘intuitive mechanics as an alternative wrong theory’ view. However,
according to him only certain preconceptions are in conflict with the physicist’s point of
view whereas others are in agreement and might be productively used in
teaching/learning mechanics. Since there might be some good in some preconceptions
Clement paints a slightly less gloomy picture of the hindering influence of
preconceptions and sees a possibly helpful role in some preconceptions that might
function as so-called anchors (see section 2.3.3). Of course failing to make use of these
potentially helpful anchors in traditional education would then also account for its poor
results.

Intuitive mechanics as knowledge in pieces

DiSessa describes both intuitive mechanics, which he calls an intuitive sense of
mechanism, and expert understanding in terms of simple elements abstracted from the
different ways in which things and events appear to us. These elements are called
‘phenomenological primitives’, abbreviated to p-prims. An example is Ohm’s p-prim
which is described as “an agent or causal impetus acts through a resistance or
interference to produce a result. It cues and justifies a set of proportionalities, such as
‘increased effort or intensity of impetus leads to more result’; ‘increased resistance leads
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to less result.” These effects can compensate each other; for example, increased effort
and increased resistance may leave the result unchanged” (diSessa, 1993). Another
example is springiness (spring scale p-prim): “objects give under stressing force. The
amount of give is proportional to force” (ibid. p. 221).

The difference between intuitive and expert mechanics is seen as largely a matter of
degree of organisation of already existing p-prims. In intuitive mechanics these p-prims
are so weakly organised that one cannot call intuitive mechanics a theory, in expert
mechanics they are systematically organised. “It happens that Newtonian mechanics is,
by and large, relatively compatible with the naive sense of mechanism. This provides a
great opportunity to develop expertise by revamping naive knowledge, both to encode
basic laws and to connect those laws to specific situations™ (ibid. p. 190). Failing to
make productive use of this opportunity accounts for the poor results of traditional
education in mechanics.

Intuitive mechanics as compatible with Newtonian mechanics

Dekkers also attributed the well-known learning difficulties concerning the concept of
force to the inadequate way students’ prior knowledge is taken into account. His
research shows a shift in the analysis of the intuitive mechanics as potentially harmful
to potentially useful. At first, based on a problem analysis in which the intuitive
mechanics was seen as a potentially harmful alternative theory, he used a conflict
strategy to replace this alternative theory with the Newtonian one. Students were then
seen not to base their answers on either alternative or Newtonian concepts, which led
him to question his problem analysis.

Partly based on the work of Klaassen (1995) he concluded that the usual misconceptions
like ‘motion implies a force’ are inadequate representations of the students’ beliefs. In
his interpretation of the student conception of ‘force’, “the students believe that a ‘force’
is needed to start the motion of an object, that a ‘force’ is needed to keep an object
moving, and that a moving object exerts a ‘force’ on another when it is stopped by that
object. [...] Note that, in real situations with friction, the given beliefs resemble
scientific beliefs about the scientific concept of force. [...] Those ideas need refinement,
but have the potential to become the basis for development of the physics concept of
force” (Dekkers & Thijs, 1998). Hence “students do not have beliefs about familiar
situations that are incompatible with scientific beliefs”, and therefore “[c]onceptual
replacement [...] is not an adequate strategy to foster conceptual growth for the topic
under consideration” (ibid. p. 31). Thus, Dekkers rejected his initial problem analysis
and reanalysed the nature of students’ intuitive mechanics as compatible with
Newtonian mechanics and therefore potentially useful. The difference between novice
and expert mechanics Dekkers sees in the different degree of differentiation of the
concept of force. “[T]he students do not (feel a need to) differentiate between concepts
in the same way a scientist would. [...] [T]he students in this study often did not
differentiate between “force” and the “something” given to an object at the start of its
motion [...]” (ibid. p. 41).
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2.2.2. Neglect of epistemological’ commitments in
teaching

Hewson adheres to a conceptual change perspective as expressed in the theory of Posner
(1982). He tried to show “that it is essential that any student who wishes to learn science
should hold strong epistemological commitments to generalizability and internal
consistency” (Hewson, 1985). He claimed to have identified several instances in which
these epistemological commitments were absent and that therefore learning failed, in the
sense that the required conceptual conflict was not recognised by the student.

“It is important to note how essential the epistemological commitments of the
student are to conceptual conflict. Without an epistemological commitment to
internal consistency, the conflict will not be recognised. Without an
epistemological commitment to generalizability, the conflict will not lead to the
rejection of an alternative conception” (ibid. p. 168).

He therefore claims to have identified a necessary but not sufficient condition for
conceptual change, which traditional education unjustly assumes can be taken as
satisfied.

Hammer and Elby suggest a similar shift in thinking about students’ epistemological
notions as in thinking about the nature of intuitive mechanics. As was mentioned earlier
a reaction on viewing learning mechanics as replacing the ‘stable alternative wrong
theory intuitive mechanics’ was to view it as reorganising the already existing elements
of the ‘knowledge in pieces intuitive mechanics’. Hammer and Elby suggest not to view
students’ epistemological notions as stable, wrong and to be replaced, and instead adopt
the view in which learning productive epistemological notions is seen as reorganising
already existing epistemological elements which they call epistemological resources
(Hammer & Elby, 2003).

Hammer and Elby identify the problem in mechanics as follows:

“Students who have difficulties often view physics knowledge as a collection of
facts, formulas, and problem solving methods, mostly disconnected from
everyday thinking, and they view learning as primarily a matter of
memorization. By contrast, successful learners tend to see physics as a coherent
system of ideas, the formalism as a means for expressing and working with those
ideas, and learning as a matter of reconstructing and refining one’s current
understanding” (ibid. p. 54).

These respective ‘views on physics’ reflect different epistemological notions, according
to Hammer and Elby. The poor results in traditional mechanics education are attributed
to its failure to address students’ notions of knowledge. The key factor they identify in
these notions is what they call ‘principled consistency’.

“Ultimately, success in learning physics requires students to embrace a
principled theoretical framework — here Newton’s Laws of Motion. Although

? Epistemology is an area of philosophy concerned with the nature and justification of human
knowledge.
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traditional courses presume that students understand and value principled
consistency, evidence shows most do not, at least not in the context of
introductory physics” (ibid. p. 71).

Does this mean Hammer and Elby think students are inconsistent? They do think
students have the epistemological resources to spot and reconcile inconsistencies. How
can and why would they be knowingly inconsistent in physics? Their answer is that
“[s]tudents abide inconsistencies in physics class, because, instead of applying those
‘reconciliation’ resources, they are applying other resources that are useful in other
circumstances” (ibid. p. 68). Students would apply other resources because in most
problem solving the objective is to arrive at an answer, for which reconciling
inconsistencies in one’s understanding is not always necessary, so they argue. Problem
solving or thinking about questions in physics is for developing coherent understanding,
not primarily for arriving at answers. Therefore “[t]he instructional task, on this view, is
to look for reconciliation resources elsewhere in students’ experience. In what contexts,
we ask, might students naturally understand the need to reconcile inconsistencies?”
(ibid. p. 69; italics ASW)

Although much more research on students’ epistemological notions has been done®, I
think it is generally of not much use for the topic of analysing the problem of poor
educational results in mechanics.

2.2.3. Lack of attention to process in teaching

Apart from inadequate attention to students’ pre-educational notions, be they about
mechanical content or about the nature and justification of knowledge of mechanics,
another cause for the lack of understanding in mechanics is seen in poor consideration
of process knowledge in mechanics education. Process knowledge in mechanics, in
contrast to factual knowledge, concerns explicitly the ways of doing mechanics. It
consists of strategies and techniques for developing, validating and utilising factual
knowledge. Applied generally to research this can be called ‘the scientific method’ and

* There are different reasons for looking into epistemology. I will mention four of them: 1.
Driver et al. show how the different arguments for the importance of scientific literacy as an
educational goal require an explicit understanding of the nature of science (Driver, Leach,
Millar, & Scott, 1996) p. 15-23. 2. Developing an argued epistemology can be considered a
worthwhile educational goal in itself. So research into epistemological change or development
is useful. This development was studied by e.g. Grosslight (1991) by investigating students’
understanding of models. A concrete way of teaching epistemological awareness is described
by Meyling (1997). 3. There might be an influence of a particular epistemological stance on
cognitive processes. Hewson investigated the connection between epistemological
commitment and conceptual change. How epistemological assumptions influence thinking and
reasoning processes was studied by Kitchener with a focus on reflective judgement, by Kuhn
with a focus on skills of argumentation and by Schommer with a focus on comprehension and
cognition for academic tasks (Hofer & Pintrich, 1997) and references therein. 4.
Epistemological stances are believed to have an influence on classroom management (Yerrick,
Pedersen, & Arnason, 1998). Only the third point about the connection between
epistemological stance and conceptual change is related to the problem analysis of lack of
understanding in mechanics.
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applied more restrictedly to questions or textbook problems it can be called ‘problem
solving skills’.

Hestenes is quite explicit in his problem analysis of traditional education in mechanics.
He attributes the unsatisfactory outcome of instruction in physics at least partly to
inadequate attention given to procedural knowledge.

“[Tlhe usual textbook treatment of procedural knowledge is almost totally
inadequate, consisting of little more than platitudes about the power of scientific
method and off-hand remarks about problem solving. Students are left to
discover essential procedural knowledge for themselves by struggling with
practice problems and observing the performance of professors and teaching
assistants” (Hestenes, 1987).

Two readily recognisable features of lacking proper procedural knowledge is adopting
rote learning and plug-and-chug problem solving. Students can be reinforced in a plug-
and-chug approach because it is often successful. Students can get points on an exam by
writing down the correct formula, which they sometimes can find just by looking at the
variables in a problem’. This results in students who have learnt a bunch of unrelated
facts in the end.

Another line of argument of Hestenes that can also be found in Raghavan & Glaser is
that successful problem solvers (like scientists) “possess a substantial, hierarchically
organised knowledge base and typically resort to qualitative model-based reasoning to
analyse and explicate real world phenomena” (Raghavan & Glaser, 1995). Model-based
reasoning is lacking in traditional education and might therefore account for its poor
results.

2.3. Approach

Approaches to overcome the identified problems in mechanics education can be
organised in a spectrum ranging from theoretical to practical. Three kinds of approaches
(and some variations of each kind) can be distinguished that are expected to be of
assistance in overcoming the identified problem. The first kind tries to develop a
general theory of conceptual change (diSessa, 1993; Posner et al., 1982), the second
kind formulates general implications for education (Hestenes, 1987) and the third kind
develops education (Clement, 1993; Dekkers & Thijs, 1998; Hammer & Elby, 2003).

The first kind of approach, developing a general theory of conceptual change, is in itself
not a solution to the problem. A theory of conceptual change still needs to be applied,
which is very difficult and can also be a topic of research (concerning what a successful
application consists of). However, it can inspire people to take this as a starting point for
further development or even point in a possibly fruitful direction by giving some
general implications for education, which is the second kind of approach.

> This observation is probably quite recognisable for anyone who has spent some time in
education. A terrible rule in Dutch exams, for instance, is that all given data in a problem must
be useful. It is not allowed to toss in a couple of irrelevant variables.
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By the second kind of approach, formulating general implications for education, I mean
the kind of advice that is sometimes given in the final section in journals on (science)
education. Sometimes it consists of a logical extension or first application of the
developed theory, like in the case of McCloskey who suggested:

“Thus, it may be useful [...] for physics instructors to discuss with students their
naive beliefs, carefully pointing out what is wrong with these beliefs, and how
they differ from the views of classical physics. In this way students may be
induced to give up the impetus theory and accept the Newtonian perspective”
(McCloskey, 1983).

Although in the best case indications for a solution to the problem are given, in itself it
1s not a solution.

Sometimes the implications for education are so extensively described and argued for
that they are considered to be quite readily applicable to education. For instance the
approach developed by Hestenes is considered to be applicable by teachers (after some
teacher training in a series of workshops) in their own classrooms.

Finally the third kind of approach, developing education, tries to find a solution to the
problem by spelling out concrete education, which is considered to remedy the problem.

In this section I will present some approaches to the problem of lack of understanding in
mechanics that try to provide a solution. I will therefore restrict myself to the third kind
of approaches but also include the approach of Hestenes that, although it is categorised
under the second kind, does claim to provide a solution. I will present the approaches in
following order: I start with ‘overcoming misconceptions’, continue with ‘providing
adequate attention to process in teaching’, then ‘building on useful intuitive notions by
means of bridging’, then ‘restructuring potentially useful intuitive notions’, and finally
‘making productive use of epistemological resources’.

2.3.1. Overcoming misconceptions

Hestenes’ problem analysis consists of two elements, the problem of misconceptions
and the problem of attention to process, as was seen in section 2.2. Hestenes does not
emphasise any relationship between these problems and in his approach of dealing with
these problems the elements concerned with either problem can be considered
separately, which will be done here.

The Hestenes approach consists of formulated implications for education. It deals with
preconceptions by means of a dialectic teaching strategy later called modified Socratic
method (Hestenes, 1987). This strategy involves the following elements: 1. Explicit
formulation of common sense beliefs, invited by well-chosen problems. 2. Check for
external validity: Is the belief consistent with empirical data? 3. Check for internal
consistency: Does the belief contradict other beliefs? 4. Comparison with other beliefs
including the scientific one. Given his problem analysis described earlier this strategy
does seem quite obvious®: It makes the difference between the intuitive and Newtonian
mechanics explicit and points out why the Newtonian should be preferred (namely

%1t is of course not obvious how this should be done in detail in real life education.
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consistent with observations and other beliefs), thereby providing a cognitive conflict
which can be resolved by adopting a recognisably superior alternative.

The question remains how this strategy should be implemented which is not said in the
quoted article. One way of implementing it was developed by Wells which I will
present here and discuss later in more detail (Wells, Hestenes, & Swackhamer, 1995).
Wells used a taxonomy of misconceptions for planning the lessons. He “prepared an
agenda of misconceptions to be addressed in connection with each activity. This
preparation sensitised him to opportunities for addressing misconceptions in the course
of student presentations and discussions” (ibid.)

In his implementation the role of the so-called Socratic teacher is important. This is
someone who manages group discussions, corrects student ideas by posing questions
and at the same time guards the quality of the learning process and is very unobtrusive.
His role is especially important in so-called post-mortems. Although never defined, I
think Hestenes uses the term post-mortem for a teacher-guided reflection on an activity,
like an experiment or solving a textbook problem, in which the teacher proposes the
right Newtonian outcome for consideration by the students. Post-mortems are seen as
activities in which the most significant learning can occur. A special moment in post-
mortems is when “Students are thrilled when they (...) understand how all the models in
mechanics can be generated by a single theory”. An important ingredient of the
Hestenes - Wells approach is therefore connected to teacher related skills like: being
able to choose the right models or problems to work with considering the specific
conceptions of the students at that time and being able to conduct a successful post-
mortem.

The method used by Wells can be described as cooperative inquiry with modelling. The
cooperative inquiry element consists in the method being student-centred, activity
oriented and lab-based (70 % of the time). The modelling element is expected to take
care of the identified problem of lack of attention to process, to which I will turn now.

2.3.2. Providing adequate attention to process in teaching

Hestenes - Wells’ modelling approach consists, I assume, of developed education since
Wells taught classes with it. Reported are only implications for education, however. I
will therefore treat it as an approach of the second kind, i.e. formulating educational
implications. The approach organises the course content around a small number of basic
models, like the ‘harmonic oscillator’ and the ‘particle subject to a constant force’, that
describe basic patterns in physical phenomena. Students apply those in a variety of
situations. “Explicit emphasis on basic models focuses student attention on the structure
of scientific knowledge as the basis for scientific understanding.” Other elements of the
approach are use of an explicit definition for the concept of model and theory, an
extensive discussion of qualitative reasoning and representational tools like force
diagrams and motion maps, and making use of a modelling cycle which characterises
specific modelling stages and thereby makes explicit some procedural knowledge. The
teacher sets the stage for each new question “to be asked of nature”. Students
collaborate in small groups in planning and conducting experiments and later present
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their conclusions and evaluate their models by comparison with data. These exchanges
result in post-mortems in which the Socratic teacher plays an important part.

The building of models follows a procedure which makes use of Hestenes’ modelling
theory (Hestenes, 1987). This describes four stages in modelling: description,
formulation, ramification and validation, see Figure 1.

Figure 1: Schematic depiction of model development in mechanics according to Hestenes.

In the description stage the object, motion and interaction is described. Other tools like
motion maps or force-diagrams are also explicitly used here. In the formulation stage
the relations between the variables is put into mathematical equations. Specific
calculations with these equations lead in the ramification stage to certain outcomes. The
ramified model is then validated in the validation stage.

“It is the whole model that needs to be evaluated when a solution is checked. As
long as students regard the solution as a mere number or formula, the only way
they have to check it is by comparison with an answer key. The approach I am
advocating here is aptly characterised by the slogan THE MODEL IS THE
MESSAGE?” (ibid. p. 446).
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For problem solving this modelling strategy is supplemented by some additional
procedural knowledge in the form of a model deployment strategy: develop a suitable
model of the situation specified by the problem and then ramify the model to generate
the desired information. This strategy is further elaborated in deployment tactics as
(among other things): extracting information, representing information in a schematic
form, formulating the goal, determining relevant theory, selecting model types and
checking results.

In this way procedural knowledge is made explicit in several ways. Application of the
basic models is guided by a model deployment strategy. Also the general model
specification (the definition of the concept of model) and the representational tools can
be seen as explicating procedural knowledge. The type of questioning by the Socratic
teacher also emphasises the procedural aspects. It remains unclear to me, however, how
these ‘tools’ (deployment strategy, deployment tactics, model specification and
representational tools) were put to use in the classroom. The articles do not mention it
and I was unable to find further clues. Even teaching materials on the internet
(http://modeling.la.asu.edu/modeling.html) only show the tools and not how they were
used.

2.3.3. Building on useful intuitive notions by means of
‘bridging’

Clement (1993) developed education in which he tries to take account of intuitive

mechanics by identifying several correct intuitive notions which he calls ‘anchors’ and

builds from those to scientific notions which he calls ‘targets’. For the step from anchor

to target to be made successfully by the student, it is necessary to make one or more

steps in between anchor and target. This is called ‘bridging’. See for an example from
Brown (1994) Figure 2.

Figure 2: Example of Clement’s bridging method

The ‘target’ is the notion that a table exerts an upward force on a book lying on it. This
target is reached by starting from an ‘anchor’ situation in which a hand pushes down on
a spring, which pushes back on the hand, via several bridging situations like a book on a
spring and a book on a flexible board resting on two sawhorses. The final argument is
that “the table is composed of molecules which are connected to other molecules by
bonds which are ‘springy’ ”. Therefore the table reacts very much like a spring to the
book and does therefore exert a force upwards on the book.
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Besides use of anchors, bridges and targets other general features of the lesson series
developed by Clement were that open discussions about beliefs about a physical
situation were encouraged, beliefs were also voiced by regular voting and empirical
demonstrations “were used occasionally to disequilibrate students’ alternative
conceptions or to support an aspect of the analogue model”.

2.34. Restructuring potentially useful intuitive notions

Dekkers also developed education. He shifted from a potentially harmful to a potentially
useful perspective on intuitive mechanics, as was mentioned in section 2.2. The
corresponding education he designed expresses this shift. Before the shift he designed a
lab experiment using a pulled trolley. By measuring the forward and backward forces on
the trolley students can find out that they are equal irrespective of the constant speed at
which the trolley moves. This was expected to conflict with the alternative conception
of ‘motion implies a force’, which would be resolved by students’ adopting the
Newtonian concept. This resolution was seen not to occur.

“[T]he students do not (feel a need to) differentiate between concepts in the
same way scientists would. [T]he students in this study often did not
differentiate between “force” and the “something” given to an object at the start
of its motion according to physics. [...] [I]f these concepts are not differentiated,
a confrontation between them is neither possible nor meaningful” (Dekkers &
Thijs, 1998).

After his shift in perspective Dekkers designed activities that preceded the lab
experiment and intended to provide the means for students to resolve the conflict when
they did the lab experiment later. In these activities three conditions for establishing the
presence of a force were introduced, namely the presence of force requires an
interaction between two objects, the potential to exert force is not itself a force, and if a
force exists, its magnitude can be measured and is not zero. If students have accepted
these conditions as their own before experiencing the conflict they can resolve it in the
intended way. The revised teaching sequence consists of the following topics:

e The word ‘force’ refers to a multitude of real things, but in physics forces need
to be measurable.

e There is no ‘force of motion’ as illustrated by motion without (observable)
friction.

e Forces require interaction. Illustrated with magnet and piece of iron. Hand as
first instrument to detect forces.

e Analogy of handshake for principle of interaction.
¢ Quantify forces by using spring-balances.
e Trolley lab experiment.

“[TThe educator’s main challenge is not to make students aware that they have
incorrect ideas, but to make them aware of the context dependence of their
statements and create in them a need for conceptual differentiation. To perceive
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the “alternativeness” of their conceptions and to resolve the dissonance they
experience, students need the very same conceptual “tools”. Therefore, students
should be provided with the means to resolve dissonance before that dissonance
occurs. Analysis of students’ conceptions shows that these means were
implicitly available in their existing knowledge”, namely “the students’ life-
world knowledge that, in certain contexts, the presence of a force requires two
objects, each exerting a force on the other” (ibid.).

Dekkers’ approach aimed at restructuring the ‘already implicitly available means’ in the
sense of refining them and making them applicable to a wider range of contexts.

2.3.5. Making productive use of epistemological
resources

Hammer developed an introductory course in physics to help students understand and
approach learning science as a ‘refinement of everyday thinking’. The basic idea is that
students already have epistemological resources (the epistemological equivalent of p-
prims) concerning the source of knowledge (like knowledge as propagated stuff or
knowledge as fabricated stuff), concerning epistemological activities (like checking),
concerning epistemological forms (like rules, facts or games) and concerning
epistemological stances (like acceptance, understanding or puzzlement). In physics
some resources are considered to be more productive than others. For instance, students
who think of learning physics as absorbing information from authority use the resource
‘knowledge as propagated stuff” when ‘knowledge as fabricated stuff” would be more
productive. The educational challenge in this example lies in promoting use of the
resource ‘knowledge as fabricated stuff’ these students also have, but use in different
contexts, in learning physics as well.

The course starts by teaching students to write essays on some problems following the
structure argument, counter-argument and response to the counter-argument. It then
follows with three successive main topics:

1. Developing an awareness of everyday thinking.
2. Learning to refine everyday thinking.
3. Developing and committing to a principled framework.

Students’ intuitions are triggered in a number of inventive ways and used in explaining
motions. By writing essays and discussions on these explanations these intuitions are
not discarded but reconciled with other intuitions, but not yet with the Newtonian
explanation.

2.4, Method and results

Most of the projects mentioned in the preceding sections were evaluated, although
sometimes only a selection of the initially stated goals was assessed. Research methods
used for these evaluations can be divided in two groups. The first group is primarily
concerned with either cognitive or affective outcomes of a course and follows a pre-
post test model in which mostly quantitative data in the form of questionnaires before
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and after the intervention (the course) is collected. The second group is primarily
concerned with what goes on during the intervention and collects mostly qualitative
data in the form of observations, interviews, worksheets, et cetera.

In this section I will present the research method and results of the projects that were
presented in the preceding sections. These will be critically discussed in section 3.4.
This presentation is organised around the goals for mechanics mentioned in section 2.1.
I will start with the common goal in all projects, namely that of understanding the
conceptual structure of mechanics, and describe how this goal was evaluated in PSSC,
HPP, Nuffield, PLON, the Hestenes — Wells approach, bridging approach and
restructuring approach. Secondly the evaluation of the additional goal of illustrating the
humanistic enterprise of physics in HPP, PSSC and Nuffield will be described. Thirdly I
will present the evaluation of the goal of raising the motivation for mechanics in PLON.
The evaluation of the additional goal of illustrating ‘science at its best’ in HPP cannot
be described, since it did not take place to my knowledge.

Evaluation of the goal of understanding the conceptual structure of mechanics

I start by describing the evaluation of the goal of understanding the conceptual structure
of mechanics and will first turn to PSSC, HPP and Nuffield.

PSSC, HPP and Nuffield

What the three main curriculum projects from the sixties and seventies, PSSC, HPP and
Nuffield, have in common is that they were all primarily suited for the academically
inclined students. They were courses of ‘physicists’ physics’ (Bounds & Nicholls, 1988)
and for this group not particularly successful or unsuccessful. For instance Welch
(1973) reported in a review of about 60 articles on the evaluation of HPP that “no
significant differences [between HPP and comparison groups; ASW] were found on the
three cognitive measures of the study”. These cognitive measures were three pre- post
tests: a physics achievement test, ‘Test on Understanding Science’ and the ‘Welch
Science Process Inventory’ (Welch, 1973).

Another outcome of the evaluation of these projects was a growing interest in what the
learning difficulties in physics in general and mechanics in particular were. This can be
seen as one of the triggers of the extensive investigation of conceptual problems in the
‘alternative conceptions’ research wave at the end of the seventies, the eighties and
beginning of the nineties. (An overview of the historical developments in physics
curricula can be found in Lijnse (1997).)

PLON

As was the case with PSSC, HPP and Nuffield, also the PLON mechanics course did
not result in better or worse conventional physics learning-outcomes than a control
group. This was established by means of a pre- post test design using a physics test,
learning reports and a text construction test (Wierstra, 1990).
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Hestenes — Wells approach

Comparisons on Mechanics Diagnostic and a problem solving test’ scores between
Wells’ modelling method (which includes cooperative inquiry elements), cooperative
inquiry and traditional education show considerable improvement of the modelling
method over cooperative inquiry, which suggests that the cooperative inquiry elements
included in the modelling method are not the important factors, and traditional
education. The modelling method results are the best by far. Wells’ (experimental) high
school group showed increases of 36% on the Force Concept Inventory and performed
better on the Mechanics Baseline than university students (Wells et al., 1995). The
‘Force Concept Inventory’ (FCI) is a 29 items multiple-choice questionnaire mostly on
identifying and estimating forces (force A is bigger/smaller/... than force B et cetera)
and contains also some questions on kinematics. It was developed to measure which
‘alternative conceptions’ were held by the tested person in the domain of mechanics
(Hestenes, 1992). The ‘Mechanics Baseline” (MB) test is a 26 items multiple choice
questionnaire that can be considered as a rather normal (though quite difficult)
mechanics problem solving test (Hestenes & Wells, 1992). No systematic classroom
research was done. Some classroom observations are presented for illustrative purposes.
The emphasis lies on the learning outcomes as measured by the FCI and MB, which
were used in the pre- post test.

Bridging approach

The experimental group in Clements bridging approach showed 28% larger gains (post-
test score minus pre-test score) than the control group on the test used (Clement, 1993).
Observations showed that “some students changed their minds toward the physicist’s
view during each major section of the lesson, e.g. after the anchor, bridge, model, and
demonstration sections, leading us to hypothesise that each technique was helpful to
some subset of students”.

Clement stated quite specific content and process goals for his teaching strategy. These
can be seen as elaborations of the general goal of understanding the conceptual structure
of mechanics. Observations were made to establish to what extent these goals were
reached, but only conclusions from these observations were reported. For instance one
of the goals stated for the developed course was that students actively participate in
intellectual discussions. Another goal was that students generate analogies and
explanatory models. Observations from video tape showed that “students generated
several types of interesting arguments during discussion, such as: generation of
analogies and extreme cases of their own; explanations via a microscopic model; giving
a concrete example of a principle; arguments by contradiction from lack of a causal
effect; generation of new scientific questions related to the lesson; and even
spontaneous generation of bridging analogies. This last observation gives us reason to
believe that even though the lessons were designed primarily with content
understanding goals in mind, some process goals were also being achieved as an
important outcome” (Clement, 1993). Apparently Clement is satisfied that both goals

" Mechanics Diagnostic was a precursor of the FCI and the problem solving test was a precursor
of the Mechanics Baseline test.
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(that were given as example above) were reached. In the cited article the pre- post test
results and method are more extensively discussed than the observations.

Restructuring approach
Students did seem to have learned the interaction aspect of the force concept:

“In the 1993 classes, where the initial sequence was used, all arguments against
a ‘force of motion’ based on the absence of interaction were forwarded by the
teacher. Students did not remember these arguments in interviews conducted
later. Our assumption that these arguments could be developed by the students
from or after the conflict experience turned out to be erroneous. In all classes
using the revised sequence, however, students forwarded such arguments by
themselves. Most students did remember these arguments in later interviews
(Dekkers, 1997). The quality of the discussions had substantially improved in
the 1994 period of research [with the revised sequence; ASW], even when
debates were still heated and students still had many conceptual problems”
(Dekkers & Thijs, 1998, p.46).

Apart from observations also a pre- post test was used. This test consisted of 11 test
items (of which 3 were multiple choice) on identifying and comparing forces acting on
uniformly moving objects or on projectiles. Test scores showed a 41% increase after the
practical and 65% increase two months later. Answer patters showed consistent use of
one, namely the Newtonian, concept.

Dekkers used and reported qualitative data besides his pre- post test to a much further
extent than the previously mentioned researchers. Apart from learning outcomes
Dekkers was interested in the process of conceptual development for which classroom
and small group observations, interviews, collected homework assignments, worksheets
and audio recordings of salient discussions were used. One of his aims for instance was
to provide cognitive dissonance with the trolley practical and he describes the
qualitative data to show that this cognitive dissonance did in fact occur.

Evaluation of the goal of illustrating the humanistic enterprise of physics

I will turn now to the evaluation of the goal of illustrating the humanistic enterprise of
physics. The humanistic nature of physics can be seen in its history, changing nature or
development and emphasis on inquiry. The first two elements seem to be recognised by
students. For instance Welch (1973) reported that: “Students in HPP find the course
more satisfying, diverse, historical, philosophical, humanitarian, and social” (p. 375).
This was found by identifying variables that discriminate between HPP and other
courses and using those variables to assess the effects of the course.

The element of inquiry was harder to get across. One of the reasons was the
unfamiliarity of teachers with this element. “Courses such as PSSC and HPP, which
emphasise open inquiry and the provisional character of scientific knowledge, place
greater demands on teachers than does a more traditional course, and this too has taken
its toll” (French, 1986). The toll was taken in the form of teaching the course in ways
that were not intended. Another reason, mentioned in relation to the Nuffield project,
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was that the usual assessment of practical work did not promote inquiry, but emphasised
the product of practical work instead of the process (Bounds & Nicholls, 1988).

Evaluation of the goal of raising motivation

Finally I turn to the evaluation of the goal of raising motivation. When asked to
compare and rank the different PLON topics (on traffic (=mechanics), electronics,
music, weather changes and others), students appreciated the lessons on mechanics
more than the other PLON topics. Teachers that taught the PLON courses indicated in a
questionnaire that students found the topic of mechanics interesting and not too
technical. Remarks of some students that were asked to keep a logbook during the
course gave some indications of appreciation (Genderen, 1989). A comparative study of
the PLON mechanics course and a ‘traditional’ course indicated that the PLON aim of
raising motivation by showing the relevance of mechanics for the daily life of the
students was not met. Students do consider the PLON lessons to be more concerned
with daily life and participated more in the lessons. However, this stronger emphasis on
daily life and participation did not result in more appreciation of the lessons in
mechanics. As was the case with the goal of understanding mechanics, this was
established by means of a pre- post test design using a physics test, learning report and a
text construction test (Wierstra, 1990).

The other way of raising motivation by emphasising the theoretical challenge of
mechanics used in Advancing Physics is not yet systematically evaluated at the time of
writing.

3. Critical discussion

In this section relevant research that was presented in section 2 will be critically
discussed around the same four focal points: goals, problem analysis, approach and
method & results.

3.1. Goals

In this section I return to the spectrum of goals that were aimed at in several curriculum
development projects. The goal of ‘understanding mechanics’ is so obvious that it is
sometimes considered to be unnecessary to mention it. What is precisely meant by
understanding can of course differ and one can find different emphases in different
projects.

Harvard Project Physics’ goal of illustrating science at its best with mechanics is from a
physicist’s point of view quite appropriate. Newtonian mechanics has been one of the
great successes of physics or science in general. It can be seen as a prototypical example
of capturing natural phenomena in quantitative expressions that have such a wide
applicability that they can be called universal laws. The process of capturing natural
phenomena consists in the case of Newtonian mechanics in finding appropriate force
laws to plug into his second law. By suggesting a force law for gravitation Newton has
very successfully implemented this scheme in accounting for the motions of the planets
in the solar system. The power and simplicity (one could fit Newton’s laws on the back
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of a bar mat) of this ‘programme’ makes the heart of many a physicist beat faster. Since
mechanics is in this sense indeed an example of science at its best, it seems a worthy
goal to try to get this message across to students. Although there may be ways to reach
this goal for all students, it appears to be more suited for the academically inclined
brighter students. A similar estimation also involves the humanistic goal, since elements
like inquiry, history and development of mechanics or the specific emphasis on the
discipline seem to require inquiring minds interested in experiments, that appreciate the
historical development of mechanics, or are attracted by the scientific context:
academically inclined minds. What these projects also showed is that some modesty is
in order in what one can expect of the extent to which such goals can be reached, even
with academically inclined students.

In section 2.1 I mentioned two attempts to increase motivation: showing the relevance
of mechanics for daily life and showing its theoretical challenge. The second approach
seems to me more promising. Of course Newtonian mechanics led to all sorts of
practically relevant things, but these things are as a rule either much to complicated to
illustrate the Newtonian basic structure or can be explained without this structure. An
example of the latter is the estimation of the magnitude of the force in car collisions in
the PLON course by means of the rule F-At = m-Av. By calculating the average force in
a collision and measuring the maximum force they can exert by pressing scales students
come to the conclusion that safety belts are needed because a person would be unable to
stop herself from slamming into the dashboard by muscle force alone. This is an
interesting and practical example related to daily life, but does not require the basic
Newtonian structure to explain. The mentioned rule suffices. There is no need for
students to derive this rule from more basic principles. The force concept itself does not
have to be elaborated. A notion of ‘force’ as a measure of ‘muscle force’ suffices. One
can of course be content when students are able to apply some derived rules like the one
mentioned without knowing their background and argue that for some students this
would be the maximum that can be achieved, but such a result cannot be called
‘understanding mechanics’ in the sense of knowing how explaining motion works.

The goal of raising motivation by emphasising the theoretical challenge is more in line
with what mechanics really is. One can even argue that this theoretical orientation
towards mechanics is more relevant for the daily life of academically inclined students
than the practical orientation discussed above. When asked to select physics topics they
want to know more about from a list of topics, including some that are not part of
standard curricula, quite some students would choose quantum mechanics, special
relativity and astronomy. This choice should not be surprising because these subjects
are frequently talked about on television and in magazines. In this sense they are more
part of those students’ daily life than learning about traffic (to name one practical topic).
The unknown, like quantum mechanics, sounds considerably more appealing to learn
about than the known, like traffic.

3.2. Problem analysis

In this section I will critically discuss the three problem analyses presented in section
2.2, neglect of intuitive mechanics, epistemological commitments and explicit attention
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to process in teaching. The first of the three kinds of these problem analyses stated that
students’ notions on mechanics are inadequately taken into account. There were
differences in opinion as to whether these notions were potentially useful or a
hindrance. Before such differences can be settled, however, first the following question
must be answered: What is the content of students’ notions and on what ground is this
concluded? A central point in my discussion of the problem analyses will be that this
question is not satisfactorily answered, because of a neglect of what I call the
interpretation problem. This interpretation problem is about the difficulty to determine
what someone believes based on what she says (or writes) when one can not assume
that all words are understood in the same way by the interpreter and the person who
uttered the words. This problem occurs always in communication, but most of the times
is easily solved. In the case of talk using the word ‘force’ solving this problem takes
somewhat more care. I will now elaborate on the interpretation problem in the context
of mechanics to further explain what the problem is about. My account is based on
Klaassen (2003). See also (Dekkers, 1997; Dekkers & Thijs, 1998; Klaassen, 1995;
Klaassen & Lijnse, 1996; Klaassen, 2003)

Neglect of the interpretation problem

The conclusions of studies concerning children’s pre-instructional theories of motion,
like the ones discussed in section 2.2 by McCloskey (1983) or Hestenes (1985) or others
like Clement (1982) or Gunstone (1985) are well known. It is reported that children (or,
more generally, lay people) seem to operate with basic intuitive notions such as:

e A force is needed in order to set an object in motion.
¢ Sustained motion needs a continuous force.

e Force and motion are proportional to one another. More force has to be exerted
in order to set an object in a faster motion or to sustain a faster motion.

e [fan object is in motion, it has a force in the direction of its motion.
e [fthere is no continuous supply of force, the force of an object wears out.
e Forces can be imparted by agents and transferred from one object to another.

Perhaps it is worthwhile to give a few examples of what children or lay people actually
say, in order to see in what sense they say can be said to hold this intuitive theory. Here
are some examples of what children in the age group 11-14 say (I have taken the quotes
from the paper by Gunstone & Watts).

‘If he wanted to keep moving along ... he would have to keep pushing, otherwise
he’ll run out of force and just stop.’

‘To keep going steadily you need a steady push. If you don’t force something to
move it’s not going to go along is it?’

‘Why do they [things rolling along the floor] stop? It’s just they always stop.
After you push it they go as far as the push ... how hard it was, and after that
wears off it just goes back like it used to be.’
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Note that those children do not always frame their ideas in the exact words of the above
intuitive theory. The step, however, from ‘If he wanted to keep moving along he would
have to keep pushing’ or ‘To keep going steadily you need a steady push’ to ‘Sustained
motion needs a continuous force’ seems a very small one. So it is plausible to assume
that they themselves might as well have expressed their idea by an utterance of the latter
sentence, or at least have assented to an utterance of it. Similarly, they might as well
have said: ‘Force and motion are proportional to one another,” instead of, or as a
generalisation of: ‘After you push it they go as far as the push ... how hard it was.’
There are also cases in which their wording (e.g., ‘he’ll run out of force’ or ‘[the push]
wears off’) is already pretty close to the above intuitive theory (‘the force of an object
wears out’). Another familiar case (cf. Clement, 1982) is that students, when asked to
draw the forces that are present when a tossed coin is in its upward motion, draw an
upward force which they call, e.g., ‘the force I'm giving it or ‘the force of throwing the
coin up.” This comes pretty close to ‘if an object is in motion, then it has a force in the
direction of its motion’ and ‘forces can be imparted by agents’.

So although children do not always frame their ideas in the exact words of the above
intuitive theory, they can be said to hold the above intuitive theory in the sense that they
either do express their ideas in pretty much the wording of the intuitive rules, or else
might at least have done so. What follows from this? In particular, can it be concluded
whether or not the intuitive theory is at variance with the principles of Newtonian
mechanics? Of course, | agree that a statement such as ‘Sustained motion needs a
continuous force’ seems to be contradictory to Newton’s first law, and that in
Newtonian mechanics an expression like ‘to have a force’ is meaningless. But does it
follow from this that the intuitive theory contradicts Newtonian mechanics? I think not.
Consider the target sentence:

S.  Sustained motion needs a continuous force.

Children and lay people would assent, we have assumed, to (S) and Newton would
dissent from it. This would only imply that they contradict one another, however, if all
parties understood (S) in the same way, i.e. if there was identity of meaning. But does
students’ pre-instructional conception of force, in particular, match the mature
Newtonian concept? Most researchers probably hold that it does not, and I agree. But
most researchers leave unsettled what students’ pre-instructional conception of force is.
As a consequence they also leave unsettled what children and lay people believe when
they assent to (S). As long as all of this is unsettled, the question whether their belief
contradicts any of Newton’s beliefs is premature. First the interpretation problem must
be solved.

The problem of interpretation, despite quite common implicit recognition that it is a
problem that obviously needs to be solved, is hardly ever explicitly mentioned, let alone
properly solved. Reports in which children’s or lay people’s intuitive theories are
formulated in scientific terms cannot be expected to have solved the problem. At best
such reports are to be read as stating the problem. They merely bring out that the way in
which some scientific word is used by children or lay people is not in accordance with
how the word is used in science, and therefore, I would add, most likely is not to be
interpreted in accordance with that scientific usage.
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Before looking in more detail into the earlier presented problem analyses, which, |
think, do not solve the interpretation problem, it may be useful to first formulate some
alternative intuitive rules in which the word ‘force’ is omitted. I think this is not too
difficult. For when I read what children say about familiar situations in which some
object was in motion, usually after it had been kicked, pushed, thrown, etc, by some
agent, I have the feeling that I understand perfectly well what they are trying to tell
about them. When riding my bike I have to keep pedalling to keep moving; if I were to
stop pedalling, I would come to a stop; the harder I throw something, the farther it gets,
etc. Put in somewhat more general terms, I would give the following as some basic
intuitive rules that all of us (not just children or lay people) operate by.

e Agents can make an effort to cause something to happen, for instance set things
in motion (throw a ball, ride a bike, ...).

e The more effort you make, the more effect you beget (throw the ball further
away, ride the bike faster, ...).

e To keep things in motion you have to keep making an effort (keep pedalling,
keep pushing, ...), otherwise they will, eventually, come to a stop (if I stop
pedalling me and my bike will come to a stop, ...).

e The motion of an object can also cause something to happen (the motion of a
ball can cause the breakage of a window, the motion of another ball, ...).

e A faster motion of an object can cause an increased effect (a very fast motion of
the ball may cause the breakage of several windows, a faster motion of the other
ball, ...).

Note that such rules are common ground for students, lay people and physicists. A
physicist does agree, for example, that when riding a bike on a flat road one has to keep
pedalling in order to keep going steadily, and that otherwise one would come to a stop.
Without pretending to now have solved the problem of interpretation regarding the
conception of force, the above reformulation may already cast some doubt on the
alternativeness of students’ conceptions. This discussion of the interpretation problem
also served as a discussion of the problem analysis of ‘intuitive mechanics as an
alternative wrong theory of motion’. The other problem analyses will be discussed in
the next section.

3.2.1. Neglect of intuitive mechanics

Let us continue with a discussion of the remaining problem analyses that were presented
in section 2.2.1. I will start with the problem analyses of ‘intuitive mechanics as
compatible with Newtonian mechanics’ and ‘intuitive mechanics as containing some
useful anchors’ and argue that they do not solve the interpretation problem. I will then
continue with an interpretation of my own which can be seen as a solution to the
interpretation problem concerning the force concept. This reinterpretation will be in
terms of a so-called ‘explanatory scheme’ that will be introduced and illustrated. I will
then use this explanatory scheme in a discussion of the remaining problem analysis of
‘intuitive mechanics as knowledge in pieces’.
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Intuitive mechanics as compatible with Newtonian mechanics or as containing some
useful anchors

In some contexts® students use the word ‘force’ where also a physicist would, in other
contexts not. In the approach of Dekkers contexts in which the word ‘force’ are used
similarly by physicists and students are ‘expanded’ to include more situations. This,
however, does not solve the interpretation problem as long as it is not made clear what it
is about some contexts, but not others, that make students hold the word ‘force’
applicable. Evidently it is not the physicist’s criteria for holding the word ‘force’
applicable even though in some contexts both his criteria and those of the student are
satisfied. So the question remains: what are the criteria of the student? Answering this
question is essential for solving the interpretation problem.

The problem analysis which sees potential use in ‘anchors’, raises the same serious
question concerning the treatment of the interpretation problem. In this case: What is the
anchoring intuition that the students already possess? For instance in the example of a
bridging strategy from section 2.3.3 of the upward force exerted by a table on a book the
anchoring intuition is that “the spring exerts an upward force on the hand”. But which
belief is expressed in this statement? Which criterion for application of the word ‘force’
is used? This is left unsettled and thereby the interpretation problem is left unsolved.

The explanatory scheme

This type of criticism is quite easy and can be continued for more alternative
conceptions research. Let me now take a more constructive route and give a shot at
interpreting students’ explanations of motion. What makes students think the word
‘force’ is applicable in some contexts and not in others? Take for example the
explanation that for keeping speed on one’s bicycle one needs to keep pedalling,
because otherwise one would come to a stop. The ‘because otherwise’ indicates an
important clue for applying the word ‘force’ or in this case ‘pedalling’. The situation
‘otherwise’ indicates a motion that is well known. In this case coming to a stop is what
always happens when a person stops pedalling in practical circumstances when
bicycling is used as a means of transport. In this case the actual motion differs from the
‘otherwise’ situation, that is to say keeping speed differs from coming to a stop. It is
precisely this difference that calls for an explanation, which is given by identifying a
cause in the form of an influence or force, which in this case is the readily available
action of the person riding the bike, namely pedalling. Pedalling is a very plausible
cause, because one can see where it comes from, namely a person, and one knows it to
influence the speed of the bicycle. One has experienced the rule that the harder one
pedals, the faster one goes, which is a very strong indication that pedalling influences
motion of the bicycle. This example is illustrative for what happens in more (in fact all)
explanations of motion. Let me recap in more general terms: What is explained in an
explanation of a particular motion by identifying one or more causes (or influences or
forces) is a deviation from a motion without these influences, which can be called
influence free motion. Causes are identified when they are plausible, which means that
one has some clue as to where they come from, how they influence the object that

8 . . . . .
Context is here used in the sense of ‘situation’ as also Dekkers uses it.
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deviates from the influence free motion and how they depend on attributes of the
configuration in which the motion to be explained takes place.

Whenever a cause for a motion is identified two questions are implicitly answered. Why
has there have to be this particular cause? And where does this cause come from? The
first question can be answered based on the observed motion and one’s assumption for
an influence free motion. Take for example three alternative explanations for the
(almost)9 circular motion of the moon around the earth by Aristotle, Kepler and
Newton:

Newton: “A circular motion deviates from rectilinear motion with constant
speed (which is the assumed influence free motion). There has to be a force in
the direction of the deviation, that is towards the earth. That force is gravity (the
identified influence), which pulls on the moon and depends on or is a function of
the configuration (i.e. mass of the earth, mass of the moon and distance between
earth and moon)”.

Kepler: “A circular motion deviates from rest (which is the assumed influence
free motion). There has to be a force in the direction of the deviation, that is in
the direction of the velocity. That force is some kind of sweeping drag of the
earth because of the earth’s rotation. This can be thought of as invisible spokes
protruding from the earth and dragging the moon along. It depends on or is a
function of the configuration (i.e. rotation speed of the earth and distance
between earth and moon)”.

Aristotle: “A circular motion is the natural motion for heavenly bodies (the
assumed influence free motion) and does therefore not need any further
explanation”.

These explanations illustrate that there is a need to identify an influence whenever a
motion deviates from the assumed influence free motion. This does not mean that one is
free to choose an influence free motion to one’s liking and start from that. One has also
to be able to find plausible influences, which was expressed in the second question
(where does this cause come from?). For instance the nowadays accepted explanation of
Newton was in his time forcibly debated precisely because the notion of an influence
that operated from a distance was considered implausible. An inability to identify a
plausible influence bears on one’s choice for influence free motion. One cannot stick to
‘motion with constant velocity’ as influence free motion if one were repeatedly to fail in
finding some plausible attraction from the earth on the moon. In this way all the
elements in an explanation of motion are related. This structure in explanations of
motion [ call explanatory scheme and can be described as an assumption for an
influence free motion together with an assumption that deviations from this motion

? For the moment it is unimportant if these historical figures really did give such an explanation.
Although I think that there are good grounds to claim that they can be interpreted in the
mentioned way, here these explanations are simply used to illustrate the common structure in
different explanations. If the reader feels more comfortable by attributing these explanations to
Tom, Dick and Harry, that is fine by me.
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must be accountable in terms of influences that are a function of attributes of the
configuration.

Within the boundaries of being able to find a plausible influence free motion and related
plausible influences one can make several choices, as was illustrated in the different
explanations of the almost circular motion of the moon. Another example concerns the
different choices of the student and the physicist and the resulting different (but non-
conflicting) explanations for keeping speed on one’s bike. The ‘expert’ explanation of
the physicist may aim at theoretical values like generalizability, simplicity and
exactness, while the aims of a common sense explanation of the student are related to
practical usefulness and may depend on the context. In this way the differences between
expert and common sense explanations of motion are seen not so much as differences of
belief, but rather as differences of aims and motives.

The examples shown so far were deliberately constructed to highlight the explanatory
scheme I think lies behind explanations of motion'’. Let us now look to some real life
examples with this scheme in mind and see how it functions. The following
explanations of motions are usually interpreted as alternative conceptions. I will show
that they can be reinterpreted as instances of use of the explanatory scheme. This will
illustrate the explanatory scheme itself, it will show that an alternative (and better)
interpretation is possible and thereby add weight to the earlier criticism of some
problem analyses and it will provide a solution to the interpretation problem.

The first two examples are from a paper by Gunstone and Watts (1985) and were
already mentioned before. Children in the age group 11-14 say:

‘If he wanted to keep moving along ... he would have to keep pushing, otherwise
he’ll run out of force and just stop.’

The identified influence is ‘pushing’. This is plausible since it is clear where it comes
from, that it influences the motion and that it depends on the configuration (in this case
the person, how strong he is and how hard he pushes). Without this influence ‘he’ll run
out of force and just stop’, therefore the influence free motion in this case is ‘comes to a
stop’, which is quite plausible for this kind of motions. Experience tells us that after
pushing an object it either directly stops (when it is very heavy and pushed on a rough
surface) or continues for a little while and gradually comes to a stop (when it is light or
pushed on a slippery surface). For everyday aims and interests it makes a lot of sense to
assume as influence free motion those motions that objects have when people as agents
do not influence them. The observed deviation from this influence free motion, ‘to keep
moving along’, is connected to the child’s identification of an influence.

A second example is:

‘To keep going steadily you need a steady push. If you don’t force something to
move it’s not going to go along is it?’

' Although I think that the explanatory scheme lies behind all explanations of motion, this does
not mean that explication of this thought is original. In chapter 3 I will trace the explication of
this thought to the nineteenth century. It might perhaps be traced back even further.
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The identified influence is ‘push’. Again very plausible. Without this influence ‘it’s not
going along’, therefore the influence free motion could be ‘rest’ or ‘coming to a stop’.
In this example also a sense of degree can be found (implicit) in ‘steady’ push. This
implies that a not steady (e.g. increasing) push would result in a bigger result.

The third example is from the paper by McCloskey (1983).

One subject, who had never taken a physics course, explained a curved
trajectory drawn for a ball shot through a curved tube in the following way: ‘The
momentum from the curve [of the tube] gives it [the ball] the arc... The force
that the ball picks up from the curve eventually dissipates and it will follow a
normal straight line.’

This situation is depicted in Figure 3.

Figure 3: The predicted motion of a ball leaving a curved tube lying flat on a table

Note that the explained motion is not observed, but predicted and drawn or maybe
selected from several drawn alternatives. The identified influence is ‘the momentum or
force from the curve [of the tube]’. Without this influence ‘it will follow a normal
straight line’. For a rolling ball following a straight line is a normal thing to do as
everyone has experienced numerous times. This choice for influence free motion seems
therefore quite plausible. The subject does not say whether the ball gradually slows
down, because the most noticeable part of the motion to be explained is the perhaps
mysterious continuation of the curve after leaving the tube. Given the motion that is to
be explained and given the need to identify an influence it is not a strange thing to
attribute the influence to the tube even after the ball leaves it. Even though the
plausibility of this influence is in question, because it attributes a kind of aftereffect to
the tube, it can still be argued for. Its agent, the tube, is easily identifiable. Tubes can
influence the motion of balls and this influence depends on the configuration like the
curvature of the tube for one thing. The difficult part is, as mentioned before, how this
influence can still function after the ball has lost contact with the tube. In this way the
explanatory scheme can be seen to work in an explanation of a motion that does not
occur, but is thought to occur.
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Given the somewhat implausible influence and therefore slightly awkward explanation I
imagine that this subject finds it quite easy to change its explanation when shown the
real motion of the ball. The only part that needs changing to account for the real motion
is that the already identified influence of the tube no longer exhibits an aftereffect. After
such a revision the same use is still made of the explanatory scheme, namely the same
assumption for an influence free motion and the same identification of an influence that
account for a deviation from this influence free motion.

Later more examples will be encountered, but these three will suffice for now. In what
way does this solve the interpretation problem? The explanatory scheme makes the
conceptual relation explicit between deviations from an influence free motion and
explanations of these deviations in terms of influences that are functions of
characteristics of the configuration. My attribution of this notion of an explanatory
scheme to students and experts alike is similar to the impetus theory in the sense that
both attribute some kind of theory to students. Although I disagree with the specific
impetus theory of McCloskey, that does not mean that I am against attributing any
coherent set of notions concerning motion and the explanation of motion to students.
DiSessa, on the other hand, argues that “intuitive physics is nothing much like a theory.
[...] Instead, intuitive physics is a fragmented collection of ideas, loosely connected and
reinforcing, having none of the commitment or systematicity that one attributes to
theories” (diSessa, 1988, p. 50). In this respect diSessa’s view appears to be in quite
sharp contrast, not only to McCloskey’s, but also to my own. The next section is
devoted to a discussion of diSessa’s knowledge in pieces account.

Intuitive mechanics as knowledge in pieces

Students’ explanations of motion can be interpreted in terms of p-prims. “[P]-prims can
be understood as simple abstractions from common experiences that are taken as
relatively primitive in the sense that they generally need no explanation; they simply
happen” (ibid. p. 52). Explaining a particular motion consists therefore in reducing the
motion to one or more p-prims that are triggered by certain attributes of the motion to
be explained. This describes what can be called a psychological process.

Take for example the explanation of a coin toss. This is an example of a reinterpretation
by diSessa of what McCloskey would call a prototypical instance of use of the impetus
theory in terms of several p-prims. DiSessa’s point was to show how a ‘knowledge in
pieces’ account like the one he gave using p-prims could provide a better interpretation
of an intuitive mechanics explanation for the coin toss than an impetus theory account
(diSessa, 1993, p. 195-201).

“In students’ descriptions of a vertical toss students will frequently declare that
the tossed object rises because of the force imparted to it by the tosser. The
impetus (subjects almost always use the term force), however, gradually dies
away. At the peak of the trajectory, the impetus is exactly balanced by gravity.
Gravity then overcomes the upward impetus, causing the object to fall
downward”(p. 195).

DiSessa recognises several p-prims in this account. The following is a paraphrase of his
explanation:
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The p-prim force as a mover describes the hand-in-contact throw part. Here also the p-
prim overcoming in the sense of the hand overcoming gravity is recognised. The
problem in explaining the toss is posed by the p-prim continuous force and lies in the
conflict that the ball goes up for a while whereas gravity would cause it to go down.
Students need to explain how the object can act as an independent agent that, in its
upward motion, overcomes gravity. They know that this agency has come from the
tosser, so that fact is expressed as a transfer or communication of some form or other.
The top of the toss shows some equilibrium or balancing of the impetus or internal
force and gravity. In the weakening of the impetus from throw to apex the dying away
p-prim can be seen. (ibid. p. 197)

In this way the coin toss is explained by reducing it to elements that each do not require
any explanation (at least for the one who is doing the explaining). One can imagine
someone for whom the coin toss itself is unproblematic and does not need any
explanation. In such a case use of the p-prim vertical toss'' can be attributed to this
person. According to diSessa p-prims are loosely coupled and sometimes overlapping
which accounts for the flexibility of this knowledge in pieces account. (‘It’s a feature,
not a bug!’) Slightly varying contexts can trigger completely different p-prims. For
instance, slight variations in situations that all expressed the same problem of what
would happen when a circular motion is aborted by removing the circumstances causing
it resulted in widely differing answers and justifications. A circular impetus theory
cannot account for these differences, whereas a p-prim account can. Lack of flexibility
is not necessarily a feature of any theory, albeit it is one of the (circular) impetus theory.

I claim that the same flexibility is also provided for by the explanatory scheme. To back
this claim let us look into the p-prims used in the coin toss example and see how they
can be understood in terms of the explanatory scheme. I will discuss the mentioned p-
prims in turn.

Force as a mover (also force as deflector, continuous force and force as a spinner).
“Pushing an object from rest causes it to move in the direction of the push. The p-prim
abstracted from that behaviour, at that level of detail, I call force as a mover” (diSessa,
1993). When a change in a motion is observed, like a change from rest to moving with a
particular speed, one feels the need to find a plausible influence (normally called
‘force’) that accounts for this change. This need for a plausible influence is not merely a
psychological need in the sense of only descriptive of peoples behaviour, but underlying
it is a logical need. Our view on causality dictates it. Without this influence the motion
would not have changed and the object would have remained at rest, which is a
plausible influence free motion in the context of everyday life in which one is mainly
interested in how one can personally influence motions. So when an object starts to
move or changes its movement a plausible influence needs to be identified, when an
object starts to spin or changes its spin a plausible influence needs to be identified,
when it is deflected et cetera. It depends on the situation and one’s knowledge if such an

! This p-prim is not in diSessa’s list, but it might be added for those people that do not consider
gravity to be an influence, because in that case there is no balancing or overcoming in this
example.
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influence can be found, but that an influence needs to be found in order to explain the
motion can not be escaped.

It can also be the case that an influence is obvious although the result in the form of a
change of motion like changing from rest to moving with a particular speed is not. Take
for example someone pushing with all his might a heavy car that barely moves. In that
case other p-prims might be triggered like resistance, balancing or overcoming. In the
latter case two obvious'? influences (‘forces’), that each on their own might change the
motion of an object, are identified and are working at the same time and can balance
each other (dynamic balancing, cancelling). If the object starts moving or the motion of
the object changes this can be explained with overcoming by assuming that one of these
influences overpowers the other. For continuous force the same can be said as for force
as a mover but now the identified influence can be assumed or seen to work
uninterruptedly. So far these p-prims indicate situations in which a need is felt to
identify plausible influences. The p-prim dying away indicates an influence free motion.
When this p-prim is triggered in some situation no need is felt to identify an influence.
An example of such a situation was already discussed, namely the example of gradually
coming to a stop when one stops pedalling when riding a bicycle.

So underlying all these p-prims (and I can extend this discussion in a similar vein to
include others) the same explanatory scheme can be found, which is therefore flexible
enough to accommodate them. The explanatory scheme can be seen as a mould in
which quite different content can be put and which results in explanations that are
different in detail, but the same in structure. The point I am trying to make here is that
the explanatory scheme underlies each explanation of motion as well as diSessa’s p-
prims and is therefore another, more fundamental, description of what takes place in
explaining motions.

The transition from novice to expert in mechanics diSessa sees as “building a new and
deeper systematicity” of the set of already existing p-prims. Increasing systematicity
involves increasing the priority of more basic p-prims, for instance those that encode
basic laws. In terms of the explanatory scheme, building systematicity would involve
having students assume as influence free motion one that allows identification of
plausible influences as functions of attributes of the configuration by means of which it
becomes possible to explain a very large range of motions (ideally all motions) very
precisely. Assumptions for influence free motions and related influences that depend on
the particular situation would instead result in piecemeal and imprecise explanations. In
this sense I understand generalizability and precision to be important parts of
systematicity. The educational challenge lies in my view in making students want to be
able to explain motion in a general, precise or systematic way. For this a theoretical
orientation in the student is required.

'2 Or one obvious influence. Take the same example of someone pushing a car with all his
might with as a result that the car starts to move very slowly. One influence, pushing, is
obvious. The p-prim force as a mover might dictate a bigger result in the form of a faster
motion. The tiny result could be explained by using Ohms p-prim, resistance or overcoming.
When using overcoming the need is felt to identify another influence that is overcome by the
obvious pushing influence.
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DiSessa’s account of the structure of intuitive mechanics shows an alternative for the, at
that time, dominant misconceptions account. I think his attempt at developing this
knowledge in pieces theory can best be understood as a reaction to the older and very
influential misconceptions view. His claim was that his theory accounts for the same
observations as the misconceptions theory did. His emphasis was not on how his theory
might become useful in designing education that counters the stated problems (as was
also not the case in the misconceptions theory). Instead he opened the door to more
productive use of intuitive notions as an alternative for the conflict strategies to which
the misconceptions view seemed to lead. In arguing for more constructive use of
intuitive notions one would have a stronger case when an alternative and feasible
theoretical account for the nature of these intuitive notions is available. In his reaction to
the misconceptions view diSessa went to the other extreme of an anti-theoretical attitude
and an overstatement of knowledge in pieces. The explanatory scheme binds those
pieces of knowledge coherently together.

Concluding remark: What the intuitive mechanics as theory movement has shown is
that students do give non-Newtonian answers to specific questions, i.e. utter non-
Newtonian statements, and that in those answers patters can be identified. Students do
have opinions on the matter of explaining motions. I disagree with the hindrance
perspective on these intuitive notions, since this is based on a misinterpretation of what
students actually say and write and is unproductive for developing (constructive)
education. Given their basically correct intuitive notions on the matter, something
constructive/productive has to be done with them in education. And this can be done (in
principle) since the explanatory scheme underlying the students’ common sense
explanations of motion also underlies Newton’s way of explaining motion. In
Newtonian mechanics the explanatory scheme is implemented by accounting for motion
in terms of plausible force laws (such as Newton’s law of gravitation), in conjunction
with an assumption as to how forces combine and produce accelerations (Newton’s
second law), where accelerations are just the deviations from moving with constant
velocity (the influence free motion according to Newton’s first law). In the words of
Maxwell: “The first law tells us under what conditions there is no external force; in
every case in which we find an alteration of motion of a body [that is a deviation from
the influence free motion; ASW], we can trace this alteration to some action between
that body and another, that is to say, to an external force”. So when students’ intuitive
notions are understood in terms of the explanatory scheme underlying both their and
Newtonian explanations of motion, this gives tremendous hope for using these intuitive
notions constructively. How this can be done in practice remains to be seen and is the
main topic of this thesis.

3.2.2. Neglect of epistemology

Other notions students have before education in mechanics that are considered to be
inadequately taken into account in traditional education involve their epistemology.
Here also one should take care of the interpretation problem. The first questions
concerning epistemic notions are what these notions precisely are and how these were
established. Some so-called epistemic notions appear to be better labelled as meta-
cognitive strategies. Hammer and Elby (Hammer & Elby, 2003) for instance mention
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the strategy that students give different explanations for different motions just to come
up with an answer to a teacher question'’. Another notion that is mentioned in the
literature is the epistemic notion of generalizability. According to Hewson (1985) this,
together with internal consistency'?, is lacking in students. Generalizability can also be
found in Hammer and Elby who talk about consistency, which I interpret as meaning
the same as generalizability.

A point of critique on both Hewson and Hammer & Elby involves the basis on which
they attribute epistemic notions to students. Many classes of epistemic notions are
attributed to students by Hammer and Elby like the notion ‘knowledge as propagated
stuff’. An example of a statement which expresses this notion given by them is that
children can understand the question ‘How do you know we’re having soup for dinner’
by responding ‘Because mommy told me’. I think that attributing an epistemic notion to
students on the sole basis of such a statement is not justified. The earlier mentioned
epistemic notion of generalizability, however, does merit the name, since it plays a part
in the justification of knowledge, for instance when choosing between an Aristotelian or
Newtonian model for the motion of heavenly bodies.

Hammer and Elby saw as educational challenge increasing students’ valuing of
generalizability, for which they tried to trigger those resources that already involve
generalizability in other contexts. This approach still leaves the question unanswered
why students should apply their already existing resources of generalizability to
mechanics. To illustrate this argument let us consider what it would take to teach
Aristotle Newtonian mechanics in this way. First of all it would not be productive to try
to convince him of being inconsistent when he claims different natural motions for
heavenly bodies (circular) than for earthly bodies (falling), because he is not". We, as
scientists, realise that one important criterion for adopting a Newtonian perspective is its

> They seem to connect this strategy to what they call the lack of (epistemic) commitment to
principled consistency, but it is unclear in what respect this is different from meta-cognition.
They themselves seem at a loss to indicate the difference (Hammer & Elby, 2003, note 3).

'* Some care should be taken in interpreting what Hewson means by internal consistency. Surely
he cannot mean that students belief proposition p and its negation —p at the same time. That
would fail to attribute the most common aspect of rationality to students, and thereby make it
impossible to interpret anything they say. In interpreting someone else the assumption that the
other is a rational being is necessary. Perhaps Hewson means internally inconsistent from the
Newtonian point of view. From this perspective Aristotle’s different accounts for the circular
motion of heavenly bodies and the falling towards earth motion of earthly bodies would be
considered inconsistent. Different ‘natural motions’ are attributed to objects in different
contexts. This lacks the consistency of a Newtonian account in which only one ‘natural
motion’ is needed. This single natural motion, rectilinear motion with constant velocity, can be
generalised to al contexts, which is a common criterion for choosing between scientific
theories. Its greater generalizability is therefore one indication for the superiority of Newton’s
account. In this interpretation of Hewson commitment to internal consistency would be the
same thing as a commitment to generalizability, which cannot be right for Hewson specifically
distinguishes these two. At this point I am at a loss as to what Hewson could possibly mean by
internal consistency.

> As he would not fail to point out. Most students however can perhaps more easily be
intimidated, but in their case the message would not stick, and rightly so!
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greater generalizability. We therefore try to trigger this same epistemic commitment to
generalizability that Aristotle already has in a different context than mechanics. This is
the approach of Hammer and Elby. This is also where their approach stops. A
subsequent step that should be taken, however, is to show in what way Newtonian
mechanics is more general than Aristotelian mechanics.

The problem is not that students lack commitment to generalizability in certain contexts
and not in others, or have an excess in some contexts'® for that matter. 1 think most
students appreciate generalizability as an epistemic virtue for scientific aims and
interests. At least research has not shown this to be otherwise. There is nothing wrong
with triggering commitment to generalizability, because this is an important criterion
for choosing between alternative theories. The main question is, however, in what sense
one theory is more general than an alternative one.

3.2.3. Neglect of process

Analysing the problem with mechanics as neglect of process knowledge seems to put
the finger on a sore spot.

The identification of the problem as a neglect of process knowledge seems similar to the
problem analysis of a neglect of epistemic notions. Both in the neglect of epistemology
and in the neglect of process knowledge the same argument can be found. As was
shown before both analyses noticed the more coherent and systematic way an expert
solves (mechanics) problems. In traditional teaching the novice views mechanics
formulas, facts, phenomena et cetera as disconnected from each other and from
everyday thinking. A further analysis resulted in the case of neglect of epistemology in
the claim that students lack the (epistemological) commitment to generalizability, which
means that students do not see the value or the importance in a more general way of
explaining motion over several different local (context dependent) explanations of
motions. In the case of neglect of process knowledge the problem was further analysed
as students’ inability to pick up the implicit problem solving skills displayed by the
teacher. Making these problem solving skills explicit Hestenes came up with a
modelling method, using several procedural tools. Another aspect in making problem
solving skills explicit can be seen in explicating the expert’s commitment to
generalizability, which is implicitly contained in this modelling approach. Modelling is
applying theory, which has as one of its characteristics that it is general. I think,
therefore, that although Hestenes made no explicit reference whatsoever to epistemic
considerations (or epistemological literature), he would not object to seeing and
explicating the importance of a commitment to generalizability. The difference between
these two problem analyses lies in my view in the emphasis they put on what aspect of
problem solving skills is considered most important: modelling as such (in which
criteria as generalizability, exactness and simplicity play a part), or specifically one
aspect of modelling, namely the commitment to generalizability.

'® An example of overgeneralization is that the notion that the temperature of water rises when
heat is added is also applied in the situation when water starts to boil.
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Since the problem analysis of lack of attention to process knowledge is in this sense
quite similar to the earlier discussed problem analysis of epistemology, the same point
as was made there can be made here: The main question is in what sense the model that
is being constructed (developed, validated, ramified) is more general, exact and simple.

3.3. Approach

Let us look once again at some different approaches to solving the problem of student’s
lack of understanding and/or motivation. This time with the aim to specify what is
useful and what not in the different approaches and provide an onset for an approach of
our own to overcoming this problem. I will discuss the approaches presented in section
2.3 of this chapter starting with ‘overcoming misconceptions’ and ‘providing adequate
attention to process knowledge by modelling’, then ‘building on useful intuitive notions
by means of bridging’ and finally ‘restructuring potentially useful intuitive notions’.
‘Making productive use of epistemological resources’ was already discussed in the
discussion of its problem analysis in section 3.2.2 of this chapter.

3.3.1. Overcoming misconceptions

Since I disagree with the problem analysis on which this approach of overcoming
misconceptions is based, I will not discuss the approach in detail. I will show how the
approach suffers from the same neglect of the interpretation problem as the problem
analysis did and end with two remarks on difficulties that can be expected in any design
(including mine). Let us first turn to the suggested strategy of 1. explicit formulation of
common sense beliefs, invited by well-chosen problems, 2. check for external validity,
3. check for internal consistency, 4. Comparison with other beliefs including the
scientific one. Apparently students’ beliefs were established in step 1, after which they
were changed in step 2, 3 and 4. However, step 2, 3 and 4 are important points to
consider when establishing students’ beliefs. In establishing those beliefs it is necessary
to check for external validity (2), to check for internal consistency (3) and to some
extent compare them with other beliefs including the scientific one (4). Given such a
way of interpretation of students’ beliefs, which takes the interpretation problem
seriously, this strategy is no longer valid.

A comparison with other beliefs including the scientific one seems very useful, but also
quite difficult. A comparison of common sense and scientific beliefs can show
differences and similarities. A difference is the superiority of the scientific belief for
scientific aims and interests, which lies in its generalizability, exactness, predictive
power et cetera. Similar is the fact that both are ways of explaining motions that are
useful given particular aims and interests and show the same underlying structure, as
was discussed in section 3.2. Discussing these differences and similarities in a for
students understandable way seems quite difficult. Hestenes paper does not give any
clues as to how to go about this topic. An assumption in this approach to overcome
misconceptions seems to be that a comparison of common sense and Newtonian
explanations of motion will automatically lead to the adoption of the latter. I think that
for this to occur students need to adopt or at least appreciate the scientific aims and
interests first.
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An important element identified in this method is the role of the Socratic teacher. Wells,
as an example of someone successfully adopting this role, does succeed in getting
students to appreciate theory qua theory. The many qualities such a teacher should have
that were mentioned make this role a difficult one.

3.3.2. Providing adequate attention to process in teaching

The modelling approach of Hestenes and Wells provides a thorough training in problem
solving. Students are given quite a number of useful guidelines in how to go about in
attacking a problem in the form of the mentioned procedural tools. All these tools seem
to express what expert problem solvers in fact do when solving problems. I do not think
that any expert would be surprised when shown these tools. This is not to downplay
these tools. It is quite an achievement to make this skill operational in this way. This
assumed recognition of experts only underlines this usefulness.

Learning outcomes (discussed in section 3.4) indicate that students in fact pick up these
problem solving skills. Apparently students recognise the usefulness of the procedural
tools to the extent of willing to adopt them. The description of the course does not
suggest some kind of drill instruction. It remains unclear to me how students are led to
recognise this usefulness. To be more concrete this modelling approach leaves
unanswered the following questions:

e The course content is centred on a few basic models, but how do students
recognise these as being ‘basic’?

e How are the representational tools used?

e The modelling cycle is kicked off by the teacher who introduces some question
to ask of nature and an experimental set-up to do that, but how can students
know the importance of the question and see the use of the set-up? This is
known by the teacher who “has a definite agenda and specific objectives for
every class activity, including concepts and terminology to be introduced,
conclusions to be reached, issues to be raised and misconceptions to be
addressed” (Wells et al., 1995). It is unclear how the students can find this out. It
appears to be that only in retrospect in the so-called post-mortems that students
realise what the bigger picture of what they were doing has been. I do not want
to downplay the importance of these post-mortems. I agree that post-mortems
can be seen as activities in which the most significant learning can occur. This
kind of reflection is a big improvement on traditional education in which this is
almost totally lacking. However it would seem to be even better when students
see the point of what they are doing all the time, so that significant learning not
only occurs in post-mortems but also in ‘pre-mortems’.

3.3.3. Building on useful intuitive notions by means of
‘bridging’

Clement’s intermediate position between viewing intuitive mechanics as potentially
harmful or potentially useful in his problem analysis can also be seen in the education
he designed. On the one hand useful notions in the form of ‘anchors’ are sought and
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used by means of bridging to reach the ‘targets’. On the other hand after the bridging
activity misconceptions that still remain for some students who did not see the
connections between anchor, bridge and target are confronted by a ‘conflicting’
experiment.

The approach raises a number of questions related to the problem analysis that, as we
saw in the example of a bridging strategy by Brown in section 3.2, did not solve the
interpretation problem. Let me illustrate some of these questions by means of the
mentioned example. This example was discussed by Klaassen (2001) whom I will
follow below. In this example students’ statements are discussed, not their beliefs. The
effect of the bridging-strategy is that a student without following the strategy would say
something (or assent to a statement) like ‘the table does not exert a force on the book’
and after following the strategy that ‘the table exerts a force on the book’. But what
happens to her beliefs? What for instance is the anchoring intuition that the students
already possesses, that is: which belief is expressed with ‘the table does not exert a force
on the book’? Which criterion for application of the word ‘force’ is used? What changes
as a consequence of the strategy? Her conception of force, her criterion for application
of the word ‘force’, both, neither, something else? Has the student explicitly become
aware of such a change? Has the student primarily learned that a table can be considered
to be made up of tiny springs and therefore can be considered to behave as a spring, or
has she also learned something concerning the physical conception of force, and what
this has to do with a spring? What should be done with a student who does not say that
‘the table does not exert a force on the book’ in the anchor situation? Would that be
indicative for yet another conception of force and/or another criterion for application of
the word ‘force’? Only when questions as these are addressed can one say something
about students’ (deep seated) beliefs that may, when correctly taken into account, have a
positive influence on their learning.

I think that this example of a bridging strategy can be understood in terms of a similar
explanatory scheme as the explanatory scheme for motion, that is an explanatory
scheme based on change of form instead of change of motion. This explanatory scheme
consists of a characterisation of a normal form of certain objects, i.e. a form that does
not require any explanation, coupled with the identification of influences that relate, in a
lawlike manner, deviations of this normal form to attributes of the configuration.
Without any of these influences an object would return to its normal form. Each spring
for example has its normal length. When the length of a spring deviates from its normal
length, this deviation must be attributed to some influence on the spring (that is a
function of attributes of the configuration). When this influence ceases, the spring
would return eventually to its normal length.

The anchoring intuition in the discussed example can be understood in light of this
explanatory scheme for form. What happens in the bridging strategy is that the
mentioned way of explaining is triggered with the spring, which is a prototypical
instance of this explanatory scheme, and made applicable to the table by presenting the
table as a collection of small springs that also changes form, although this is almost
invisible. Both the explanatory scheme for motion and the explanatory scheme for form
are aspects of the conception of force. A force can change the motion and/or the form of
an object. Both explanatory schemes are the same for common sense and expert
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explanations and did not (and did not have to) change in the bridging strategy. Even the
specific characterisation of a normal form of the table did not have to change. The only
thing that changed as a consequence of the strategy is that students now think that after
all the table did deviate from its normal form. So nothing much happened with students’
conception of force in this bridging strategy, especially if nothing of this explanatory
process is made explicit to students.

Let me end this discussion of the bridging strategy with a more general remark. What
makes a particular anchor useful? There is a similarity between anchor and target that is
clear for the expert but hidden for the novice. A bridge between anchor and target is a
situation, which is sufficiently similar to the anchor so that the novice recognises the
similarity. For both cases, the expert recognising the similarity between anchor and
target and the novice recognising the similarity between anchor and bridge (and bridge
and target), the same process is involved. For this process to work anchor, bridge and
target must have a common underlying feature, which Clement or Brown leave
unmentioned, but which can be seen in the explanatory scheme.

3.3.4. Restructuring potentially useful intuitive notions

The restructuring approach of Dekkers tried to make productive use of intuitive notions
of students in teaching the force concept. After misinterpreting students’ statements as
misconceptions a reinterpretation resulted in the notion that students’ intuitive notions
need to be further differentiated for which the important factor is that students have to
feel the need for such a differentiation. An important differentiation was that the
concept ‘Newtonian force’ is only used when there is an interaction, whereas the
intuitive conception ‘force’ does not have interaction as an explicit criterion (there are
contexts in which the intuitive conception of force is applicable and in which there is
interaction). This is an example of an analysis of both intuitive and Newtonian
mechanics, which gives important guidelines for the design of the course. In this case
that ‘interaction’ ought to precede the trolley lab experiment, because otherwise no
resolution of conflict would occur. This kind of analysis seems indispensable for
designing good education and Dekkers for one takes some time to make his analysis
clear to the reader. Surprisingly this is not always the case when designed education is
presented in the literature.

This approach raises some questions, however:

e Is the intended conflict in the trolley lab experiment really resolved? The
strategy of context expansion involves adding situations in which force is used
in the Newtonian sense. Three conditions for application of the word ‘force’ are
introduced and worked with in a number of situations. When these conditions
are applied to the situation of the trolley lab experiment students were observed
to be in conflict. The inability to point to an interaction between two objects and
to measure a forward force makes students conclude that there is no forward
force in this situation, which is in conflict with their pre-educational notion that
a ‘force’ is needed to keep an object moving. This conflict is considered to be
resolved when students adopt the mentioned conditions for application. In my
opinion this is not resolving at all. For resolving the similarities and differences
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between the old and new conception have to be clear and the reason for the
differences understood, which is not the case. Otherwise the old notion is simply
overruled or dismissed as incorrect or not in agreement with how physicists talk
about motions.

e How has the force conception changed as a consequence of the approach? What
students have learned in this strategy are conditions for application of the word
force, not the reasons for the existence of these conditions. This is already quite
an achievement, but it would be preferable to give students insight in the reasons
for this particular use of the word force.

e The importance for a need for differentiation of the intuitive force conception is
identified, but how is it incorporated in the design? I cannot recognise it.

e In the beginning of the course motion without (observable) friction illustrates
that there is no ‘force of motion’. How can this be understood without the
subsequent interaction and trolley lab experiment activities? It seems to me that
the goal of the trolley is the same as the goal of this activity, namely to illustrate
that there is no force of motion.

3.4. Method and results

In this section I will critically discuss most of the evaluations described in section 2.4.
The evaluation of the additional goal of illustrating the humanistic enterprise of physics
and the additional goal of raising the motivation for mechanics will not be further
discussed. A proper discussion of the former would distract from my main point for this
section, which is that either important goals were not reached, or when they seem to
have been reached some questions remain regarding how they were reached. A
discussion of the latter would not add much to what had already been said in section
2.4. The emphasis lies in this section on a discussion of the method and results of the
Hestenes — Wells approach. The reason for this is that in the discussion of the problem
analysis and approach of Dekkers and particularly Clement already some remarks were
made on their method and results that will not be repeated here. Some arguments do not
always fall neatly in the used categories of goals, problem analysis, approach and
method & results. It seemed clearer not to interrupt the flow of the argument in those
sections.

Evaluation of the goal of understanding the conceptual structure of mechanics

The lack of success in PSSC, HPP, Nuffield and PLON in reaching the common goal of
understanding the conceptual structure of mechanics should not come as a surprise since
these projects did nothing to specifically address the problem in understanding
mechanics, but simply tried to explain mechanics as well as possible. They cannot be
blamed for that, of course, because they simply predated the awareness that there lies a
persistent problem in understanding mechanics. In fact it can be seen as quite an
accomplishment to aim at additional goals on top of the common goal without faring
worse on the common goal. Only later, and partly because of this lack of success, a
wave of research devoted to identifying learning difficulties took place. Unfortunately
most of this research can be categorised as ‘alternative conceptions’ research, that is to
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say that it was concerned with identifying alternative conceptions students were thought
to have. That was unfortunate because it still did not address the real problem. (What
the real problem is in my view was discussed in section 3.2 of this chapter and will be
further elaborated in chapter 3). The positive side of it is that it put learning difficulties
in mechanics prominently on the agenda and gave insight in what these learning
difficulties are.

The later Hestenes —Wells approach, bridging approach and restructuring approach were
aware of the learning difficulties, analysed them (in different ways) and tried to remedy
them. They all claimed success. Does this mean that the problem of lack of
understanding in mechanics is solved? I don’t think so, because they tried to solve the
wrong problem, as I argued in section 3.2. But how can these claims of increased
understanding be understood? I will discuss the three mentioned approaches in
succession with this question in mind, starting with the Hestenes — Wells approach.

Hestenes — Wells approach

My discussion of the Hestenes — Wells approach is organised around three main points.
Firstly I will criticise the FCI and to a lesser extent the MB as instruments to measure
shifts from alternative to correct understanding of mechanics. This criticism is based on
my problem analysis, which also indicates how FCI results should be interpreted.
Secondly I will criticise the research method that uses solely the FCI and MB. Thirdly I
will discuss the results of this approach in light of the criticism on the used method.

Now starting with the first point about what FCI and MB measure: FCI items were
based on student interviews on predicting and explaining motions. The recurrent
statements of students were categorised into a number of patterns which were called
alternative conceptions, e.g. motion implies force, impetus dissipation et cetera. I do not
deny the patterns in student responses, but disagree with their interpretation, as
mentioned before. Questions that reliably elicit these patterns were used in the FCI.
What the FCI therefore shows is recurrent patterns in student responses. Why is it
wrong to interpret these patterns in answers as alternative conceptions that differ from
the Newtonian answers? Let me first make a distinction between the questions about a
prediction of motion (FCI items 1, 3, 4, 6, 10, 16, 19, 23, 24, 26 and arguably 7, 25 and
27) and the other questions that concern some explanation or make use of the word
‘force’. The latter category can only be interpreted as in contrast with Newtonian
explanations if one is certain that the word force is used in the same way by the student
and the interpreter, which can not be concluded from the test. The former category
seems impervious to this line of critique. Surely there can be no way of
misinterpretation of a predicted motion? Here at least patterns in student responses that
differ from the Newtonian ones must indicate alternative concepts. No, they don’t. First
note that all questions about prediction of motions concern motions students are not
familiar with. It is hard to imagine a student failing to correctly predict a motion she
actually has experienced. The questions in the FCI concern two dropped metal balls of
different size, a ball on a string swung in a circular way after which the string breaks, a
short kick on an ice puck, a fired cannonball, a dropped bowling ball from an airplane
and a rocket moving sideways in space after which the motor is turned on. Most people
have no experience with these motions and it is again hard to believe someone who has

47



Chapter 2 Background

got experience for instance with hitting an ice puck to wrongly predict the motion. In
fact the experience people do have with motions that come close to the motions just
mentioned could even trigger false predictions. The predicted motion is unknown to the
students, which was necessary to elicit an explanation in the mind of the student.

In predicting an unknown motion students are forced to extend their explanations of
known motions to these other situations for which they were not intended which can
result in false predictions. What this shows is that students do not have an understanding
of Newtonian mechanics, applicable to any motion. It does not show that they have an
alternative theory for these unfamiliar cases. Their theory for familiar cases, which was
quite suitable given their aims and interests and gave correct predictions (maybe not as
exact as a scientist would want, but exact enough for the student) was extended to
situations for which it was not intended, because they were asked to do so. In interviews
students normally respond to this type of questions by first expressing uncertainty:
“Well I don’t really know, but since you ask, I will give it a shot and say ...”. This first
bit of their answers gets lost in tests like the FCI. I am therefore not convinced that
these false predictions of motions indicate alternative concepts.

The MB test is a partly quantitative problem solving test, “though its main intent is to
assess qualitative understanding” (Hestenes & Wells, 1992). What does a high score on
this test mean? I think it is fair to say that students with a high score know how to solve
mechanics problems that are usually encountered in most textbooks. Whether students
have understood anything about the relation between Newtonian mechanics and
common sense is a different matter. It is quite possible to solve the usual textbook
mechanics problems without understanding why this is a good way to solve them.

The second point is whether the used pre- post test research method with the FCI and
MB can shed light on the usefulness of the approach. I already argued against part of
Hestenes’ problem analysis concerning the identification of alternative conceptions and
the related method that aimed at remedying them. I did not object to the other part of his
problem analysis concerning the lack of attention to process knowledge. Perhaps his
research provides additional arguments for either part of the problem analysis? I will
look at both parts in turn.

An argument Hestenes may put forward in defence of the alternative conceptions
hypothesis is that his approach that identified these alternative concepts as causing the
problem of lack of understanding and tried to remedy them was very successful in
improving this understanding of mechanics as compared to a control group.
‘Understanding mechanics’ is here used in the already mentioned sense of knowing how
to solve the usual textbook problems. For this argument to be true, two related
conditions have to be the case: First the elements of the approach that tried to remedy
the alternative concepts must be the only factor in which the experimental group differs
from the control group. Secondly some plausible account must be given of how the
elements of the approach in fact try to remedy the alternative concepts. These conditions
are related because given the messiness of educational situations the first condition can
never be guaranteed. One can say that the differences between control group and
experimental group are many. Therefore an account of why the elements that are
incorporated in the design to remedy the alternative concepts are expected to do just that
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would be needed in order to accept the claim that these alternative conceptions were in
fact causing the problem. Such an account is not given. In his conclusions Hestenes
does not reflect on the hypothesis that alternative concepts cause the problem of lack of
understanding, which suggests that he did not see this as a hypothesis but as an accepted
fact. In my opinion this method cannot corroborate this hypothesis/fact.

A similar argument holds for the second part of Hestenes’ problem analysis concerning
the lack of attention to process knowledge. So, just as was the case in my discussion of
the FCI, here too I think that the MB results as such do not corroborate the
corresponding problem analysis. There are however other reasons for adhering to this
problem analysis. For one thing in this case a feasible account can be given, and was
given by Hestenes (see sections 2.3.2 and 3.3.2 of this chapter) as to why this modelling
approach is expected to contribute to problem solving skills, namely by using explicit
procedural tools that express what expert problem solvers in fact do when solving
problems. This provides for what I called the second condition in my discussion of the
meaning of FCI scores: a plausible account of how the elements of the approach in fact
try to remedy the problem. Because of this additional argument more weight can be
attributed to the fact that students score well on the MB. This means in my opinion that
the hypothesis that lack of attention to process knowledge was in fact partly causing the
problem in mechanics is thereby supported.

Additional information possibly corroborating this hypothesis would be whether or not
the students who followed the Hestenes — Wells approach showed less rote learning and
plug-and-chug behaviour. Plug-and-chugging is quite useless in answering the MB (it
was designed that way), but how do these students go about answering regular textbook
questions and problems? This was not researched (or at least not reported). When these
questions are answered more can be said about the hypothesis that the problem in
teaching/learning mechanics is partly caused by lack of attention to process knowledge.

Finally the third point about the results of the approach. The Hestenes — Wells approach
was undeniably successful in increasing FCI and MB scores. Although one part of the
problem analysis was incorrect, students did learn a lot. What they learned was how to
solve the usual textbook problems, which is a common and worthy goal. The Hestenes —
Wells approach reached impressive results in this respect. Apparently a lot of practice in
the usual textbook problems with attention to the ‘mistakes’, from the Newtonian
perspective, that students make and/or explicit attention to process knowledge does
help. Provided that it is correctly done, of course. Further narrowing down to see which
of these two elements (attention to misconceptions or process) accounts for this success
is not possible with the available information. My guess would be that the process
element accounts mostly for the success since it is based on a valid problem analysis.

What the students do not learn is the relation between the Newtonian and common
sense way of explaining motion, and therefore the reason why the Newtonian way is the
one they have to adopt. Since this is an aspect I want to focus on in my introductory
course, I will not further use the Hestenes — Wells approach. Explicit attention for and
practice with solving textbook problems can be incorporated in the regular course
following my introductory course. The attention to process knowledge and the usual
mistakes students make in applying Newtonian mechanics in these problems can be
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organised around the then introduced explanatory scheme that provides for a vocabulary
to discuss those mistakes. In this way Hestenes’ general advice of paying explicit
attention to process is followed, albeit not the specific implementation of the Hestenes —
Wells approach. The importance of this explicit and systematic attention to these
problems and how to solve them is something that can be learned from the work of
Hestenes and co-workers.

Bridging approach

Clement also claimed some success in understanding mechanics for his bridging
approach. The high score on the post test by students who followed the bridging
approach raises the same question as in the discussed Hestenes — Wells approach,
namely what does this say about the used approach? Apparently something went well,
but how can this be attributed to elements of the used approach? And to what elements?
These questions are not answered by Clement. I took a shot at answering these
questions by means of the explanatory scheme in section 3.3.3.

Clement indicated that observations pointed to increased understanding after each step
from anchor, bridge, target to conflicting experiment, see section 2.4. This seems to be
in contrast to the assumed working of the strategy for which only after seeing the
similarity between anchor and bridge and bridge and target understanding can rise.
Perhaps what is meant is that some students immediately recognised the similarity
between anchor and target after introduction of the anchor. This interpretation is
supported by Clements’ claim that ‘spontaneous generation of bridging analogies’ was
observed. What also puzzles me is that some students did not understand the problem
after the anchor-bridge-target strategy, but did when presented with the demonstration
experiment that was designed to provide cognitive conflict. Does this mean that some
people are more sensitive for a bridging strategy whereas others react more to conflict
strategies? Why did the bridging strategy fail in some students? Did they not share the
anchor intuition? If so, why did the conflict strategy seem to work? What really
happened with students’ beliefs in this bridging approach is still unclear, as was earlier
pointed out in the discussion of problem analyses in section 3.2. In order to answer
these questions more should be known about what students beliefs are, what Clement
meant by ‘understanding’ the problem, and how this was observed.

Another methodological point is that Clement rightly checked whether he reached his
stated goals by observations, instead of trying to infer that from the pre- post test. How
else could one check the goals ‘that students actively participate in intellectual
discussions’ or that ‘students generate analogies and explanatory models’ than by means
of qualitative data? However, since Clement reported only his conclusions from these
data (which in the case of checking the goal about participation in discussions seems
quite sufficient, but is insufficient for the goal about generating models) the question is
raised of how these conclusions were reached. Concluding that students generate
analogies and explanatory models is not something easily observed, but apparently
inferred from (several?) qualitative data, which is not a trivial matter at all.

So although some success is claimed for this approach it is unclear what kind of
understanding the students have acquired.
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Restructuring approach

Turning now to the restructuring approach of Dekkers and estimating how students
fared on the goal of understanding mechanics one can say that Dekkers showed that
they learned the interaction aspect of the force concept and learned three application
criteria for use of the word ‘force’. Although this is quite an achievement it also leaves
something to be desired, for the complete force concept involves more (as can be
expressed with the explanatory scheme).

The research method used by Dekkers allowed him to evaluate and change his problem
analysis. His initial hypothesis was actually seen not to work, which is a strong feature
of his method.

In conclusion can be said that the common goal of understanding mechanics and the
additional goal of illustrating science at its best are not reached to the extent that is
desirable or possible. Although some progress has been made, and in the case of the
Hestenes — Wells approach for the common goal remarkable progress, I have pointed
out in this section that there is still work to do in the field of understanding learning
difficulties, finding ways to remedy them and thereby improving education in the
direction of the mentioned goals. This research project aims to contribute to that work.

4. Summary

In this chapter my research was positioned in the field of relevant other research. This
other research was presented in section 2 and discussed in section 3 focusing on the
main points of goals, problem analysis, approach and method & results.

In addition to the common goal of understanding mechanics three additional goals
emerged from a global account of several influential curriculum projects of the past 40
years: Mechanics as illustrating ‘science at its best’, mechanics as illustrating science as
a humanistic enterprise (that was characterised by its focus on history, development and
inquiry) and finally mechanics as raising the motivation of students for physics. These
additions all capture important aspects of mechanics and are therefore worthy goals,
although they are mostly fit for academically inclined minds and some modesty in one’s
expectations for the extent in which these goals can be reached is in order.

Three types of analyses of the problems in mechanics education were identified: (1)
neglect of intuitive mechanics, in which some find this intuitive mechanics potentially
helpful and others harmful for learning, (2) neglect of epistemological commitments
and (3) lack of attention to process in teaching. The first two types were criticised on
grounds of their neglect of solving the interpretation problem. Before changing,
bridging, restructuring, confronting or building on students’ beliefs, it is important to
know what these beliefs are, which is in many cases not properly established. An
alternative interpretation of students’ beliefs was given in terms of the explanatory
scheme which was described as an assumption for an influence free motion coupled to
an assumption that deviations from this motion must be accountable in terms of
influences that are a function of attributes of the configuration. This scheme underlies
both common sense and Newtonian explanations of motion and might therefore become
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useful in teaching and learning mechanics. The third analysis was considered valid,
although an important point was lacking, namely how can be made clear to students
why explicit attention to process expresses epistemic virtues like generalizability,
exactness, predictive power et cetera.

Five approaches to overcoming the identified problems in mechanics education that
developed education were presented and discussed. ‘Making productive use of
epistemological resources’ pointed out the importance of students’ appreciation of
generalizability and was seen to be missing an important last step which addresses why
one model would be more general than another. Discussing ‘overcoming
misconceptions’ had lost a lot of its relevance after the severe criticism of the problem
analysis on which this approach was based. ‘Providing adequate attention to process in
teaching’ seemed a valid approach given its aims and besides a similar objection as in
the epistemological approach, only raised some questions concerning the precise
execution. ‘Building on useful intuitive notions by means of bridging’ raised a lot of
questions because it had not solved the interpretation problem. Interpreted from the
perspective of the explanatory scheme what happens with students’ conception of force
in this approach was very little. Finally ‘restructuring potential useful intuitive notions’
raised but did not solve the interpretation problem. It taught one important aspect of the
force concept, namely interaction, but not other aspects. And some questions remained,
most notably in what way students’ force conception changed.

The emphasis in the discussion of the method & results of the approaches lay on those
that claimed success, notably the Hestenes — Wells approach. By means of a discussion
of what the FCI and MB tests measure and the pre — post test design was shown that
what students have learned in this approach is how to solve standard textbook problems,
but that they did not see the relation between common sense and Newtonian mechanics.

In this chapter I have tried to show that there is still some work to do in mechanics
education by mainly presenting and discussing the work of others. In the next chapter
the topic is how I intend to do this work.
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Chapter 3 Backgrounds of the design

1. Introduction

In chapter 2 some background concerning mechanics was discussed. Notions reported
in the literature about the goals for mechanics, the problems in mechanics education,
approaches to dealing with these goals and problems, and research methods were
presented and discussed from which implicitly (and sometimes explicitly) my own view
might have become noticeable. My view concerning these topics will be made more
explicit in this chapter. I will start by discussing my goals for mechanics and problem
analysis as part of this introduction.

My goals for mechanics are that (1) students come to know how mechanics works and
(2) develop some appreciation for its power and range. The first goal is about how
explanation of motion works. Understanding mechanics requires integrated
understanding, in which concepts are connected to other concepts and familiar
phenomena. In order to achieve such understanding an emulation of scientific practice
and especially some need for a theoretical way of explaining motion which is part of a
scientific practice seems useful. As was seen in chapter 2, sections 2.1 and 3.1 this is
not an uncommon goal. The appreciation for the power and range of mechanics I aim
for is primarily concerned with understanding why it is powerful and far ranging.
Although such an appreciation will not readily motivate students to engage in studying
mechanics, it can be motivating in an intellectual or theoretical way, not unlike the
motivational aim in Advancing Physics discussed in chapter 2, section 3.1. With
projects like Harvard Project Physics and Nuffield in mind some modesty seems in
order in one’s ambitions regarding the extent to which such goals can be reached.

To these two goals I add a third that is related to my problem analysis: providing
students with a vocabulary with which the usual learning difficulties can be discussed.
This third goal will be discussed in section 2.2 of this chapter.

Turning now to my problem analysis the reader may recall that I think that students’
beliefs are basically correct, but that they differ in the meaning they attribute to words
as ‘force’, ‘inertia’, ‘mass’ and ‘acceleration’. This was expressed in terms of the
explanatory scheme as that students have a different specifications of the explanatory
scheme than the Newtonian specification (see chapter 2 section 3.2.1), which is
understandable since they differ in their aims and interests for explaining motions. In
my opinion the educational problem (or challenge) lies in making students change their
aims and interests towards the ‘theoretical orientation’ required to appreciate the
experts’ aims and interests, which is a prerequisite for adopting the experts’ choices for
influence free motion and related influences and thereby the experts’ meaning of terms
like ‘force’. What is basically correct in students’ way of explaining motion, that is,
what is already in agreement with the Newtonian way of explaining motion, is the
underlying structure of explaining that I called the explanatory scheme.

The explanatory scheme forms the backbone of this work. It plays a role both in my
problem analysis and my educational approach. In the problem analysis it serves a
purpose in reinterpreting students’ statements that are normally interpreted as alternative
conceptions in a way that takes account of the interpretation problem. One could say
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that it solves the interpretation problem related to students’ statements concerning
mechanics. This was seen in chapter 2 section 3.2. In the educational approach it serves
a purpose in providing a framework, in the sense that the topics of Newtonian
mechanics can be introduced and can find their meaning as specifications of the
explanatory scheme. Since it plays this central role I will argue for it extensively in the
next section and present a first draft of how it may be applied in an introductory course
for mechanics.

After that I will be finally able to formulate my research question in section 3, which
also describes some specific aspects of the research method, developmental research,
that I think are not widely known, leaving a full account of this method to other sources.
For answering the research question it will be necessary to design education which is
guided by my view on education and earlier (similar) design work, which will both be
discussed in section 4.

2. The explanatory scheme

In this section I will argue for the idea of using the explanatory scheme in mechanics
education. First, in section 2.1, I will further argue for the explanatory scheme as a
backbone of causal explanation of motion. In section 2.2 I will argue for its relevance
for education by exploring the question how the explanatory scheme for motion might
become useful in contributing to reaching my goals of understanding mechanics, of
appreciating its power and range and of providing students with a vocabulary with
which the usual learning difficulties can be discussed. The condition sine qua non for
appreciating this relevance is of course that the explanatory scheme for motion can be
made explicit to students. I will turn in section 2.3 to the question how this condition
may be met.

2.1. Causal explanation, in particular of motion

The explanatory scheme for motion was introduced in chapter 2, section 3.2.1, as a
structure underlying all causal explanation of motion. In this section I will further
elaborate this claim. I begin by bringing forward some simple facts about causal
explanation. Subsequently I discuss the explanatory scheme for motion in this light.
Because the scheme plays a pivotal role in my research, I close this section with a
discussion of the status of this scheme.

What we want in a causal explanation of an event is information about the history of the
event, from which it can be inferred that the event to be explained would follow. Two
closely related steps are involved here: an appeal to causal laws or other causal lore, and
a characterisation of the event to be explained and part of its history such that, thus
characterised, the laws are applicable. Consider a simple example: why did this small
red headed wooden stick catch fire? Well, that stick is a match and it was struck. What
makes this into an explanation, is an (implicit) appeal to a very rough law like: if a dry
match is struck sufficiently hard against a properly prepared surface, then, other
conditions being favourable, it will light. The law becomes relevant because the object
initially characterised as ‘small red headed wooden stick’ was redescribed as a match.
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Obviously, this kind of explanation is not high science, if only because of the (implicit)
use of failsafe clauses like ‘sufficiently hard’, ‘properly prepared’ and ‘other conditions
being favourable’. Furthermore, if asked what a match is, most people probably cannot
do much better than say that it is an object so designed that striking it causes it to light
under appropriate circumstances.' Nevertheless, appeal to such rules of thumb is not
empty either, if only because quite often it sufficiently supports our daily intercourse
with events that must be foreseen or understood in the light of our everyday practical
purposes.

The above discussion also introduces another main point concerning causal explanation:
which laws are appealed to is interest relative, as are the concepts that are used in
characterizing the event to be explained and part of its history. It depends on what we or
our audience are interested in, on what we are able to deliver, on what we think our
audience will be able to understand, and so on. ‘Because the vacuum pump did not
function properly’ may well be (part of) the explanation of why a match did light, e.g.
by someone who intended to convince his audience that the match would not light when
struck in an environment with little oxygen. Furthermore, as already noted, in our daily
traffic with events we perforce make use of sketchy summary generalisations involving
causal concepts, precisely because they spare us the need to say what it is about, e.g.,
the match or striking it that explains why it acts as it does. We then simply assume that
a vast number of (unspecified and unspecifiable) factors that might have interfered with
the history leading up to the event to be explained did not interfere. We short-circuit
part of what a fuller explanation would make manifest by appealing to more precise
laws: laws that avoid or at least reduce the use of causal concepts, and clauses like
‘other conditions being favourable’ or ‘other things being equal’ (ceteris paribus). In the
lighting match example, one may think of laws involving the concepts of friction and
heat and laws involving the concepts of phosphorus, sulphur, oxygen (perhaps made
explicit in exothermic chemical reaction schemes). It is clear that such concepts, in
terms of which the relevant objects and events will have to be characterised in order for
the laws to be applicable, only have remote connections with the descriptions under
which the objects and events interest us for everyday purposes. Even more so if we were
to appeal to laws governing the electromagnetic interactions between charged particles.
But, of course, there are other interests than our mundane needs, among them those that
are pursued in the various sciences. At the other end of a continuum of explanatory
interests, for instance, we find the all-governing concern for maximum generality, for
laws that are as precise, explicit, strict and as exceptionless as possible. In a developing
physics we can hope to find generalisations whose positive instances give us reason to
believe that they could be sharpened indefinitely by drawing upon the same vocabulary.
This then points to the form and vocabulary of the finished system of laws, with a
theoretical asymptote of perfect coherence with all the evidence and perfect
predictability and total explanation under the terms of the system.

To summarize, in giving a causal explanation of an event we normally take for granted a
great deal of background, and what we typically want to know is what to add to that

" In this sense the concept of a match is a causal concept, i.e. a concept that has the notion of
causality irreducibly built into it.

56



Section 2 The explanatory scheme

background to make the occurrence of the effect intelligible. In order to achieve this it
must prove possible to so characterise the event to be explained and the addition to the
background that they fall under a (more or less strict and more or less lawlike)
generalisation. What vocabulary and laws we settle on is to some degree a matter of the
explanatory interests we happen to have. This I take to be rather uncontroversial facts
about causal explanation. There are of course some controversial issues involved here,
such as whether it is possible to analyse the notion of cause in terms of necessary and/or
sufficient conditions, whether there is a non-question-begging criterion of the lawlike,
or whether it is indeed possible, even in a developing physics, to free laws of all ceteris
paribus clauses. I do not wish to take a stand on such issues, however, though I will
later add an element to the above discussion that may be controversial. Now I first want
to point out that the explanatory scheme for motion introduced in chapter 2 does indeed
belong to the genus of causal explanation.

The explanatory scheme for motion, it will be remembered, consists in (1) a
characterization of an influence free (force free) motion, checked by (2) a
characterisation of plausible lawlike statements (force laws) in which deviations from
this influence free motion are correlated with properties of the configurations in which
those deviations occur. Where in general causal explanations one accounts for a
deviation in some background state by identifying a cause, this state in the case of
explaining motions is an object in influence free motion, deviations of which are
accounted for by identifying influences. The explanatory scheme still allows for a
variety of specific explanations of motion, with different assumptions for an influence
free motion, which to some degree reflect the variety of explanatory interests we may
happen to have. In everyday life, for instance, we take a strong interest in how to move
objects from A4 to B, or to move ourselves from 4 to B by means of some object. Within
this context, it makes good sense to consider as influence free motion the way in which
the objects would move without our interference (stand still or gradually come to a
stop), given that at the same time we happen to know enough rough laws in which
relevant deviations from it (setting in motion, keeping in motion, braking) are
satisfactorily correlated to kinds of actions we can perform. Given another goal, e.g.
hitting a target with a projectile, another type of motion can be considered as influence
free, as long as this is checked by the availability of sufficient rough laws to account for
relevant deviations from that one. Many of the intuitive rules concerning motion are
(related to) rough laws between kinds of actions and deviations from a particular kind of
motion, as I have tried to illustrate in chapter 2.

Whereas commonsense explanation of motion is highly pragmatic, with conspicuous
ties to action, explanation of motion can also be pursued in a frame of mind in which we
want to understand things irrespective of whether we can control them and irrespective
of whether such knowledge will advance our mundane goals. In the latter case,
explanation of motion, though it may answer to various interests, in itself is not interest
relative. Every deviation from the assumed influence free motion, whether it is of
practical interest or not, has to be accounted for by means of appropriate, ultimately
exceptionless force laws. Due to these rather disparate explanatory interests, there is
hardly any tension between commonsense and scientific explanation of motion.
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But also within one and the same theoretical mood, the explanatory scheme can still be
detailed in a variety of ways, both logically and to some extent also historically realised.
The explanatory scheme can be seen, for example, as structuring the Newtonian
framework. It consists in (1) the specification of a kind of motion that is to count as
influence free (uniform rectilinear motion), and (2) interaction theory to account for all
deviations from this kind of motion in terms of force laws. Force laws, such as
Newton’s law of gravitation, are general statements that specify the forces objects exert
on each other as a function of their total configuration (Jammer, 1957, chapter 12).
Another, and less well known and developed way to detail the explanatory scheme is
due to Kepler. It consists in (1) taking rest as the influence free motion, and (2)
interaction theory to account for the deviations. This leads to a concept of force that
differs from the Newtonian one. Keplerian net forces, just to name one difference, are of
necessity always in the direction of motion. In order to account for planetary motion,
Kepler imagined some kind of spokes emanating from the sun and pushing the planets
along their orbits as the sun rotates about its axis (Barbour, 2001, section 6.6; Jammer,
1957, chapter 5). It is possible to make Kepler’s idea precise and to formulate more or
less plausible Keplerian force laws, which lead to the same predictions of planetary
motion as within the Newtonian framework on the basis of a gravitational influence
directed to the sun.

Within both the Keplerian and the Newtonian scheme, deviations from the assumed
influence free motion provide motives to construct a theory that succeeds in accounting
for the deviations. Because there are no guarantees that one will be able to do so, there
does arise a rivalry between the two schemes. Their relative merits will have to be
evaluated in the light of a shared commitment to the usual epistemic virtues associated
with their fundamental aspirations, such as those of strict empirical adequacy and broad
applicability. For further discussion of the status of laws of motion I refer to Nagel
(1979, section 7.1I) and Friedman (1983, section I11.7).

I hope the above sufficiently places the explanatory scheme for motion within the realm
of causal explanation. I will now close with a more fundamental discussion of the status
of the scheme, or rather of causal explanation in general. It is based on the work of
Davidson (e.g.: (Davidson, 1995; Davidson, 2001)).” I began this section by pointing at
the (at least implicit) appeal to laws or lawlike generalisations in explaining why an
event occurs. What will now be added to this is the suggestion that the conceptual
connections between the notion of event (and other basic ones such as those of change,
object, cause, substance and kind) on the one hand, and the notion of generality on the
other, may be tighter than that they happen to both occur in causal explanations. What
we have taken for granted in the discussion of explaining the occurrence of an event, for
example, is what an event is, apart from an apparent incentive to provide an
explanation. One natural proposal for a definition of an event or change might run as
follows: some predicate P is true of an object at a given time ¢ and subsequent to ¢ P is
no longer true of that object. This can only be right as a definition, however, if we have

% Similar ideas can be found in the work of others, amongst them Spinoza, Kant, and Hamilton,
as is e.g. made clear by Heymans’ (1890) overview of how the notion of causality functions in
the work of philosophers from 17" to the 19" century.
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independent means of saying what objects are or which predicates count as state-
descriptions. But we do not have such independent means. In fact, the problem what a
change or event is, is pretty much the same problem as what an object is or what states
it can be in. Davidson’s suggestion, as formulated by Ramberg (1999), is that ‘[w]hat
we count as an object and what we count as a state of an object, as well as what we
count as a change, is governed by our fundamental interest in construing our
environment in terms of generalities. [...] to recognize a change in the state of a physical
object just is to recognize an event which is susceptible to explanation in terms of
empirical law. [...] our identification of objects and the changes they undergo
implements and is given point by the explanatory generalizations to which they yield,
and by which we manage our dealings with them. [...] the observer of physical events
cannot but see them as, on the whole, instances of how things generally tend to go. We
couldn’t fail to discover general relations by which we understand the changes we
perceive in the physical world about us, because we are by nature disposed to count as
changes and as persistent objects of such changes whatever will yield general patterns
allowing us to predict our environment.” This fundamental interest in generality is very
clearly encapsulated in the so-called cause-law thesis. It says that if two particular
events are related as cause and effect (¢ caused b), that then there is a law (a lawlike
generalization) to the effect that ‘all events similar to a will be followed by events
similar to »’. That is, we have reason to believe the singular causal statement only in so
far as we have reason to believe there is such a law (and we may have good reason to
believe there is such a law without knowing what the law is). Davidson’s suggestion is
that the cause-law thesis is built into the very application of the concepts of object, state,
change, and so on. Similarly, it is constitutive of the concept of change that like changes
will happen under like circumstances; and constitutive of the concept of object, that like
objects undergo like changes under like circumstances.

The built in interest in construing our environment in terms of generality pulls together
the whole continuum of non-mental sciences from our most primitive concepts of
objects and their modifications to advanced physics. Not in the sense, of course, of
providing a single all-purpose class containing all and only objects, a single all-purpose
class containing all and only changes, and so on. The cause-law thesis and its variants
only set constraints on what is to count as objects, changes, laws, and so on. They offer
a scheme into which what we are to count as objects, changes, laws, and so on, must fit:
‘events are changes that explain and require such explanations. This is not an empirical
fact: nature doesn’t care what we call a change, so we decide what counts as a change
on the basis of what we want to explain, and what we think available as an explanation.
In deciding what counts as a change we also decide what generalizations to count as
lawlike. [...] if you can’t explain it using one assumption of what counts as a change,
adopt new categories that allow a redefinition of change. The history of physics is
replete with examples of such adjustments in the choice of properties, thus altering what
calls for a causal explanation.” (Davidson, 1995) Furthermore, the application
conditions of the terms of the vocabularies of common sense and the various sciences
are to varying degrees also constrained by whatever special interests are associated with
them, and may thus trace different patterns of events. Still the characterisations they
deliver are all, though each in its own way, geared ‘to show up the general patterns in
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the changes that their objects undergo, general patterns the articulation of which
amounts to providing a body of laws, or lawlike generalizations.” (Ramberg, 1999)

2.2. Relevance of the explanatory scheme for mechanics
teaching

Let us explore the question how the explanatory scheme for motion might become
useful for education. The explanatory scheme for motion will be useful for education
when it somehow contributes to reaching the goals of understanding mechanics, of
appreciating its power and range and, related to my problem analysis, of changing the
aims and interest of the students and of providing them with a vocabulary with which
the usual learning difficulties can be discussed.

A first basic idea that comes to mind when thinking about the explanatory scheme for
motion’s relevance is that it is the same in both common sense and Newtonian
explanations of motion (as was seen in chapter 2 section 3.2.1 and in the previous
section). In reaching an understanding of mechanics it might therefore provide a useful
basis to build upon.

A first step in building on students’ use of the explanatory scheme for motion would
involve making this use explicit. If this first step is taken and students realise that the
explanatory scheme for motion describes what they do when they explain motion, a
second step can be attempted which involves recognising the explanatory scheme for
motion in Newtonian explanations. In a third step the findings from the first two steps
can be compared. Students can come to realise that Newton explained motions in a
structurally similar way as they do. There are also striking differences in the choices
made in specifying the scheme, like Newton’s apparently peculiar meaning of ‘force’
and ‘forcefree motion’. Comparing the explanatory scheme for motion in both their own
and Newtonian explanation of motion will also point to their difference in terms of
differing aims and interests and may therefore be useful in changing the practical aims
and interests of the students in theoretical aims and interests of Newtonian mechanics.

However, such a direct comparison of students’ and Newtonian explanations in the third
step is problematic for two reasons. Firstly, practical explanations of students are
already quite complex in Newtonian terms, because they usually involve multiple forces
like friction et cetera. Secondly, in order to appreciate the more theoretical aims like
strong empirical adequacy and broad applicability of Newtonian explanations some
context is required in which a strictly practical explanation alone is unsatisfactory.

An alternative third step that involves mainly theoretical aims and therefore may take
the previous objection into account is comparing explanations of Newton and Kepler of
the motion of heavenly bodies. Since Kepler can be seen as a spokesman for common
sense ideas about mechanics (notably rest as influence free motion and a ‘force’ always
in the direction of motion), comparing Newton to Kepler is almost equivalent to
comparing Newton and common sense. It is not essential that Kepler resembles
common sense notions. As I will argue later any comparison as such will do, as long as
both alternatives have theoretical aims. However, it can be expected that the stronger
the students can recognise Kepler as a spokesman for their own opinions, the more
committed they will be in the comparison. This alternative third step would also imply
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an addition to the second step, where the explanatory scheme is not only recognised in
Newton but also in Kepler. I will first argue that comparing these two important
historical figures might be useful and then that the context of motion of heavenly bodies
is promising.

The choice for Kepler and Newton is based on two reasons. It will be remembered that
firstly, both Newtonian and Keplerian models can be seen as specifications of the
explanatory scheme for motion and can therefore be investigated from the perspective
of the scheme and in turn illustrate the scheme. Secondly, both Kepler and Newton had
similar aims and interests, namely to arrive at a general theory for the motion of
heavenly bodies (and in the case of Newton even all motion). Comparing these
alternative kinds of models requires criteria for evaluating (types of) models, that will
not surface when comparing for instance a Newtonian explanation of some motion with
a common sense explanation of the same motion. I will elaborate on these two reasons
by sketching how comparing Kepler and Newton can help to reach the aim of
understanding (Newtonian) mechanics and why the required criteria are important for
my goal of developing some appreciation for the power and range of mechanics.

Both Keplerian and Newtonian models can be seen as specifications of the explanatory
scheme for motion. An assumption for an influence free motion coupled with the
identification of influences can be seen in both of them. They differ in the assumptions
for the influence free motion (in this case rest and rectilinear motion with constant
velocity respectively) and then of course also in the concrete influence laws and how
this determines the motion precisely. The latter involves the concept of inertia and a
‘second law’. So influence laws, inertia and a ‘second law’ according to both Kepler
and Newton can be studied from the perspective of further specifying the explanatory
scheme for motion. That means all of mechanics (with the possible exception of
Newton’s third law and Kepler’s equivalent of Newton’s third law”) can be introduced
using the framework of the explanatory scheme for motion.

Comparison of alternative kinds of models, in this case Keplerian and Newtonian, can
serve to find explicit criteria for evaluating these different kinds of models. These
criteria provide the reasons for valuing Newtonian mechanics more than Keplerian
mechanics. Since one of my main goals is to arrive at some sense of appreciation for
(Newtonian) mechanics as an exemplary scientific theory, that is to say a theory that is
far reaching or general, empirically adequate and plausible, these criteria are essential.
Studying two alternative kinds of models quite naturally raises the question whether one
kind of model might be preferable and how one could decide this. So the explanatory
scheme for motion is relevant for reaching this educational aim.

I have explained why a comparison of Keplerian and Newtonian models seems useful,
but not yet why this comparison might take place in the context of the motions of

* Newton’s third law might be addressed as part of the interaction theory aspect of mechanics,
where it serves as a constraint on force laws. Mechanics can be conceptually divided into an
interaction theory consisting of force laws and the third law and a force-motion coupling
theory consisting of the second law, kinematics and first law. Implementing a discussion of the
third law into this approach seems quite possible, but was not attempted in this research. I will
therefore refrain from further speculations regarding the third law.

61



Chapter 3 Backgrounds of the design

heavenly bodies. The first reason for this is that explaining and predicting the motion of
heavenly bodies is one of the big successes of science in general and mechanics in
particular and therefore the historical example par excellence to illustrate its power and
range, which was one of my aims. Secondly, these motions seem suitable to promote
understanding of mechanics (another aim) since they are relatively simple for they
involve only one influence (the complicating factor of friction is not an issue).
Furthermore, motions in a curve also show in the Newtonian case more clearly
deviations from the assumed influence free motion than do linear motions. One might
object that investigating the motion of heavenly bodies introduces the complicating
factor of a varying force, since gravity depends on distance and will therefore not be
constant. This apparent complicating factor may not be that confusing when all
calculations are left to a computer model. It may even prove useful to illustrate the fact
that influences are functions of attributes of the configuration. (It’s not a bug, it’s a
feature!) Thirdly, the context of motion of heavenly bodies quite naturally avoids
triggering practical aims and interests and seems therefore suitable to instil a theoretical
orientation, which was already argued to be important for both the goal of
understanding mechanics and appreciating its power and range.

There is yet another reason why the explanatory scheme for motion is relevant for
education: It may provide a vocabulary for addressing the usual learning difficulties in
mechanics. In the language of the scheme the similarities and differences between
common sense and Newtonian explanations of motion can be made explicit, and will
strongly resemble the similarities and differences between Keplerian and Newtonian
explanations of motion, I expect. Even common sense notions that do not resemble
Keplerian notions can now more easily be addressed since criteria for valuing choices in
specifications of the explanatory scheme have been established and comparing
explanations has been practiced. Hereby students can come to understand why their
explanation is unsatisfactory from a particular (scientific) perspective, but completely
okay from another (practical) perspective. Also why one would prefer a Newtonian
explanation over another, probably more intuitive, explanation given the aims and
interests of science.

Take for example the following item from the FCI (item 5):

A boy throws a steel ball straight up. Disregarding any effects of air resistance,
the force(s) acting on the ball until it returns to the ground is (are):

(A)its weight vertically downward along a steadily decreasing upward force.

(B) a steadily decreasing upward force from the moment it leaves the hand until
it reaches its highest point beyond which there is a steadily increasing downward
force of gravity as the object gets closer to the earth.

(C)a constant downward force of gravity along with an upward force that
steadily decreases until the ball reaches its highest point, after which there is
only the constant downward force of gravity.

(D)a constant downward force of gravity only.
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(E) non of the above, the ball falls back down to earth simply because that is its
natural action.

A similar question about identifying influences is likely to occur in any regular course
on mechanics. The given alternatives can each be discussed using the vocabulary of the
explanatory scheme. For instance the plausibility of the upward force in (A), (B) and
(C) can be questioned. Where does it come from? Finding some kind of plausible
regularity relating this influence to attributes of the configuration, e.g. the hand, may
prove to be very difficult. Also the question can be raised what influence free motion
seems to be assumed in the various alternatives. Alternative (E) shows falling down as
assumption of an influence free motion that differs from Newton’s assumption. This
explanation is therefore not Newtonian (Aristotelian in fact), but does account for the
downward motion. It does not mention or explain the upward part of the motion.
Reasons for preferring a Newtonian explanation to another common sense or
Aristotelian explanation can at such a point be recalled (its empirical adequacy,
plausibility, range, et cetera). Another question that can be asked is: Why does the
identified influence has to be there? Answering this second question is for many
students reason to identify an upward influence for the first upward part of the motion.
Here can be recalled that in the case of Newtonian explanations it is not necessarily the
case that there is always an influence in the direction of the motion. A Newtonian
explanation using a single constant downward influence can account for this motion,
which can be shown with a computer model or graphical construction.

Until now I have argued in this section for the relevance of the explanatory scheme for
motion in teaching mechanics. The condition sine qua non for this relevance was that
use of the explanatory scheme for motion by students could be made explicit to students
(step 1). Then use of the explanatory scheme for motion by Newton could be made
explicit (step 2). I also argued that comparison of Newton’s use to Kepler’s use is
preferable to a direct comparison to the students’ common sense use. In the next section
I will turn to the question how the first condition of triggering and explicating the
explanatory scheme may be met.

2.3. Triggering and explicating the explanatory scheme

It is important to note that the idea that causal explanations of motion can be interpreted
from the perspective of the explanatory scheme for motion itself is not a hypothesis to
be tested. I take it to be given for this research. Of course, it is not given as a matter of
fact and I have given arguments for it in section 2.1. But, as argued there, the status of
the explanatory scheme is so basic and constitutive for how one understands the world
that it is among the last things I would give up. The question I am interested in here is
not whether students make use of the scheme, but if and how this use could be made
explicit to students as a first step in making the explanatory scheme productive in
teaching/learning mechanics. Although students make implicit use of the explanatory
scheme for motion they most likely are unaware of this. This can be compared to people
almost all the time making correct implicit use of logical rules in their conversations,
but without formal training in logic they will be unable to explicate any of these rules.
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Since I expect to be able to recognise the explanatory scheme for motion in all
explanations of motion, a first idea to implement this idea in a course on mechanics
could be to get students to explain motions, so that their use of the scheme could be
pointed out to them in these explanations they themselves have given. But how can such
explanations be triggered? With ‘triggering the explanatory scheme’ I simply mean
making students explain motions. They do not have to realise themselves that what they
are doing is ‘explaining’ a motion, as long as / can recognise an explanation in what
they say. Furthermore, when students come up with explanations of motion, can the
explanatory scheme for motion be explicated? And how? With ‘explicating the
explanatory scheme’ I mean pointing out the scheme in their explanations in a way that
students can understand. This understanding can vary from merely being able to follow
what is said when the scheme is explicated, to being able to fill in elements of the
scheme when asked (e.g. a correct response to ‘what influence did you identify?’), to
pointing out the scheme themselves without prompting questions (e.g. a correct
response to ‘how is the scheme used in this explanation?’). This last level I do not
expect to be easily reachable. The extent to what they will be able to use the scheme
themselves is uncertain.

Without a proper introduction of the explanatory scheme it will not be able to function
as a guide for the rest of the introductory course and I would have fallen at the first
fence. Since the start of the course has this importance and it was uncertain how the
scheme could be properly explicated I decided to explore a particular idea of involving
students in explaining motion in a pilot study, which I will describe shortly.

In this pilot study I tried to trigger the explanatory scheme for motion by showing (after
one trial run) three pairs of 15 year old high ability students®, which resembled the
target group for the introductory course (see chapter 2, section 1)°, video fragments of
different motions:

1. abicycle rider riding with constant speed

2. abicycle rider not pedalling and coming to a stop

3. atired ice-skater who continues to glide after a race
4. abasketball player taking a penalty shot

5. arace car taking a turn

6. aball in a circle with gap.

Each fragment was paused after a couple of seconds and then the students were asked
‘How will this motion continue?’ and ‘Why will this motion continue in this way?” The
latter question is expected to trigger an explanation of motion. After having answered

* These students had already received some education in mechanics in the lower grades, but this
can be considered irrelevant for our purposes.

> Although the target group consists of fourth grade (16 year) pre-university students before the
regular mechanics course, these third grade (15 year) students were considered similar enough.
In fact, since this pilot occurred shortly before the summer vacation, these students were only
3 months away from matching the target group perfectly.
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these two questions the fragment continued and the students could see if their prediction
was right. From these conversations about motions I then tried to explicate the
explanatory scheme. Why in this way?

The first three fragments were meant to trigger the mentioning of two types of
influences: personal influences, something a person does or does not do to change a
motion (like pedalling and braking) and non-personal influences, something the
environment does which changes the motion (like slipperiness and resistance). The
division of influences in these two types was meant to make the concept of an influence
free motion easier by first considering only personal influences to be absent, which was
expected to be easier because students have a plausible interaction theory available to
explain deviations from the influence free motion. Students have experience with or can
easily imagine what will happen with or without some personal influence, whereas they
do not with non-personal influences. The plan was that after considering only the
personal influences then the more difficult step can be taken of considering all
influences to be absent. I would then explicate the scheme by pointing out that there is a
certain way in which they, the students, explain these motions. They have all identified
influences on the motion, I expect mentioning of e.g. pedalling, braking and ‘being
slippery’ or ‘resistance’ or whatever the students put forward. In their explanations of
some motions the identification of influences must, at least implicitly, have been
accompanied by an assumption of what would happen with the motion when these
influences were absent. I would then try to give an example from the answers of one or
two students. I did not expect students to grasp completely the idea of the explanatory
scheme for motion at this stage. I did expect them to find the categorisation into
personal and non-personal influences straightforward. Three more fragments were
shown and discussed to identify some more influences, to practice with the explanatory
scheme for motion and to notice what one might assume for influence free motion.

Data gathering, analysis and presentation

I have chosen interviews with pairs because then the students can interact with each
other and the interview may be perceived as less frightening than when students are
alone. When there are more than two students in a group managing problems may make
it more difficult to flexibly react to what happens. Since this pilot study only aimed to
get some grip on and feeling for the triggering and explicating of the explanatory
scheme few interviews were thought to suffice. The interviews were audio taped and
transcribed. The analysis of the interviews consisted of a comparison of the actual
conversation with the expected one, which was described in an extensive interview plan.
Expectations were made explicit for this reason (enabling the analysis) and also to
facilitate the actual interview. My interpretation of all three interviews was discussed
with a second researcher, who read the interview protocols. Most of the time agreement
about a particular interpretation was reached. Only those instances of agreement were
used to base conclusions on.

In the presented fragments the teacher will be indicated with ‘T’, the students with the
first letter of their first name, except when this could be confusing in which case the
first three or four letters of their first name will be used and the researcher or
interviewer with ‘I’, throughout this thesis. Pauses are indicated in parentheses by their
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length in seconds, e.g. ‘(3s)’ means a pause of three seconds. Dialogue written in
parentheses means that I could not hear that part very well. Statements written in square
parentheses are comments from me. The fragments were stylised in two ways. Firstly
literal repetitions and humming were deleted. Secondly spoken language was
transformed in ‘written spoken language’ by deleting stutters, too many ahs and ehms,
not functional repetitions and adjusting the grammar.

Results

The first three video fragments sufficed in triggering examples of personal and non-
personal influences. Comparing fragments showed the need for another influence like
friction or resistance. There are clear examples of students’ use of the explanatory
scheme in all interviews, so this way of triggering the scheme worked as expected. The
following is a representative example of this use of the explanatory scheme in which a
bicycle rider not pedalling and a tired ice-skater who continues to glide after a race are

compared:

1. L When you compare this [fragment] now with that bicycle rider gradually
coming to a stop, are there any differences?

2. B: Yes, she is standing on her own legs. The girl on the bicycle is again
something else. She can control herself with her legs, so she does not start to
wobble.

3. E: The one on the bike also falls when she stops, because she is standing on
one thing. That skater will not fall, for she has two irons.

4. L Other differences?

5. E: The girl on the bicycle also has to pull on and turn her steering wheel to
keep on end.

6. L Imagine that the ice skater never brakes nor will be forced to go to the side
because of a next race, what will happen then? Will she continue riding rounds?

7. B: No, she will go slower and at a time come to a stop.

8. L But how does this come about?

9. E: Because she has no more speed. She does not make any new speed and the
speed she had at the beginning will be exhausted.

10. I: Can you also say such a thing with the bicycle rider: She has a certain speed
and that will be exhausted?

11. B/E:  Yes.

12. I But how does it come about that the bicycle rider comes to a stop much
more quickly?

13. E: More resistance of the tires and the surface of the road.

14. B: Yes, ice is more slippery.

There is an unexpected focus on another than the expected non-personal influence,
namely balancing. The ice skater can balance by using both legs (2, 3). The bicycle rider
balances by pulling and turning her steering wheel (5). In this an unexpected use of the
explanatory scheme for motion can be found: The identified influence (balancing)
causes a deviation, in a way which is known to be effective, from what would have
happened without that influence, namely falling. After the interviewer tried to shift the
focus of attention to the decelerating (6), another (and more expected) form of the
explanatory scheme for motion was found (7, 9). She will go slower and at one time
stop, because she does not make any new speed (=influence) and the speed she had will
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have been exhausted. The influence free motion in this case is a ‘depleting speed’ or
deceleration. The third fragment as such did not trigger new influences, as expected. By
comparing the fragments students could readily name a non-personal influence,
resistance (13, 14), which was the purpose of the comparison. In order to be able to give
such an answer it is essential to have a plausible regularity available relating resistance
to more quickly coming to a stop, like ‘more resistance results in more quickly coming
to a stop’ or ‘slipperiness results in less quickly coming to a stop’.

The students agreed on what would happen with a motion when all personal influences
are left out of consideration. This setting aside of personal influences was in the three
video fragments not perceived as a strange thing to do. The next step, setting aside all
influences was after that still difficult but at least not a strange thing to do. The students
were willing and able to think along in these terms of the explanatory scheme, that were
therefore to some extent clearly explicated for them. As expected, the result of what
would happen with the motion in that case was not so clear and students simply did not
know or had no clear ideas about this influence free motion and therefore neither about
an interaction theory. This however concerned the specification of the scheme. The
main point here is that they were able to consider what these concrete specifications
might be. Take to illustrate this point the following explanations of two students about
what would happen with the motion of a thrown basketball after setting aside all
influences.

Question: What would happen with the motion when we set aside all influences?
1. It will remain floating. At some time.

Do you also think that?

Yes, it will just continue according to me.

How should I see that?

It will keep the direction in which it is thrown, I think.

E, you said that it would remain floating.

Yes, at some time it stands still.

Immediately? Or how should I see that?

: Immediately. I think it stands still immediately. The [basketball] player did
not provide it with any force.

e A -l
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The students could fairly easily be let to consider what would happen when these
influences were absent. They did not show signs of misunderstanding the point or
meaning of the question, but instead offered different speculations for a choice for
influence free motion. E assumed rest (7, 9) and R assumed rectilinear motion (3, 5).

One exceptional student, Roland, could even apply the practiced way of explaining
motions to the example of a race car taking a turn, which was used in one of the try-outs
of these interviews:

1. L How will it continue?

2. [E: It will take the turn.]

3. R It will just continue.

4. I Ok. I have asked you several times before. Now try to explain this all by

yourself, like we did with the other examples. You start (Roland).
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5. R Eh, according to me, with resistance it will normally continue, but then you
have to keep applying force. When there is no force left, it will eventually come to a
rest. When there would be no resistance, it would continue indefinitely.

6. L Ok, but who is applying force?

7. R: Ehm, yes, the engine is, rather.

The motion that is explained is not the turning of the car, which was intended with this
fragment, but the continuation of the car (3). Roland identifies two influences: a ‘force’,
he later attributes to the engine (7), and resistance. He sets aside first the ‘force’,
leading, resistance still being there, to the car eventually coming to a rest. Secondly he
sets aside resistance too, leading to the car continuing indefinitely (5). That he is able to
correctly apply the scheme indicates that he must recognise its logic.

In conclusion can be said that the triggering of the scheme went according to plan and it
was rather easy. The extent to which the scheme could be explicated in the course of
one interview can be described in the following way. Students were not particularly
surprised or confused with my account of the explanatory scheme and they could be led
to consider questions like ‘which influences are working” and ‘what would happen
when all influences would be absent’ in a quite natural way. This indicates that they had
some understanding of the meaning of the scheme.

3. Research question and method

In section 2.1 I discussed the explanatory scheme and its status. I have indicated the
didactical possibilities of this scheme in section 2.2 and presented some indications that
it can be triggered in and explicated to students in section 2.3 to continue on this path.
The remaining question I would like to explore is whether and how this can be made
productive, concrete, in real life education.

My research question is how the idea of a common explanatory scheme for motion in
common sense and Newtonian mechanics can be made productive in teaching/learning
mechanics.

Although the idea of the explanatory scheme for motion might be applied to a complete
mechanics course for secondary education, such an endeavour would be unnecessary for
exploring how this idea may be made productive. I therefore decided to apply the idea
in a design of an introductory course. Normally in an introduction of any study topic
one expects to find what the topic is about and some indication of the importance of
studying the topic. In my case this fits in nicely with my aims of giving students some
sense of how mechanics works and the power and range of mechanics. This
introduction does not replace the normal course in mechanics students receive, but is
simply something extra at the beginning. To distinguish between the introductory
course | designed as a means for answering my research question and the regular course
that follows this introduction I shall henceforth call the former ‘introductory course’ and
the latter ‘regular course’.

In the regular course productive use of the introductory course could be made by
placing the details of the regular course in the bigger picture provided for by the
introductory course and by using the vocabulary of explanation to address alternative
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explanations of motions that inevitably will occur. This will require some slight
additions or adaptations in how the regular course is executed. Indications for the
teacher as to how the introductory course could be used in the regular course will be
part of my design. Whether this use will turn out to be productive is part of the research
question. The research question concerns therefore both how the scheme can be used in
a design of an introductory course that will lead to my educational aim of making
students appreciate the power and range of mechanics and know how mechanics works
and whether this course will provide the vocabulary to address the usual learning
difficulties reported in literature to be used in the regular course following this
introductory course. There is of course the possibility that the scheme cannot be made
productive at all. For this to conclude many attempts of putting it to work would have to
have been made, and this can therefore not be an outcome of my research’. I can come
to the conclusion that my attempt of making the scheme productive failed, of course.

Design research

I will attempt to answer the research question by means of a design experiment. I will
not say much about the general features of and rationale behind design experiments
(also called design-based research or developmental research). That has been done
extensively elsewhere (Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003); (Design-
Based Research Collective, 2002); (Lijnse, 1995); (Lijnse, 2003). Suffice it here to say
that trying to make the explanatory scheme productive in teaching/learning mechanics is
quite a novel idea of which it is unclear how it can be done. By designing and testing
some prototype of designed education and then revising the prototype and testing it
again and so on in a cyclic process one can come to grips with this question of how it
can be done. Such a design can be expected to suffer from many growing pains. Enough
of these will surface in one trial with one class taught by one teacher. One such trial will
result in a plethora of indications for revisions in the design7, which, after being revised,
can be put to the test again. Such a second trial can be expected to still suffer from
growing pains, albeit hopefully less so than in the first trial or at least differently.

Testing a design raises some important methodological points that need to be taken into
account when applying this research method. Firstly, the didactical quality of the design
has to be object of study. When a domain specific didactical theory is the aim, all the
aspects of the teaching/learning process, like the teacher’s role, the learning activities or
just ‘what happened in the classroom’, and their interrelatedness should be studied.
“Didactics concerns the organisation of the content to be learned both in a sequence of
successive learning activities and in supportive teaching activities, in such a way that it
supports the learning process of the students and the learning goals are sufficiently met”
(Westbroek, 2005, p. 51). Secondly, expectations need to be formulated, thereby
making it clear to understand why the design was designed in the way it was. Behind a

% How many trials are needed before one concludes that something cannot be done? If one is
stubborn enough one can always say: ‘try harder’. Perhaps the deciding factor is the
availability of a better alternative.

7 Anyone with some experience in any kind of design knows that the first prototypes will not
work as intended. Earlier experiences in designing education, e.g. (Knippels, Waarlo, &
Boersma, 2001; Kortland, 2001; Verhoeff, 2003; Vollebregt, 1998) indicate the same finding.
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design ought to lie some justification of why this design is expected to do what it must
do. These expectations are then subject to empirical testing, resulting in further
improvement of the design and to a domain specific didactical theory as result.

An important tool for ensuring or helping that the just mentioned methodological issues
are addressed is the scenario. It describes and justifies in considerable detail the
learning tasks and their interrelations as well as the actions that students and teacher are
expected to perform. It can be seen as a hypothesis, as a prediction and a justification of
the teaching/learning process that is expected to take place. As such, it also enables the
researcher to precisely observe where the actual teaching/learning trajectory deviates
from what she expected, and thus to test her hypotheses in a valid and controllable way.

In the scenario a justification is given for each teaching/learning activity, of why this
particular activity should take place, what the local goals of the activity are and why this
activity would be expected to meet these goals. All successive local goals should of
course lead to the global goal of giving students some sense of how mechanics works
and some appreciation of its power and range. Such an explicit description allows for
the didactical quality of the design to be object of study. More details on the scenario
will follow when I present my scenario for the introductory course in chapter 5.

There are some practical considerations that influence this research. Time restrictions
allowed two consecutive trials. The lesson time available for trials was ten 50 minute
lessons for the first trial and twelve 65 minute lessons for the second trial. The choice
for the length of the course is based on the following considerations: The length is
restricted by the number of lessons a teacher is willing to spent on such a course instead
of the regular program and by the amount of data the researcher is capable of handling
in the course of a 4 year research project. Of course also a minimum amount of lessons
is needed to develop the basic idea.

The choice for the target group, upper level pre-university students (age 16), is based on
my expectation that the required ‘theoretical mood’ (see section 1 in this chapter) can
more easily be developed in academically inclined pre-university students. Also at this
stage students start with mechanics in the Dutch educational system®, making an
introductory course appropriate.

4. Theoretical guidelines for the design

In chapter 2 approaches contributing to solve the problem of lack of understanding in
mechanics were divided in three categories: theories about the problem (that might be
used by others in application to education), guidelines for teaching, and spelled out
education (in the form of learning materials, teacher guides et cetera). It may be clear
from the previous section that I opt for the third category. Only in a developmental

In earlier grades students studied mechanics as well, but this background I consider to be
irrelevant for my purposes. The fact that mechanics in upper level secondary school
effectively starts all over again points to a similar lack of confidence in students’ knowledge
and skills concerning mechanics acquired in lower level secondary education by teachers and
schoolbook writers.
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process of designing and redesigning concrete real-life education can the question how
the idea of an explanatory scheme for motion be used productively in teaching and
learning mechanics be answered. The devil is in the details. In my opinion the task of
applying educational guidelines based on research of some particular kind is difficult
and time consuming and is therefore not solely the job of teachers. In order to improve
education in mechanics one should come up with something more explicit than
guidelines for teaching, that is to say, concrete developed education.

Developing some course will show to some extent the views on teaching and learning of
the developer. These views can be seen as guiding the design and are important to be
made explicit, which will be done in the next section, section 4.1. Other guidelines can
in this particular case be found in earlier work that had similar views on education. This
earlier work of Kortland and Vollebregt resulted in so-called didactical structures within
a problem posing approach. (Both terms, didactical structure and problem posing, will
be discussed extensively later.) Their didactical structures can be seen as designing aids
for future similar approaches and were used as such in my design, which will be
described in section 4.2.

41. View on teaching and learning

A view on teaching and learning to which I adhere, its relation to constructivism
concerning both similarities and differences and the specific emphasis on problem
posing has been described before (Vollebregt, 1998); (Kortland, 2001). For presenting
my view in this thesis I will rely on an excerpt from an article from IJSE (2004) by
Lijnse and Klaassen which I think puts the same matter clearly.

“For the design of teaching sequences, e.g., in principle it may make a difference
whether one starts from a receptive, behaviouristic, discovery or information-
processing view on learning, to name just a few influential views from the recent
past (Duit and Treagust 1998). Even though such differences may, in didactical
practice, turn out to be much smaller than expected. Regarding views on
learning, much attention has been drawn recently by constructivism. To our
opinion, the didactical relevance of that view boils down to the rather trivial
phrase that ‘new knowledge is constructed on the basis of already existing
knowledge’ (Ogborn 1997). As such, this view does not relate directly to a view
on teaching as the construction process of the learner takes always place,
irrespective of how it is being taught. However, if one wants to prevent a
learning process that results too quickly in a forced concept development full of
misconceptions, or, in other words, if one adopts the view that teaching should
result in something like real understanding, it seems necessary to allow students
ample freedom to use and make their constructions explicit, e.g., by means of
social interactions with the teacher and/or peers (freedom from below), and at
the same time to carefully guide their construction process in such a way that it
results in the aims that one wants to reach (guidance from above).

Finding an adequate balance between this necessary freedom from below and
the equally necessary guidance from above lies at the heart of our didactical
research. It means that one tries to guide students in a bottom-up
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teaching/learning process, starting from common ground (i.e. starting from
shared, and known to be shared, ways of thinking about the world), by designing
teaching activities that are to gradually create places in students’ conceptual
apparatus for the concepts and skills one wants to teach to occupy. In that sense,
we can give content to the phrase ‘construct new knowledge on the basis of
already existing knowledge’.

At first sight, this view seems to represent nothing new, as is clear from many
reports about ‘constructivist science teaching’ (Scott, Asoko and Driver 1992;
Leach and Scott 2002). In our work, however, we differ in two major aspects
from these reports. Though we take ‘educational constructivism’ in the above
sense as a first starting point, we do not adhere to the ‘alternative framework’
movement. In our view, students’ beliefs about their experiential world are, in
general, largely correct, which implies that, if properly interpreted, we can
always find common ground to start from in our teaching process (Klaassen
1995; Klaassen and Lijnse 1996). As far as cognitive learning is concerned, we
think it best to think of science learning as a process in which students, by
drawing on their existing conceptual resources, experiential base and belief
system, come to add to those (with accompanying changes of meaning).

What we think needs to be added to this picture, as a second starting point, is
that if this process is to make sense to them, students must also be made to want
to add to those. Or, in other words, students should at any time during the
process of teaching and learning see the point of what they are doing’. If that is
the case, the process of teaching and learning will probably make (more) sense
to them and it then becomes more probable that they will construct or
accommodate new knowledge on grounds that they themselves understand. An
approach to science education that explicitly aims at this, we call problem
posing. The emphasis of a problem posing approach is thus on bringing students
in such a position that they themselves come to see the point of extending their
existing conceptual knowledge, experiences and belief system in a certain

’ The following quotation, as reported by Gunstone (1992), shows that this is not a self-evident
condition.

“In the following typical example, the student (P) has been asked by the interviewer (O) about
the purpose of the activity they have just completed.

P: He talked about it... ..... That’s about all.....

O: What have you decided it [the activity] is all about?

P: I dunno, I never really thought about it .... just doing it — doing what it says ... its 8.5
.... just got to do different numbers and the next one we have to do is this [points in text
to 8.6].”

In addition Gunstone (1992) writes: “This problem of students not knowing the purpose(s) of
what they are doing, even when they have been told, is perfectly familiar to any of us who have
spent time teaching. The real issue is why the problem is so common and why it is very hard to
avoid”. As a remedy, much emphasis has been laid on fostering students’ general meta-
cognitive knowledge and skills. Students should learn to learn. Without wanting to argue about
the value of this emphasis, in our approach we adopt the additional view that it should also be
clear to students on content-related grounds why and what they are doing.
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direction. Thus formulated, also the second starting point seems rather trivial,
and indeed it is. Since in themselves both starting points do not give any further
detailed didactical guidance, the real non-trivial didactical challenge lies, as
already mentioned, in the quality with which they can be put into practice. The
more so as such an approach asks for a considerable change in didactical
contract (Tiberghien 2000) as compared to what teachers and students are
mostly used to.

In correspondence to this and in analogy to what Freudenthal (1991) writes
about mathematics, we may say that we see science as a human activity and that,
consequently, science teaching should guide students in ‘scientificalising’ their
world, instead of trying to transfer scientific knowledge as a ready made
product. Freudenthal speaks in this context about a process of guided
reinvention that students have to participate in, adding that for its design it might
be quite inspiring to look into the history of invention.

Our point of view of developing a problem posing teaching-learning approach
along these lines thus asks for a thorough didactical analysis of common sense
and scientific knowledge, as well as of their relation. How can we design a
conceptual teaching pathway that is divided in such steps that, in a teaching
situation, students are meaningfully able and willing to take them, building
productively on what they already know and are able to? Can we make students
ask or value questions that on the one hand make sense to them and that, on the
other, ask for the development of (possibly adapted) new ideas and scientific
concepts to be taught that provide an answer to their questions?

That means that, for them, the concepts to be reinvented will function for a
particular purpose, and that the reasons for their construction and acceptance are
directly derived from that functioning. In doing so, apart from being guided,
knowledge construction within this problem posing approach is, in a sense,
similar to the process of professional knowledge construction within science
itself. Knowledge is (guidedly) constructed for a certain purpose. And it is
accepted by those who construct it to the extent that it functions productively for
that purpose” (Lijnse & Klaassen, 2004).

4.2. Use of earlier problem posing designs

Since it is my aim to develop a problem posing educational design it seems worthwhile
to explore earlier designs with the same aim and see how these might become useful.
The work of Vollebregt (1998) involved designing a problem posing course in an initial
particle model. Since this topic is quite similar to mechanics in the respect that both aim
for quite theoretical goals this seems a promising starting point to explore its possible
use for designing a problem posing course on mechanics. It will turn out that this leads
to the identification of four main themes in my design. I will first describe how these
themes surfaced and then turn to some other use earlier problem posing designs had.
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Four main themes
First main theme

One of the problems that need to be solved in a problem posing approach concerns the
introduction of the topic. In my opinion each introduction should give students some
sense of the importance and of the content of the subject to be learned. In other words
an introduction should answer two questions: ‘what is the topic about?’ and ‘why would
I engage in 1t?” Taking this function of an introduction of any theoretical topic seriously
results in a paradox'’. How can one meaningfully indicate what a topic is about before
starting it? One could of course take the introductory function not seriously and simply
state what the topic is about, without considering whether this could be understood. For
instance the topic of mechanics can be introduced by stating that ‘mechanics is very
important, it is about the three laws of Newton, the concept of force and mass et cetera’.
Such an introduction does not give any understandable clue what mechanics is about to
someone who does not know what the three laws of Newton are and what mass or force
is. At the most it indicates which new words can be expected to get some meaning along
the way. From a problem posing perspective this way of (not) dealing with the paradox
is undesirable, for it does not provide the students with a motive or reason to engage in
the topic and does not give any direction in what the problem with explaining motion
might be, or how it might be solved, answered or explored. In terms of a problem
posing approach dealing with this paradox can be expressed as finding a broad motive.
This is particularly hard for theoretical topics, since the goal of understanding a
particular theoretical topic (to the extent that it can provide some direction in how to
engage in it) is more difficult to imagine at the start than a more practical goal (see also
the last footnote). Vollebregt encountered this difficulty when she indicated that she did
not succeed well enough in establishing an answer to the why- and what-questions in
the introduction of her course on particle models.

Let us look in slightly more detail to Vollebregt’s ideas about the why- and what-
questions, since these served as inspirations for the design of my introductory course on
mechanics.

Vollebregt identified the importance of addressing the why-question and attempted to
do that by appealing to an assumed intrinsic theoretical curiosity in pre-university
students and showing that it can be worthwhile to pursue knowledge of an ever more
general kind. “This more general knowledge may allow for understanding why previous
(less general) regularities are as they are and, moreover, may be used to explain and
predict more events in a better way” (Vollebregt, 1998). However, she was not content
with this part of her design. “[A] real motive for the introduction of a specific particle
model is still missing, and therefore initial activities cannot sufficiently induce a
theoretical orientation.” This expectation was later, in the test of the design, observed to
be true. In the discussion of her findings she suggests that a possibly more fruitful
approach may lie in a general introduction consisting of a historical account of famous

' In the case of practical topics there need not result a paradox. Take for instance the practical
topic of learning to drive a car. Here the student can envisage right at the beginning a pretty
clear picture of what it is she is going to learn, without knowing how to drive at that stage.
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scientists, “in order to show that people have always thought about the origin of
everything around them, have tried to classify matter and have tried to figure out how it
all works and what it consists of. [...] In this way, the teacher shows in general terms
what is going to be the issue of the next lessons [i.e. answers the what-question; ASW]
and meanwhile builds on a possibly existing curiosity of some of the pupils [i.e.
answers the why-question; ASW]” (Vollebregt, 1998). In the case of my design for the
introductory mechanics course this idea of a historical account to show the importance
of explaining motion seems also useful.

Answering the what-question in Vollebregt’s design took place in a procedural way:
looking for better understanding of already established generalisations by searching for
even more wide-ranging generalisations. In retrospect she was not fully content with
this and would have liked to include a more content related answer to the what-question.
For this she suggested that “pupils’ attention needs to be focussed, from the start, [...]
on giving explanations in terms of the behaviour of constituting elements, which differs
from the behaviour of the system as a whole,” that is to say functional explanations. My
research originated in the idea to appeal to basic intuitions in order to suggest a content
related direction to answer the what-question. The explanatory scheme for motion may,
for the topic of mechanics, provide for this.

Second main theme

Next Vollebregt introduced in her course an initial particle model that was right away
acceptable to students since it could immediately explain some phenomena, although it
was not motivated from a content related perspective (see above). Students then
extended their knowledge by refining and adapting this initial model in order to explain
even more phenomena. This part of the design did what it supposed to do and was
therefore quite successful in that respect. A similar idea may be used in the case of the
design of the mechanics course by letting students look for concrete explanations of
motions as ‘refinings’ and applications (or specifications) of the explanatory scheme.
Both Keplerian and Newtonian mechanics can be seen as particular specifications of the
explanatory scheme as was seen in section 2.

Third main theme

In the design of Vollebregt students were expected to reflect on the nature of particle
explanations and the process of modelling during and after the development of the
model. For this the comparison of alternative explanatory frameworks (one in which the
temperature is related to the speed of the particles and another in which the particles
themselves become warmer or colder) was useful, because it triggered a discussion of
the fruitfulness of these alternatives in which the nature of particle explanations
naturally was addressed. Both the need for a reflection and the way to bring it about by
comparison of alternative frameworks seem useful to adopt in the mechanics course. In
my case, alternative ‘refinings’ or specifications of the explanatory scheme for motion.

Fourth main theme

Vollebregt made the structure in particle explanations explicit in order to facilitate
subsequent study of particle models in topics or subjects like electricity, nuclear
physics, chemistry et cetera. Her design ends with an outlook on subsequent particle
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models. She did not indicate how in these later topics use could be made of her course.
In my case I will give some indications of how use can be made of the introductory
course in the regular course in mechanics, since it aims to be introductory, that is, it
should have some use for the regular course.

Recapitulating it can be said that the work of Vollebregt suggests three successive
themes that need to be addressed in a problem posing design for my introductory
course:

e The why and how of introducing the topic. The explanatory scheme for motion
plays a role in the ‘how’.

e Extending students’ knowledge by detailing the explanatory scheme to arrive at
empirically adequate models for explaining motion.

e Reflection on the knowledge developed so far and the method of working. This
consists of an evaluation of models and #ypes of models in the light of achieving
broader applicability.

To these three themes I like to add a fourth:
e Preparation of and embedding in the regular course.

This last theme has understandably little emphasis in Vollebregt’s work since her course
was not designed to be an introduction.

Earlier didactical structures guiding the design

Apart from (in a way) prescribing successive themes a problem posing design should
address, the work of Vollebregt was useful for my design in another respect. Use of so-
called didactical structures had implications for thinking about my design. I will first
say something about what didactical structures are and then indicate what implications
these structures had for my design.

A didactical structure of a topic is a functional description of the main steps in
teaching/learning the topic. Both the work of Vollebregt and the not further discussed
work of Kortland (2001) resulted in didactical structures. To make clearer what is meant
by didactical structure let us take as an example the graphically represented didactical
structure of the education designed by Vollebregt, see Figure 1. The point I want to
make here is the use of structural elements, not the precise content of these elements in
her course.
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Physics knowledge

Motive Nature of physics

global orientation on
something like ‘structure of

matter’

that starts by narrowing the
field down to macroscopic
knowledge of gases

—

by means of an initial kinetic
model, introduced in such a
way that it is initially
plausible, because it is
intelligible and seems fruitful

involving pupils in a

that leads to a further
development of the model
with an increased plausibility

—

that is explored by a further
development of the gas
model and its application to
the behaviour of liquids and
solids as well

L >

—

disciplined modelling process,

_as a topic of scientific interest
~ and progress

;

should result in a feeling that
this could be an interesting
field of study

. on which is reflected in

~ relation to pupils’ tacit
knowledge of the aims of
physics

resulting in a willingness to
look for deeper understanding
(theoretical orientation)

but also to questions about its
fruitfulness

|

that are answered by reflection
on the properties and
existence of particles and on
particle explanations

from which a suspicion about
a fruitful ‘research
programme’ should result

leading to a point of closure at
which we may ask ‘what have
we done?’

R

that is answered by reflection
on the process of modelling in
relation to ‘how scientists
work’

- |

resulting in an outlook on
subsequent modelling

Figure 1: A didactical structure for a problem posing approach to the introduction of a

particle model.
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This figure shows a sequence of steps each with a specific didactical function that is
organised in three columns. In the column on the left those steps mainly related to the
educational goal of learning about particle models can be found. On the right one finds
the steps related to a second educational goal about learning about the nature of particle
models. These two goals were the main goals in this course. The column in the middle
explicitly mentions the motives for the subsequent steps. One can see in a glance how
each step is supposed to result in a (local) motive for the students to engage in the next
step, which in turn results in a new motive et cetera. This figure also shows that aiming
for two educational goals at once can become useful, for taking a step in the direction of
one goal can provide for a motive to continue with the second goal and vice versa.

This kind of didactical structure had two implications for my design. Firstly thinking
about the didactical structure was helpful because it made clearer what the main
learning processes of the designed course were and secondly it forced me to make
motives explicit. Let me explain. In thinking about the didactical structure of my design,
with the example of Vollebregt’s at hand, two questions were raised and answered.
Firstly, what are the column headings in the depiction of the didactical structure? This
question sounds trivial but behind it lies an important point, namely what the main
learning processes related to the main educational goals are. In my case it was difficult
to determine exactly which processes were coupled, if any. One candidate was (perhaps
inspired by the didactical structure of Kortland) content vs. skill. Content could be
regarded to consist of knowledge about the explanatory scheme and Newton’s laws.
Skills involved could be modelling and, arguably, applying the explanatory scheme.
Another candidate was a coupling of physics and history. Historical topics about
philosophy of change and movement, the study of heavenly bodies and historical
persons like Kepler and Newton are used to get the physics across. However, it seemed
more natural to view the history only as a context for the physics than as two separate
and coupled learning processes. The third candidate was content vs. meta-content. In
this case the content is knowledge about Newton’s laws. Meta-content is thinking about
the knowledge about Newton’s laws, which includes the explanatory scheme. This last
candidate was the most promising because it captured more fully the learning processes
leading to the two educational aims of understanding (the conceptual structure of)
mechanics and developing some appreciation for its power and range. The modelling
mentioned in the first candidate seemed to be more of a secondary nature.

A second question raised by thinking about the didactical structure concerned the
motives in between the successive didactical functions. Dividing the course in
successive didactical functions forces one to think what the functional units are and if
and how they logically (i.e. meaningfully for students) follow one another. A strong
indication for the latter is whether explicit motives can be identified. Filling in a figure
depicting the didactical structure can serve as a check for possible omissions in the
design. If a particular motive is absent in the design, some justification for its absence is
required.

In the next chapter the results of this thought process are presented in the form of a
didactical structure and further description of the first design.
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5. Summary

In this chapter backgrounds of the design of an introductory course in mechanics were
addressed: the explanatory scheme, theoretical guidelines for the design and how the
design will be developed which is expressed in the research method. The first included
an extensive discussion of the explanatory scheme in which it was argued that this
scheme underlying both Newtonian and common sense explanations of motion is a
special case of causal explanation in general, which was meant to provide it with a solid
backbone''. It was then argued that the explanatory scheme might function in
mechanics teaching for which two necessary conditions were identified: (1) Students’
use of the scheme needed to be triggered and explicated and (2) Newton’s use of the
scheme needed to be made explicit. Since the first condition was surrounded by much
uncertainty as to how this might be done, a pilot study was undertaken to explore this
question. This resulted in a feasible approach using video fragments to trigger
explanations of motions in which students’ use of the explanatory scheme could then be
pointed out to them in a way that seemed quite natural to them.

After the notion of an explanatory scheme for motion had been firmly put on the map in
this way the research question could be formulated as: ‘How can the idea of a common
explanatory scheme for motion in common sense and Newtonian mechanics be made
productive in teaching/learning mechanics.’

This design question will be explored using the method of a ‘design experiment’, which
involves a cyclic process of designing, testing and revising a prototype. In order to
make the didactical quality of the prototype object of study detailed qualitative data of
the actual teaching/learning process need to be collected and compared with an equally
detailed description and justification of the expected teaching/learning process in the
scenario.

Theoretical guidelines for the design were expressed in my view on teaching and
learning, which involves the notion of problem posing education, and use of earlier
designs starting from a similar perspective. Here the work of Vollebregt served as an
important inspiration both in suggesting several main themes in my design and
providing for the designing aid of ‘didactical structures’.

" The criticaster that denies that the scheme functions in explanations of motion would now
have to account for how causal explanations must be understood, since her denial of the
explanatory scheme implicitly denies widespread notions about how causal explanations work.
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Chapter 4 Development from first to second design

"Failure is the pillar of success, if you learn from it"

- Saying, popular in Sikkim on signs along the road

1. Introduction

Aims of this chapter are to present the second design on a broad level and to show (on
this broad level) how the first design contributed to the second design. The latter
illustrates the method of design experiments and provides for some empirical
justification of (parts of) the second design. Although the first design turned out to be
unsuccessful in many respects, still some important ideas developed from the first trial
that were incorporated in the second design. For understanding these ideas a broad
description of the development in the design suffices. In fact a more detailed description
and analysis of the first trial would not be useful given the numerous flaws in that
design.

The design can be viewed from several perspectives ranging from more broad to more
detailed. The broadest perspective concerns the four main themes already introduced in
chapter 3:

e The why and how of explaining motion. The explanatory scheme plays a role in
the ‘how’.

e Extending students’ knowledge by detailing the explanatory scheme to arrive at
empirically adequate models for explaining planetary motion.

e Evaluation of models and types of model in the light of achieving broader
applicability.

e Embedding in the regular mechanics course.

Zooming in, each main theme can be divided in several episodes. An episode is a
sequence of connected activities related to a particular goal. An episode forms a
coherent unit in a lesson in the sense that it requires an introduction, after which some
activities addressing some central question follow, and is finally evaluated in light of
the introduction. Its size ranges from 30 - 80 minutes.

The most detailed perspective on the designed course is a description of its activities,
like answering questions, reading texts or listening to an explanation by the teacher, in
which the description concerns the actual questions, texts or formulation of the

explanation. Perhaps a time frame may make this distinction clearer, see Table 1:
Zoom size Describes Time frame Relevant sections
Broad Main themes lessons chapter 4, section 2
Intermediary Episodes 30 - 80 minutes chapter 5, section 2
Detailed Activities 1 - 10 minutes chapter 5, section 3 - 5

Table 1: Different levels of description
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Section 1 Introduction

The content of the first design, the development in the content from first to second
design and the second design will be described on a broad level for the first three main
themes in section 2. In this description sometimes some details are mentioned for the
sake of clarifying the description on the broad level. The fourth main theme will be
addressed slightly differently because it was not put to the test to the same extent as
were the first three main themes. It will be described on a broad level and will not
include a discussion of how results from the first trial led to revisions in the design of
the second.

The development in the teacher preparation from the first to the second design will be
described in section 3. The preparation of the teacher in the first trial led to the idea of
using interaction structures for the preparation of the second teacher. What this idea
entails and how it was put to the test will be the topic of this section.

This chapter will give the reader a rather general view of the revised design. In chapter
5 1 will further zoom in on the design by first presenting an overview of the related
episodes and then describing the episodes in detail, that is on an activity level.

Let me begin with some remarks concerning the research method used in the first trial.
In the first trial one teacher and one pre-university level class of 27 sixteen year old
students (Dutch: 4 VWO) participated. This teacher agreed to spent ten 50-minute
lessons on this experiment, which consisted of about one quarter of the time he would
see this class in that year. The willingness of the teacher to participate in this project,
which was also due to that he was a former colleague of mine, was the main criterion
for selection. It was an ordinary class in an ordinary school with an ordinary teacher.
Teacher explanations to the whole class were video taped. Group discussions were
audio taped. I selected four different groups each lesson. Groups ranged in size from
two to five students depending on the activity. The teacher and researcher carried a tape
recorder all the time, recording all interactions. Students’ written materials were
photocopied after each lesson.

Based on data obtained in these ways I compared the intended teaching/learning process
to the actual one. This analysis did not delve very deep, since the findings at a more
superficial (or broader) level already indicated some shortcomings and already
suggested ways of improvement. This is a rather normal feature of this kind of research
where, although one spends considerable time and thought on the first prototype from
behind one’s desk, it still shows considerable design flaws when put to the test.
Fortunately such a test also gives ideas for improvement. I will present here only the
design and results from its test on a broad level, which should suffice to understand and
follow the changes made in the second design.

2. The content from first to second design

In this section I will describe the development from the first design I tested to the
second design, and organise this description around the four main themes. The
development within each theme will be addressed in the four following subsections,
starting with the first: The how and why of explaining motions. This includes a
description of the first design, the main results that led to revisions in this design and a
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Chapter 4 Development from first to second design

description of the resultant second design. The fourth main theme will be described
slightly differently, as was already mentioned in section 1.

21. The how and why of explaining motions.

I will first describe, in section 2.1.1, how the first design was expected to implement the
functions of the first main theme. Then, in section 2.1.2, I will present some results of
testing this design that lead to revising this first design. Finally, in section 2.1.3, I will
describe the second design in light of these results. (This procedure is then two times
repeated for the second and third main theme in the subsequent sections.)

2.1.1. First design

In the first main theme I tried to develop a theoretical orientation towards explaining
motion. This main theme is concerned with the questions ‘why study the topic of
explaining motions’ and ‘how are motions explained’. In the first design this was
implemented in a way that is depicted in Figure 1.

Physics Motive Reflection on physics

Orienting and evoking a broad interest in and motive for a study of change as a
phenomenon and philosophical theme. Orientation on the course.

v

Should result in the notion

that this is an important and

interesting theme  worth

knowing more about on which by reflection an
underlying scheme is found
and made explicit, in
relation to history

resulting in a willingness to
look for deeper

understanding  (theoretical
orientation)

starting with movements _
and their causes

Figure 1: Didactical structure of the first main theme in the first design.

The question ‘why study explaining motions’ could be answered by pointing out its
importance as an essential part of understanding the larger theme of change as a
phenomenon and philosophical idea. After starting with the big theme ‘change’ as broad
motive, the plan was to narrow it down to the more specific motive of understanding
motion by the argument that understanding motion is an important part of understanding
change. The theme ‘change’ could be introduced by means of several philosophers
expressing, each in their particular way, how they understood change in terms of the
motion and interaction of particles. These positions could then be illustrated with the
example of how they would explain the freezing of water. The role of the teacher in this
was crucial for instilling a sense of wonder and curiosity. I expected that not so much
what was said, but the enthusiasm with which it was said would trigger student’s
dormant curiosity.
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Section 2.1 The how and why of explaining motions

The plan was to answer the question Zow motions are explained with the explanatory
scheme, that for that reason needed to be triggered and explicated. Students should
come to notice that different explanations of various motions have something in
common, namely that influences can be identified and that those influences cause
deviations from influence free motions. In order to appreciate the explanatory scheme
students need to be oriented towards its theoretical use for understanding all
explanations of all motions. This theoretical orientation in a student is an attitude that
abandons specific practical aims and interests in explaining a motion and should result
in a willingness to look for deeper understanding.

I expected that the recognition of plausible influences and a particular type of motion as
influence free is easiest in relation to the ways we ourselves influence motion, see also
chapter 3 section 2.1. That is, if standing still or gradually coming to a stop are taken as
influence free, various kinds of actions we can perform can be related to kinds of
deviations from the assumed influence free motion. In chapter 3 section 2.3 I called
these actions ‘personal influences’. In other cases involving ‘non-personal influences’,
these influences are less easily recognised precisely because an assumption for an
influence free motion in combination with a plausible interaction theory to account for
deviations from it is lacking. With ‘interaction theory’ I mean notions concerning the
causes and effects of influences that can range from vague (or even implicit) regularities
between causal factors and their effects on the motion to precise (and explicit) force
laws like Newton’s law of gravitation.

In order to trigger and explicate the explanatory scheme the plan was to examine some
explanations of motion in which use of the scheme could be pointed out. A way of
triggering explanations of motion used in the first design was using video fragments of
motions that were stopped after which the students had to predict and explain the
continuation of the interrupted motions. This approach was tested in a pilot study that
was described in chapter 3 section 2.3, which started with motions involving only
personal influences and later including also non-personal influences. In that pilot it was
seen that in the explanations of the motions students watched they mentioned things that
I would call influences on the motion. These influences had to be operating because
otherwise the object would move differently, namely according to its assumed influence
free motion. This general argument of the explanatory scheme, also used (implicitly) by
the students was then pointed out to them.

The role of the teacher in triggering and explicating the explanatory scheme is a difficult
one. He has to use the diverse student responses recognisably, ensure that the details of
the explanatory scheme surface clearly while retaining perspective on the purpose of
arriving at an understanding of what explaining motion is about.

This was the first general plan for evoking a broad motive (understanding change) and
narrowing this down to a content specific motive (understanding explaining motions)
for which students need to adopt a theoretical orientation. This plan was further worked
into a concrete design and tested in the first test round. This first main theme took about
two 50-minute lessons. I will now discuss some results from this test that lead to
revisions of the design.
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Chapter 4 Development from first to second design

2.1.2. Results leading to revision of the first design

The execution of the design deviated from the plan in the sense that the supposedly
enthusiastic introduction was simply read out and contained irrelevant mentioning of the
September 11™ disaster, which did raise interest, but for the wrong reasons and the
evaluation of the assignments from which the explanatory scheme should have been
clearly explicated was almost completely lacking. Although this made it more difficult
to draw conclusions about the effectiveness of the design, still some points worth
mentioning surfaced.

The first introductory function of answering the question ‘why study mechanics’ did not
work well enough. The problem was that although the notion of building blocks of
matter was caught on to, the essential next step that change can be understood in terms
of the motion and interaction of these building blocks was not. A possible cause might
have been the following. The chosen example (of freezing of water) and terms that were
used could have invoked an image of a ‘static change’. That is to say some state before,
then a change and finally a state after, where the dominant aspects are the state before
and after and the importance of the change in the middle remains unclear. For instance
when asked to write down some similarities and differences between the studied
philosophers a student wrote down:

"Similarities: Changes are achieved by arrangement of matter. In arranging the particles
are mixed. After the arranging the particles returned in another way.

Differences: Other notion on how particles were arranged."

The word ‘arrangement’ was used in the student material, which was unfortunate since
it has a static connotation.

That students did not see the function of the start concerning the ‘change as motion’
theme was confirmed later in the course. Students drew conclusions in the third main
theme in an essay assignment (assignment 26, which will be described in section 2.3.1).
They made an effort in writing these essays, which can be considered to reflect what
students thought were the salient parts of the introductory course, as well as what they
have understood from it.

Let me begin by summarising the findings from these essays and then present a
complete account of all relevant statements from the essays related to how motion is
explained. Students mentioned those elements from the course they considered to be
necessary for predicting (or explaining) motion. They varied in amount and type of
elements that were mentioned. Although only two students (Els and Michael) explicitly
mentioned the explanatory scheme, all students implicitly made use of the scheme in
explaining motion. What is interesting and also in a way reassuring is the diversity in
elements that were mentioned. Apparently all the necessary ingredients for an
explanation of motion can be recognised by students in the course. There were some
who have understood, at least to the extent of finding it important enough to mention it
in a recapitulating essay, the importance of an influence law, some the rule deviation =
influence/laziness and some the assumption for an influence free motion. Students were
not asked to write (elements of) the explanatory scheme down. They were asked to
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Section 2.1 The how and why of explaining motions

write what explaining motion is about. That they did mention these elements indicates
their viability, which I find reassuring.

When writing about how motions are explained some students expressed elements of
the explanatory scheme or sometimes tried a general description like the one from the
student booklet.

Els: Explanatory scheme for motion:

1. An assumption for the influence free motion.

2. Deviations from that influence free motion can be explained by identifying suitable
infleunces.

This does not necessarily mean Els has understood it, but at least she considered it
important enough to include it in her essay.

Sometimes students mentioned the three elements of the scheme identified in the
following figure from the student booklet (§1.6.2, p. 16), which was copied by two
students (Rachel, Stan) or described in words by three others (Abe, Tara, Koen)

Kepler Newton
- Influence free motion is rest - Influence free motion is straight motion

with constant velocity
- deviation = influence / laziness - deviation = influence / laziness

- Deviations can perhaps be explained by | - Deviations can perhaps be explained by
a dragging influence of the rotating sun [an attracting influence between all
(spoke explanation). heavenly bodies amongst which the sun
(gravitation).

Some only mentioned a single element from the scheme, namely the rule deviation =
influence / laziness, but did not mention anything about influence laws (Bertine,
Mathilde, Mark, Niek, Bashel, Iwan). Take for example Bertine and Iwan:

Bertine: I have used the formula deviation = influence / laziness a lot.

Iwan: To predict a motion one needs three things according to Kepler and Newton.
Using these two things, the third is calculated. The first two one needs are influence and
laziness. By dividing the influence by the laziness one gets the third. The third is
deviation which shows how an object will move.

Six others did not mention this rule, but talked about the need for influence laws.
Lisanne: I think you first have to know that [whether there are influences], in order to

determine the motion of an object. One also has to make a formula or influence law.
Then one can predict the motion of among others heavenly bodies.

Emma D.: I found it difficult to correctly predict a motion, because I did not know

which forces how strongly were operating on the object. I still don’t know that, which I
think is a pity.
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Chapter 4 Development from first to second design

Emma D. did not know which forces were operating and how strongly they affected the
object. Apparently she does know that one should know these things, i.e. an influence
law, in order to predict a motion.

Nicky / Emma N.: In order to predict a motion one has to know how it originated, what
is causing its progress, one also has to know the circumstances and which forces are

‘busy’.
Although Nicky and Emma N. do not mention influence laws, knowing which forces
are ‘busy’ implicitly signifies the same thing.

Bertine: One could say one has completely understood a motion when one has made a
prediction of how the motion will continue, and that turns out to be true. [...] One needs
an influence law to predict a motion.

Joffrey: To predict a motion one needs all properties that are required. One needs a
formula. In that formula one has to fill in all those properties.

With properties Joffrey means influence-affecting factors, I think.

Some students mention the elements of influence (law) and rule. This was found in the
essays of two students:

Mathilde: When you want to predict a motion of an object, it is important to know the
influences (like gravity), then you can predict the motion of the object. With the
formula of Kepler and Newton.

Els: I have learned how motion can be predicted using influence and the law of Newton
and Kepler.

With ‘the formula or law of Kepler and Newton’ Mathilde and Els mean the rule
deviation = influence / laziness, I think.

The most complete accounts of how motion is explained were given by Michael and
Sophie.
Michael: By this I learned what to do first in order to explain motion. Namely that you
first ask yourself what would happen when there are no influences to be identified. This
is called the influence free motion. In case deviations on the influence free motion
occur, than that is caused by other influences. With these data an explanatory scheme
was formulated. This was used in the notions of Kepler and Newton. They each had
their own notion of the deviation from the influence free motion. This is also
summarised in a scheme and an influence law according to Kepler and Newton was
formulated. And with the help of that law I could predict motion.

Michael mentions all elements of the explanatory scheme, except the rule. Only the
connection between the elements remains unclear.
Sophie: According to the models of Kepler and Newton we can now predict the motion
of objects and planets. By using the influence law one can determine the position of an
object or planet when there is a particular influence working on it. The formula for this
is: deviation = influence / laziness. Kepler says that with the influence free motion is
rest. According to Newton the object without influence will go straight on with constant
speed.
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Section 2.1 The how and why of explaining motions

Sophie mentions all elements, but also in this example without their connection. This
ends my presentation of these essays and I will return now to the functions of the
introduction.

The second introductory function of answering the question Zow explaining motions
work, expressed by the explanatory scheme took place too late and ineffectively.

It was too late in the sense that in the whole first lesson students had to discuss
philosophers’ ideas about change, without any sight of what this had to do with
mechanics. For instance, some remarks students wrote down in response to the
evaluative questionnaire after the whole introductory course indicated some confusion
what this beginning had to do with anything.

Niek: "In the beginning I really thought: What is this?";
Tara: " In the beginning I did not understand well what the purpose of the course was,

n.
B

Rachel: "In the beginning I found it difficult, and we did not go into the assignments
that much in the lesson, the first part I did not understand entirely."

The second introductory function was ineffective in the sense that the video fragments
triggered the expected type of responses, but pointing out the explanatory scheme in
them in the intended way, that is in close connection to the student input, while
managing a class discussion proved very difficult. The teacher had to manage a kind of
class discussion (only student - teacher interaction, no student - student), check that
sufficient responses were elicited, remember those responses and abstract those in terms
of the explanatory scheme. That is a very difficult task that took me practice in several
interviews before I could pull it off in interviews involving only 2 students. Let alone
the difficulties involved in doing it in a class of 27 students without any practice! This
would require a kind of preparation that did not occur. (How the teacher was prepared
will be discussed in section 3.)

What could be seen in the explanations of the various video fragments was that personal
influences were easily identified and their role in accounting for the motion was quite
clear. Non-personal influences like gravity or friction could be triggered e.g. by
comparing fragments and careful questioning, but making clear the function of these
influences in accounting for the motion was more difficult. Without having already
some interaction theory (however primitive) students found it difficult to identify an
influence solely on the basis of accounting for the observed motion. Why was this so
difficult? Explaining an observed motion in terms of a deviation from an assumed
influence free motion, caused by some to be identified influence, can be compared with
trying to solve two variables from one equation. The equation, which stands for the
observed motion, is clear. However, when students are uncertain about what influence
free motion to assume (one variable) and have almost no clue what influence (the
second variable) may cause the deviation from such an influence free motion, this task
will prove very difficult indeed. For instance, in the case of a ball moving in a circle
with a gap none mentioned an influence of the tube on the ball, which I expected to
happen for those students that predicted something else than a continuation of the
circular motion when the ball reaches the gap. (If they did it that would have indicated
an assumption of circular motion as influence free motion.) Discussing some influence
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Chapter 4 Development from first to second design

for which they have no name (like ‘influence of the tube’ or ‘centripetal influence’)
solely on the basis of the notion that some influence has to be there because the
observed motion deviates from the assumed influence free motion was at this stage a
‘bridge too far’. Even when they can name an influence its role in the explanatory
scheme is hard to make explicit when they lack a sufficiently precise interaction theory.
Recapitulating, it can be said that the difficulty lies in that students were asked to apply
the explanatory scheme that had been explicated from their explanations of motions
involving only personal influences directly to motions including also non-personal
influences.

2.1.3. Second design

The problems that arose in performing the function of the introduction, discussed in
section 2.1.2, resulted in two revisions of the design. Firstly explaining in general will
be used as a stepping-stone for explaining motion. Secondly the course will start with
the topic of motion directly, instead of introducing it as a special case of change. I will
now discuss what these revisions entail and how they are supposed to remedy the
problems of the first design.

Improving the design by means of a general explanatory scheme

In the first design I attempted to show what explaining motions in a general way is by
explicating the way students already explain motions involving only personal influences
and by letting them apply this to motions involving also non-personal influences.
However, this proved to be difficult and did not succeed well enough, as was seen in the
previous section. A solution to this problem may be found in the idea that explanation
of motion is a special case of causal explanation (see chapter 3, section 2). If it is
possible to trigger the structure in causal explanation in general, this structure (or
general explanatory scheme) can be used as a stepping-stone to the explanatory scheme
of motion. The idea is that the general explanatory scheme can be expected to be quite
easily triggered, e.g. in the way described shortly. The explanatory scheme for motion
could then be introduced as a special case of the general explanatory scheme. Next it
could be applied to motions involving mainly personal influences, which is expected to
be easy as results from the test of the first design indicated. Explaining motions can then
be explicated as filling in the explanatory scheme. This filling in of the explanatory
scheme can then be applied to the more difficult motions involving also non-personal
influences. I did not know to what extent students were able to take this last step, which
is one of the reasons to try this out in a second pilot study, which took place after the
first trial and before the second trial (see Table 2). In the first trial the explanatory
scheme for motion was explicated on the basis of motions involving personal influences
and applied (which failed) to other motions. In the suggested revision the explanatory
scheme for motion is already explicated by means of the general explanatory scheme
and applied (which is expected to be successful) to motions involving personal
influences.
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Section 2.1 The how and why of explaining motions

Research activity | When? What about?

Pilot 1 Summer 2001 | Triggering and explicating the explanatory scheme for
motion by means of video fragments

Trial 1 Winter 2001 Test of first design

Pilot 2 Winter 2002 Triggering and explicating the explanatory scheme for

motion by using the general explanatory scheme as
stepping-stone

Trial 2 Spring 2003 Test of second design

Table 2: Sequence of research activities

How can the structure in causal explanation as presented in chapter 3 section 2.1 be
made productive? In chapter 3 we saw that in giving a causal explanation of an event we
normally take for granted a great deal of background, and what we typically want to
know is what to add to that background to make the occurrence of the event intelligible.
This can be made clear to students by explicitly comparing the event and the assumed
background. The following depiction of an explanation of sugar slowly dissolving in
tea, ‘the sugar dissolved slowly in the tea, because the tea was not stirred’ can be helpful
for this comparison (see Figure 2).

Situation A Situation B
Slowly dissolving Quickly dissolving
S5
-|No stirring - Stirring
- Tea - Tea
- Sugar lump - Sugar lump
- Temperature T - Temperature T

Regularity: Always when tea is stirred, sugar dissolves more quickly then when it
is not stirred, all other things being equal

Figure 2: General explanatory scheme applied to the example of dissolving sugar in tea

This figure shows a completed or filled in depiction of this explanation. In this case the
sugar is considered to be slowly dissolving because the tea was not stirred. The event to
be explained, depicted on the left, is mentally compared to the background, which is a
situation in which the sugar dissolves more quickly, because in that case the tea is
stirred, depicted on the right. What needs to be added to this background to make the
occurrence of the event intelligible is the absence of stirring, which is a somewhat
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Chapter 4 Development from first to second design

awkward way of saying that the stirring needs to be taken away from the background to
account for the event of slowly dissolving sugar. The background can be characterised
by numerous factors like the amount and sort of tea, the amount and shape of the sugar
lump, the kind of sugar, the temperature et cetera, that are the same for both situations.

Furthermore in chapter 3 we saw that it must prove possible to so characterise the event
to be explained and the addition to the background that they fall under a (more or less
strict and more or less lawlike) generalisation. In the given example the explanation
makes implicit use of the regularity or lawlike generalisation ‘always when tea is
stirred, sugar dissolves more quickly than when it is not stirred, all other things being
equal’. In this way such depictions can become a useful tool to talk about the general
structure in causal explanations in a way that is not as abstract as the discussion in
chapter 3, but is expected to be concrete and easily recognisable for students. As
indicated in chapter 3, section 2.3, with respect to the explanatory scheme for motion, |
also assume with respect to the general explanatory scheme that students, like
everybody else, make implicit use of it. The serious problem is how to make them
recognise and explicitly use the structure in their causal explanations.

Students may be guided by several questions in filling in such figures themselves. With
the help of this depiction the general structure in one explanation could be pointed out.
Students can then be asked to fill in elements of depictions of other explanations, but
with almost all text left out, to see if they understand the different elements of the
general explanatory scheme and how they are related.

It can then be pointed out that explanations of motion can be seen in a similar way. For
instance students could be asked to identify several elements of an explanation of a
particular motion involving only personal influences with the help of a similar depiction
as the sugar dissolution explanations, see Figure 3.

Keeping speed Slowly decelerating

Regularity:

Figure 3: Comparison bicycle riders 1

92



Section 2.1 The how and why of explaining motions

Here also two situations differ in one relevant factor. In this case the influence pedalling
can be identified, while many factors that characterise the background are the same: the
person cycling, the bike, the surface, the tension in the tires et cetera. The pedalling can
be related to the phenomenon of keeping speed by the regularity ‘always when one
(steadily) pedals, one is keeping speed, all other things being equal’. From this the
explanatory scheme for motion can be explicated as a special case of the general
explanatory scheme. The students can then be asked to apply this scheme in explaining
another motion involving also non-personal influences, to see to what extent they had
understood it.

This way of depicting the explanatory scheme for motion was inspired by the similar
way of depicting the general explanatory scheme. The obvious similarities in
presentation are expected to help students see the similarities between both schemes
themselves.

A concrete implementation of the idea of using the general explanatory scheme as
stepping-stone was tested in a second pilot study to see whether such an introduction
was in fact easier. Another question in this study was whether the students recognise the
similarities between the general explanatory scheme and the explanatory scheme of
motion. Seeing the similarities is an important prerequisite for this idea to work. The
similarities can be emphasised' by addressing and using both schemes in the same way,
e.g. by using the same kind of depictions of the scheme. I will now describe the method
and results of this second pilot study and then return to the main point of the first part of
this section, improving the design by using the general explanatory scheme as a
stepping-stone, in the discussion of the results of this pilot.

Method of the second pilot study

The idea of a general explanatory scheme was worked into an educational design.
Students were presented with several explanations of sugar dissolving in tea, one of
which was depicted in the manner of Figure 2. This design was tested in a quasi-
educational setting with the researcher as teacher and two students as class, which can
also be seen as a structured interview. The research method of the second pilot study
was similar to the first pilot study described in chapter 3 section 2.3. The first couple of
interviews (about four) served as try-out for the interview scheme, which during this
phase was adjusted until it seemed ‘good enough’. The subsequent interviews all
followed the same interview scheme and were for data gathering. Saturation effects
determined the amount of interviews held. If new interviews were no longer surprising
it was time to stop (which happened after about 8 interviews, including the try-outs).

The interview was described in a scenario-like interview scheme, together with a
description of the intended teaching/learning process with argued expectations and how
this is supposed to contribute to answering the research questions of this second pilot
study.

Results of the second pilot study

! Since both schemes are very much alike, as was shown in chapter 3, using them in a similar
way would be a very natural thing to do. In this sense it would be not entirely correct to speak
of emphasising the similarities. The similarities are obvious, but still have to be shown.
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The interview with the students seemed to work as intended, but up to a certain point.
The general explanatory scheme could be pointed out to them with the help of the
example of sugar dissolving in tea. The transition to explanation of motion could be
made, in which students appeared to see the similarities between both explanatory
schemes. Also pointing out the explanatory scheme for motion in explanations
concerning only personal influences went well. Applying the scheme to other motions,
for which also non-personal influences were needed, proved to be very difficult.
Students were able to mention a couple of other factors, which may influence a motion
apart from personal influences. Some students expressed their intuitions concerning an
influence free motion. As expected they were less sure about what a motion without any
influences would look like than what it would look like without personal influences.
However, in pointing out the connection between the (assumption of an) influence free
motion and identified influences I lost them. Students, having understood the
explanatory scheme for motion in the case of only personal influences and realising that
only personal influences are not enough for a complete explanation of motion, could not
extend the explanatory scheme for motions to include all influences by themselves.

Discussion of the second pilot study and implications for the course design

That students could not extend the explanatory scheme for motions to include all
influences is in retrospect not surprising. I think two factors account for this: lack of
purpose and lack of sufficiently precise interaction theory in combination with an
assumption for an influence free motion. The latter was discussed before. It is difficult
to apply the explanatory scheme for motion without having a proper interaction theory
in combination with an assumption for an influence free motion. At this stage and in
this way students cannot be asked to do this by themselves.

It gradually dawned upon me, however, that this difficulty may be a blessing in
disguise. ("It’s not a bug, it’s a feature!") The problem of extending the scheme to
include all influences may be used constructively to guide subsequent activities. That is,
whereas the process of filling in the explanatory scheme for motion including non-
personal influences will remain as difficult as it was for the reasons already indicated,
this experienced difficulty need not be disastrous. Rather, overcoming this difficulty
will indicate precisely the direction which the students will have to take in the
subsequent parts of the course, namely finding a proper assumption for an influence free
motion in combination with a proper influence law for the environmental influences
involved. As was mentioned before, students did get a sense of the ‘unextended’
explanatory scheme for motions in the interviews. They can therefore be expected to
understand that they need to know more about the elements of the scheme in order to
explain (in theory) all motions. They also have to want this of course, which brings us
back to the first mentioned factor: the lack of purpose.

In the interviews students easily could have lost sight of (or had not got in the first
place) the reason for viewing explanations of motion in this particular theoretical way.
The point of the extension was to be able (in theory) to give a complete explanation of
all motions. The reason that the students did not see this was that it was not made clear
in the present design. That the interview was about a theoretical way of looking at
explanations (of motions and in general) should have been made more explicit
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throughout the sequence as well as the reasons for adopting a theoretical perspective.
There are several reasons that may be used in a new design to remedy this lack of
purpose, for instance:

e The big philosophical picture of mechanicism, in which understanding motions,
together with understanding building blocks (subject of another course) can lead
(in principle if not in practice) to understanding and thereby predicting or
controlling all material events.

e Plain curiosity. People just want to know how things work, sometimes in detail.

e Occasional practical relevance, for instance in predicting whether or not a
meteor will collide with earth or in getting a satellite in orbit et cetera, in which
also the theoretical perspective can be useful.

To recap: Explicating the explanatory scheme for motion by means of video fragments
was seen to be promising (pilot 1), but also difficult (trial 1). The difficulty (apart from
difficulties in the execution) was that the explanatory scheme for motion after being
explicated from familiar motions, in which personal influences play a part, was applied
to motions that were too difficult since they involved non-personal influences for which
students lacked a proper assumption for an influence free motion in combination with
sufficient interaction theory. A possible way out was to make use of a stepping-stone in
the form of the general explanatory scheme. In that way the explanatory scheme for
motion is explicated as a special case of the general explanatory scheme and then
applied to a situation students are familiar with, namely motions involving personal
influences. Although this made understanding the explanatory scheme for motion in the
case of only personal influences easier, explicating the complete scheme remained
difficult. It might appear that we have come full circle to the initial problem, but this is
not the case. The difficulty itself has changed from a difficulty in applying the
explanatory scheme to motions involving also non-personal influences to a missing
perspective on the theoretical approach to explaining motions. The first thing is still
difficult but serves another purpose: not as an essential part in explicating the scheme,
but in providing a direction for subsequent activities and therefore ceases to be a
problem. "It’s not a bug, it’s a feature!"

Improving the design by starting with motion directly

I already mentioned that the introductory function of answering the question ‘why study
mechanics’ did not work well enough, because its relation to motion did not become
clear. In revising the design to improve it in this respect the idea of using change as
overarching and recognisably important theme was not abandoned at first. To focus
more on motion instead of building blocks another presentation of the mechanicism
theme was considered, illustrated with another philosopher (Hobbes) and using a more
dynamic (i.e. non static in the sense of initial state - change - final state) example.

However, the same function of answering the question ‘why study mechanics’ may
more directly be performed in another way, namely with a suitable example of a motion.
Such an example should be a motion of which it is clear that it would be important to be
able to explain or predict it. This shows that there is at least one motion, and raises at
least the suspicion that there may be more, that is important to explain and thereby gives
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some weight to the subject of explaining motions. Furthermore it should be theoretically
challenging to explain it, that is, students should be unable to do it at the moment, but
can see ways, however vague, to approach such a problem. In such a way the right
theoretically oriented (physical) mindset can be evoked. This way of answering the
why-question also enables one to move more quickly to the what-question. In my
detailed description of the design in chapter 5 I will argue that the example of an
asteroid moving towards earth may perform this function. The mechanicism approach
of the first design may still fulfil a function in illustrating the range and scope of
mechanics and thereby provide an additional answer to the question about the value of
mechanics in main theme 3. It is therefore postponed to that stage of the course.

Outline of the first main theme in the second design

The described revisions led to the second design with a didactical structure that is
depicted in Figure 4.

Mechanics Motive Explanation

Broad  orientation on that are worth predicting
motions ¢ /explaining

Should result in the notion

that this is an important and

interesting theme worth ¢

knowing more about
Starting with explanation in
general and explanation of
motions in particular in
which by reflection an
underlying scheme is found

which should lead to the and made explicit
feeling that it is a
theoretical ~challenge to

explain motions by means
of an as yet unknown
specification of this
underlying scheme
(theoretical orientation)

Figure 4: Didactical structure of the first main theme in the second design

Note that the third column is now headed ‘explanation’ whereas it was headed
‘reflection on physics’ in the first design. The reason for this change was that the
teaching/learning process depicted in the right column is better captured by how
explaining works as a driving force for understanding how explaining motion works,
which is the teaching/learning process depicted in the left column. The reader may
recall that in chapter 3 section 4.2 one of the general uses didactical structures can have
in thinking about educational designs was that they force one to think about what the
main learning processes related to the main educational goals are, by means of the
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question ‘what are the column headings in the depiction of the didactical structure?’
Here we see an example of this use.

The function of the first main theme is still the same: It concerns the questions ‘why
study the topic of explaining motions’ and ‘how are motions explained’, for which a
theoretical orientation needs to be developed. The question ‘why study explaining
motions’ is now answered by pointing out that there are motions that are important to
predict and explain. This answer should result in the notion that this is an important and
interesting theme worth knowing more about. The question ‘4ow motions are explained’
can be answered with the explanatory scheme for motion, which is introduced by using
the general explanatory scheme as stepping-stone. In order to appreciate the explanatory
scheme for motion students need to be oriented towards its theoretical use for
understanding all kinds of motions. Before specific motions can be predicted and
explained elements of the explanatory scheme for motion need to be specified in some
way. How this is worked out in detail can be found in chapter 5 section 3.

2.2 Extending students’ knowledge by detailing the explanatory
scheme to arrive at empirically adequate models for explaining
planetary motion.

I will first describe, in section 2.2.1, how the first design was expected to implement the
functions of the second main theme. Then, in section 2.2.2, I will present some results
of testing this design that lead to revising this first design. Finally, in section 2.2.3, I
will describe the second design in light of these results.

2.2.1. First design

In the second main theme students’ knowledge is extended, for which in the first main
theme some willingness should have arisen and which should lead to questions
concerning the fruitfulness of the used models, as depicted in Figure 5.

Physics Motive Reflection on physics

resulting in a willingness to

look for deeper
understanding

by means of the study of
celestial mechanics in
terms of models

| resulting in a question
—— » concerning the fruitfulness
of these models

Figure 5: Didactical structure of the second main theme in the first design

The extension of knowledge consists of the preparation of basic notions of mechanics,
like second law, first law, law of gravitation, concept of mass and inertia, by means of a
study of Keplerian and Newtonian specifications of the explanatory scheme. For this the
motions of heavenly bodies are modelled and criteria for good (enough) models like
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plausibility and empirical adequacy are (implicitly) used. In chapter 3 section 2.2 I
argued for the usefulness of the context of heavenly bodies as well as the choice for
both Kepler and Newton. The subsequent question concerning the fruitfulness of these
types of models is expected to naturally surface in the process of investigating models
by comparing alternative types, i.e. Keplerian and Newtonian models. These will be
discussed in section 2.3.

The study of celestial mechanics can be considered too difficult for 16-year-old
students, since they cannot determine the motion analytically given some force law
(neither can many a physicist), because of the mathematical complexities. However,
numerical solutions as acquired by means of computer models can become very useful
here. I have tried to give students some feeling for the workings of a computer model
that calculates the motion of celestial objects, given some influence law. The method of
graphically constructing motions, as used by Newton, served as an inspiration in this
matter, see Figure 6.

b i

Figure 6: Drawing used by Newton in the Principia in his proof of Kepler’s law of equal
areas

I merely want to draw attention to how this construction embodies the explanatory
scheme for motion. Suppose that in a small period of time an object moves from A to B.
In the absence of an influence it would in the next period move straight ahead with the
same speed (Newton’s assumption for the influence free motion) and arrive at c.
Instead, an influence directed towards S causes a deviation BV from that, and the body
will therefore end up in C. Without an influence it would in the next period continue in
the direction BC with constant speed and end up in d. Instead, an influence directed
towards S in C causes a deviation and the body will move to D, et cetera. If smaller
periods of time are considered, the polygon ABCD... approaches more and more a
curved trajectory and the series of discrete influences becomes a continues influence.

The computer model can finally be introduced as something that performs such a
graphical construction very fast, much faster than we could ever do it by hand. Before
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students could be expected to work with such a computer model two preliminary topics
need to have been addressed: (1) how from a given influence in a given situation the
motion can be graphically constructed (both in a Newtonian and in a Keplerian way),
and (2) how from attributes of the situation the influence in that situation can be
determined, i.e. the notion of an influence /aw.

This was the general idea behind the second main theme in the first design. I will now
describe the main points of this part of the design, which consisted of five 50-minute
lessons (lesson 3 through 7).

The second main theme starts with the point that the explanatory scheme for motion can
also be recognised in Kepler and Newton, two important figures who were interested in
explaining the motion of heavenly bodies. Next a graphical explanation is given of how
influences can be identified (in magnitude and direction) in a given motion or how the
motion can be constructed when given the influences. This includes the relation
between influence and motion expressed in my translation of Newton’s second law in
terms that can also be used for Kepler’s equivalent second law: deviation (from the
influence free motion) = influence/laziness’. The term laziness is a translation of
‘inertia’ and is a measure for how strongly an object reacts to an influence. The larger
the laziness, the smaller the reaction (in the form of a deviation from the influence free
motion) to some given influence will be. The reason for using a word like ‘laziness’
instead of ‘mass’ is the same as for using ‘influence’ instead of ‘force’, namely that in
this way it is less likely that students will directly associate all kinds of unintended
meanings to the word.

The following excerpt from the students’ booklet shows how the graphical explanation
is given. It is meant to illustrate how such a graphical construction visualises the
explanatory scheme and also to give an impression of the complexity of the topic.

1.8 The relation between deviation and influence

A general expression of the relation between motion and influence, which applies to
both Kepler and Newton is: A deviation from the influence free motion of an object
equals, in magnitude and direction, the influence by both person and environment
affecting that object, divided by the laziness of the object. Put in a scheme:

Influence

Deviation from influence free motion = : :
Laziness object

Since a deviation has got a magnitude and a direction, an influence has those too. The
deviation from the influence free motion can be indicated with an arrow, which points
from where the object would have arrived without influence to where the object arrived
with influence. The length of the arrow indicates the magnitude of the deviation and its
direction indicates the direction of the deviation. We can indicate the influence with an
arrow as well. This arrow has to point in the same direction, because the influence has

% In the Newtonian case the deviation from the influence free motion is a deviation from motion
with constant velocity and therefore an acceleration (therefore a=Fnewion/m). In the Keplerian
case the deviation from the influence free motion is deviation from rest and therefore a
velocity (therefore v=Fepie/m).

99



Chapter 4 Development from first to second design

got the same direction as the deviation. The length of the arrow that designates the
influence indicates the magnitude of the influence, but this length does not have to equal
the length of the arrow indicating the deviation. That depends on the size of the laziness.
When the laziness of some object is for instance three (we still have to decide upon a
measure for laziness), then the size of the influence will be three times the size of the
deviation. We then draw the influence arrow three times as large as the deviation arrow.

We can now try to indicate for a known motion what the influence must have been
according to Kepler and Newton. Vice vers