


























































































































































































































































































































































































































































































































































































MAKING SENSE: WHAT USE ARE PARTICLE IDEAS 

TO CHILDREN? 

R. Millar

Department of Education
University of York

1. INTRODUCTION

Research on children's ideas about matter shows that many children have 
difficulties in appreciating and using the particulate (or kinetic) theory of 
matter. Many children hold views about the nature of matter in which 
"particles" have a role, but the properties they ascribe to these "par
ticles" and the ways they deploy "particle" ideas in explaining observed 
phenomena suggest that their mental models of matter are rather dif
ferent from the accepted scientific model. Thus "particles" are seen to be 
able to expand (Piaget and Inhelder, 1974), or to change state (Happs, 
1980). Many children have difficulty with the idea that the "particles" are 
in continuous random motion (Dow, Auld and Wilson, 1978). One particu
larly difficult aspect of the scientific model is the idea that there is 

nothing in between the particles; in many children's models, something 
fills the space (Novick and Nussbaum, 1978, 1981). It is also striking that, 

when faced with questions which ask them to explain phenomena using 
(given) particle ideas, many students (at age 15) are unable to do so, and 
provide explanations wholly in macroscopie terms (Brook, Briggs and 
Driver, 1983). Furthermore the "alternative" ideas about particles which 
children hold are tenacious and resistant to change through formal 
science teaching. 

In this paper I want to explore two ideas about teaching the kinetic 
theory of matter. Firstly I want to suggest that a major reason why the 

kinetic theory of matter is difficult to teach successfully is that the 
theory, in the way it is normally taught, is of almost no use to children. 

Their rejection of it can be seen as a perfectly proper response to a 
piece of inert knowledge. It is, perhaps, important to make clear what I 
mean here by the word "use". An idea may be useful in the sense of 

providing a basis for decision-making in everyday situations, or about 
social issues; or simply in the sense of enabling an improved understand
ing of natural or man-made phenomena in which the learner has, for 
whatever reason, an interest. I am suggesting that all too often the 
kinetic theory is seen by children as of no use to them even in this 
second, weaker sense. 

Secondly, I want to suggest that the sorts of "alternative" versions of 
the kinetic theory of matter which I outlined in the opening paragraph 

are better seen not as "misunderstandings", but as necessary steps to

wards a grasp of the scientific model of matter. This is not simply a 
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question of paying greater attention to children's ideas but of recognising 
that large and abstract ideas must be taught obliquely, through the 
accumulation of examples and specific instances, rather than by "teaching" 
the idea directly and expecting that the learner can assimilate it "whole". 

2. NAIVE THEORY, CHILDREN'S QUESTIONS AND SCIENTIFIC 
ANSWERS 

I have suggested that particle ideas may fail to take hold in children's 
minds because they find no use for them. But this is not to imply that 
children do not have their own questions about matter. All of us spend 
our lives surrounded by matter and by objects made from differents sorts 
of "stufr'. So it is ha dly surprising that we develop our own ideas and 
theories about what stuff really is. Hayes (1979) has attempted to sketch 
the basis of what he terms a "naive theory of matter". 

"There are different kinds of stuff: iron, water, wood, meat, stone, sand, 
etc. And these exist in different kinds of physical state: solid, 
powder, paste, jelly, slime, paper-like, etc. Each kind of stuff has a usual 
state: iron is solid, water is liquid, sand is powder, etc. but this can 
sometimes be changed. For example, many stuffs will melt if you make 
them hot enough (which for somethings is very very hot, i.e. in practice 
they can't be melted, e.g. sand; and others will burn when heated, e.g. 
wood or flour). Any liquid will freeze if you make it cold enough. Any 
solid can be powdered if you pulverise it with enough effort and deter
mination, etc. There is no obvious standard way of changing a 
into a solid (but wetting .it to get a paste, then drying the paste careful
ly, sometimes works). Some substances, left to themselves, decompose, i.e. 
change slowly into some other (useless) substance; or mature, i.e. change 

into some other (useful) substance. Rusting and wet rot are 
examples of decomposition, cheese-making an example of maturation ..... 
(Hayes, 1979: 260; emphases in 

solids and liquids. By implication, another aspect of 
_ _ are not real stuff at all". 

sketch of a "naive theory of matter" is a useful starting point, as 
it is correct) it focusses attention on the sorts of ideas that 

to bring with them to the classroom. It is, of course, 
a "theory'° only in the sense that it dassifies and codifies everyday expe
rience. It notes general patterns in behaviour, but does not provide any 
explanation for them. I suggest that this is an accurate depiction of 
views of matter; we take the of the matter we encounter for 
granted, as given features of our everyday world. Our concern is to be 
able to predict the behaviour of these types of matter sufficiently well 
for us to use them to achieve various purposes. We construct for our
selves a technolol(ical theory, rather than a scienti/ic one. 
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This, in turn, invites us to consider the sorts of questions about matter 
which children themselves raise. It is difficult to frame the correct ques
tions to ask to elicit these, but a short time spent talking to children 
about "stuff" suggests that they are curious about why some solids are 
hard (like steel, or aluminium) whilst others are soft and easily shaped 
(like putty or plasticene); about why you can see through glass but not 
through the wall, through water but not through milk; about why this pen 
is yellow but that balt is red. When thinking about "stuff' they do not 
raise questions about why smells spread from one place to another; or 
why balloons go down gradually; or why two liquids when mixed take up 
a slightly smaller volume than one would expect. This does not mean, of 
course, that children cannot be made curious about these phenomena, or 
that they do not yield interesting information about the nature of "stufr'. 
But it does mean, surely, that we should fee! a little uneasy about a 
school science "theory of matter" which provides an account of a small
number of phenomena which we choose to present, whilst offering no 
explanation at all of a whole collection of rather more obvious and inte
resting properties of matter about which children are curious. 

If we are to reiate our teaching of ideas about matter to children's 
questions, we irnmediately face a problem: many children's questions are 
difficult, if not impossible, to answer using a simple theory of matter. A 
partial solution to this may lie in the second point made in the introduc
tion: that a theory of matter can be understood only by seeing 
examples of the theory in use, and that learning necessarily proceeds via 
a series of intermediate steps, or "models", which contain aspects that 
are, in relation to the scientific model of matter, incorrect. In sections 3 
and 4 of this paper, I want to explore this approach in two different 
ways, firstly by describing some experiences with a major curriculum 
development project and then using this to suggest some genera! strate
gies for introducing and developing particle ideas. 

3. CURRICULUM DEVELOPMENT: FROM EVERYDAY CONTEXTS 
TO SCIENTIFIC CONCEPTS 

For the past three years, I have been involved with a team of colleagues 
and schoolteachers at York in developing a science course for 14 to 16 
year old pupils, of a wide ability range, which takes children's everyday 
experiences as its starting point. It is interesting to look at where and 
how particle ideas are introduced in this course. The course is called 
Salters' Science. It follows on from an earlier development, the Salters' 
Chemistry course, which is now published and in use in schools (Salters' 
Chemistry, 1987; Hili et al., 1989). The science course is, in the terms 
currently used in the UK, a dual-award GCSE course. lts name - Salters' 
Science - comes from its main sponsor, a charitable trust called the 
Salters' Institute for Industrial Chemistry. The broad principles on which 
we have tried to develop this course are as follows: 
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the topics included in the course should arise from the interests and 
experiences which are part of the lives of the students, or which they 
can recognise as being of significance to them in the future; 

- from the wide range of topics and issues which meet this criterion, we 
will select those where scientif ic ideas and concepts can significantly 
enhance students' understanding; 

- this implies that scientific theory is introduced where this is a clear 
"need to know" it (in the sense of "needing" the idea for improved 
understanding). 
We have a few other practical and methodological criteria, such as a 

commitment to the use of a wide range of learning activities in class, 
with an emphasis on active pupil involvement in lessons, doing practical 
work, taking part in small-group discussions, role-plays, and so on. We 
also have a majority of practising teachers in the development team, 
working alongside university based science educators and some industrial
ists. So Salters' Science might be regarded as a science course with an 
STS flavour, but which aims to teach science and not merely to teach 
about science. The course is organised as a series of thematic units, with 
titles like Clothing, Drinks. Construction Materials. Metals, and so on 
(Salters' Science, 1988-9). 

The criteria I have outlined above mean, of course, that in developing 
the Salters' Science course we did not simply introduce the kinetic 
of matter at some point because we considered it an 
within the scientific framework. Instead, particle ideas come in at the 
point where we can use them to help students understand better some 
everyday phenomenon or property or issue. In a thematic, issues- and 
applications-led course, science concepts are likely to be introduced 
piece meal, and to be scattered throughout the course. A second phase of 
the development process is to monitor the extent to which there is 
sensible progression in the "big ideas" of science, such as energy, and 
ideas about matter. So where, in the course, are particle ideas in fact 
introduced, and why? And how are they then 

Let me begin to answer those questions by looking at where the stu
dents are starting from. We know that almost all children by the age of 
12 or 13 have already heard of some particle ideas, either from school 
science in earlier years or from sources. Words like "atom" and 
perhaps also "molecule" are in common use. Although students' under
standing may be very limited, we can use these terms, and develop the 
underlying idea that properties and events might be exolained the 
behaviour of entities which are too small to be seen, in a 
fact way, without explicitly mentioning "The Kinetic 

This strategy is used in a unit which deals with 
know that fabrics have different properti . _ 
with a hand lens and then under a -- something which many 
children find fascinating -- they discover that some of the properties can 
be explained by the structure of the fabric, a structure which is barely 
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visible with the naked eye but is revealed on a slightly lower scale of 
size. For instance it becomes clear that woollen garments stretch a little 
because of the loops in the structure. Closely woven cloth like cotton is 
less stretchy; it is also much stronger than the individual threads it is 
made from because of the way they are interwoven. The next stage is to 
look more closely at these threads; again their strength arises because 
they are spun from individual fibres -- this level of detail can also be 
seen under the microscope. 

: ~/ 
Clothes fabrics threads fibres. 
are made from made from . . . spun from ... 

Fig. 1 From the macroscopie to the microscopie level (Hili et al., 1989: 

we get to the level of asking about the differences between dif
ferent fibres themselves. Now we cannot see the "bidden structure", even 
under the most powerful microscope, but the idea has been implanted that 
the properties might be explained by the structure of the fibre at a level 
which is too small to see. Fibres are described as made of "long thin 
particles". If they are lined up closely together, the fibre is strong; 
otherwise it is weaker. Stretchy fibres have coiled particles, rather like a 
telephone cord; when pulled, they can stretch out. 

~ 
<f'Y~ + 
~ 

pull 

11nstretclled s t r II t c Il e d 

Fig. 2 From the microscopie level to particles (from Hili et al., 1989: 

Other properties are also accounted for in similar ways. Fabrics which 
wet easily are said to have fibres with "water hooks"; nylon which does 
not wet so easily has fewer. Making coloured fabrics by dyeing them is 
explained using a picture of dye particles in the water sticking on to the 
fibre. 
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a) Wool or cotton !ots of ·water hook.s ·. !ots of water stays attracted to fibre 

~·~ water ·water hOoks:° -
molecules 

b) Nylon or J}Oiyester fewer ·w;Her hooks' !ess water stays attracted to fi!Jre 

~·~ 

MILLAR 

libre 

• • " . dye particles,...,..... • • 11 • 
11 

• a . . 
m 

dye particles 
stick to libre 

.. 

Fig. 3 Wetting and dyeing fabrics -- a particle picture (from Hili et ai., 1989, 44, 36). 

A similarly pictorial approach is adopted in a: unit on Construction Mate
rials. In a lesson dealing with the properties of building bricks, the 
difference between fired and unfired clay is represented in terms of driv
ing water out from between layers of crystals, and forming "strong 
chemical bonds" to hold layers together. The same idea of weak and 
strong links is used in the same unit to explain why wood is much harder 
to split across the grain than along the grain. Particle level pictures are 
used to explain the changes which occur when paint dries. Some other 
units introduce particle ideas in more usual contexts. The Drinks unit, for 
example, discusses dissolving, and looks at the processes involved in ma
king a cup of tea using particle imagery. 

These examples are sufficient to give an impression of the approach to 
particle ideas in the Salters' Science course. The underlying principle is 
to use (and hence implicitly to sustain) the fundamental notion that the 
observable, large-scale properties of materials and phenomena might be 
explained by the behaviour of entities which are too small to see. It 
relies heavily on simpte pictorial images and representations of these 
invisible entities. This builds up a familiarity with particle explanations 
before tackling the kinetic theory explicitly as an object of study. 

4. INTRODUCING AND DEVELOPING PARTICLE IDEAS 

The Salters' Science course has not 
duce particle ideas, unlike 

unit on teaching about the 
H is a full 3-year course 
its guiding principles are the 

the way in which 

_ a "feel" for scale 
The fundamental idea which 
many other scientific explanauvm, 

designed to intro
of work such as the 

nature of matter 
the whole range of science 

rather more general ones outlined 
ideas enter a course which is 

are useful for explain
involved in teaching 

the kinetic theory of matter (and 
that observable events and pheno-
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mena can be accounted for in terms of the behaviour and properties of 
entities which are too small to be seen. This is a fundamental paradigm 
of scientific explanation -- proposing a mechanism on an invisible level. 
This key idea of scale -- of the importance of very small things -- can 
be introduced gradually. We do not have to go straight from the obser
vable to the atomic/molecular level; there are steps in between. Salters' 
Science uses clothing fabrics and fibres as a context for this (see Fig.1 
above). We need to make greater use of this idea in the early stages of 
science work, looking at the "grainyness" of many everyday materials and 
using this to help explain how they behave. For instance, paper is more 
easily torn than thin cloth, perhaps because of the differences in the 
ways their fibres are arranged. Going down in scale from the small but 
visible to the naked eye, to things visible under a low power microscope, 
we can then get down to the level of invisible causes by exploring the 
uses of micro-organisms in such everyday contexts as yogurt and bread 
making. The idea of invisible "atoms" and "molecules" might then make 
more sense as a / orm of explanation. 

Delaying the introduction of ideas known to be difficult 
I noted earlier that Hayes' "naive theory" of matter makes no mention of 
gases. In the Salters' Science course, particle ideas are first introduced to 
explain the behaviour of solids. I suggest that it may be wise to postpone 
a consideration of gases until later. Many children need time and ex
perience to appreciate that gases are really matter at all. In addition, 
research shows that particle ideas about gases are particularly difficult 
for many children: many have difficulty in understanding what fills the 
spaces between the particles of the gas, and in accepting the idea of 
particles in constant random motion with nothing apparently "driving" this 
motion. If an idea is known to be difficult to teach, we have a choice 
about what this implies. Either we should give it greater teaching em
phasis or we should see how far we can get without it. Is the idea 
necessary at the start, or can it be delayed? 

If we introduce particle ideas to explain some properties of solids (and 
possibly liquids), as the Salters' Science units do, then the next few steps 
might come from chemistry. Dissolving is an everyday phenomenon which 
raises questions -- real questions which children can appreciate and often 
ask for themselves -- about where the dissolved "stuff' has gone, and 
whether it could be recovered. We can establish, through measurement, 
the conservation of mass (of matter) in the dissolving process. Dissolving 
leads naturally on to chemical reactions like the precipitation of a solid 
when two liquids are mixed. The same question arises: is mass conserved 
here? Reactions also raise a more basic question about what is actually 
going on! New and different "stuff' is being produced. How is this pos
sible? How can it be explained? Here particle ideas can provide concrete 
images of what might be going on at an invisible level. 

This sequence might then lead naturally to a way of bringing gases into 
a theory of "stuff'. Is mass still conserved in a reaction where a gas is 
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produced, such as when a "fizzy tablet" dissolves in a glass of water? It 
is -- provided the gas is collected. So gas is real "stufr' too, with mass. 

--~9 

weigh! decreases 

water + 
'fizzy tablet' 

--~g 

balloon to 
collect gas 

weight stays the same 

Fig. 5 Establishing conservation of matter in reactions where a gas is produced. 

It is perhaps worth remembering that the evidence which 
suaded the scientific community in the 19th century to adopt a 
late view of matter carne largely from work of Dalton and others on 
chemical reactions. We may, in the aspects of kinetic theory we have 
emphasised, have been unduly influenced by the elegance of the kinetic 
theory explanation of the gas laws. In fact, for most life-world purposes 
this explanation adds little or nothing to a phenomenological understand
ing of gas behaviour. The difficult conceptual problems of continuous 
random motion and of what fills the spaces between the "particles" can, 
and I think should, be kept back until a very much later stage in the 
science curriculum. 

Teaching by ostention 
The teaching of particle ideas raises an important genera! issue about 
how we learn abstract concepts. In an important paper, Kuhn (]977) 
argues that we learn science concepts by being shown examples of the 
concept and not by being given a set of criteria or "rules" for identifying 
the concept. This form of teaching is called ostention -- "showing". 
Particle ideas must be taught ostensively, not by providing a set of 
"rules" about how the invisible particles behave, but by seeing specific 
examples of the particle theory in use. The reason, as Hayes' "naive 
theory" correctly implies, is that lay ideas about matter are at the level 
of generalisations; most people have no idea what sort of thing could 
possibly count as a "theory of matter". What kinds of explanation are 
possible? Presenting examples of the theory in action is necessary to 
communicate a sense of what a theory of matter would be. and to allow 
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the learner to see which macroscopie properties they are "allowed" to 
ascribe to invisible "microscopie" entities. 

The emphasis in teaching needs therefore to shift away from evidence 
for the theory (which is, in the school laboratory, usually less than 
compelling), and on to using particle explanations. 

5. CONCLUSIONS: RELA TING THE EVERYDA Y AND THE 
SCIENTIFIC 

Children come to science classes with a rich background of everyday 
life-world knowledge about how things behaye. If our concern in teaching 
science is about "science for all" and "public understanding of science" 
(rather than solely about "the training of future scientists"), then we wil! 
need to make a bridge between life-world knowledge and scientific know
ledge, for two reasons: to prevent rejection of the scientific ideas in 
favour of firmly held life-world notions; and to increase pupils' motiva
tion to learn by making difficult science ideas seem more readily appli
cable and personally valuable. 

I began this paper with the suggestion that children may reject the 
conventional treatment of kinetic theory ideas because they cannot see 
how these ideas are usef ui to them in explaining their world. But is the re 
any evidence that the approach taken in the Salters' Science course is 
any more successful? It is too early to have any firm evidence about 
Salters' Science, but we do have some evidence about students' reactions 
to the very similar Salters' Chemistry course. A postal questionnaire to 
135 schools which presented candidates for the first Salters' Chemistry 
GCSE examination in June 1988 indicated an average increase of 40% over 
the previous year's figure in the number of students choosing to continue 
to A-level chemistry. Increases for males and females were almost exactly 
the same. Informal feedback from schools and teachers confirms that 
approaching science from everyday contexts motivates more students to 
take an active part in science lessons and to continue to study science to 
a higher level. 

6. POSTSCRIPT: THE ROLE OF RESEARCH IN CURRICULUM 
DEVELOPMENT 

The genera! points I have made about teaching the kinetic theory of 
matter emerged from a discussion of a science course which tries to start 
from contexts with which children are familiar, and to introduce scientific 
ideas as and when they are required to provide better explanations. It is 
important to recognise that research on children's ideas cannot of itself 
tel1 us what we ought to be teaching to children. Research into children's 
understanding of particle ideas can identify for us the places where 
children's ideas are most likely to differ from the accepted scientific 
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ones. It can tell us where changing children's conceptions towards the 
accepted scientific view is to be most difficult. It may be able able 
to describe tested strategies for 

I do not think it has 
us which scientific ideas we _ 
words it is about "how" and not about "whether". Aims and 
must come from other considerations. We need to decide first what we 
want to attempt to teach to children through school science. And if 
school science is to be "science for all", then it is not 
that an understanding of the full, unreconstructed kinetic 
matter should be one of our objectives. Once we know what we want to 
teach, then research on children's conceptions may be able to help us to 
teach it more effectively. 

7. REFERENCES 

Brook, A., Briggs, H. & Driver, R. (1983). Aspects of secondary students' 
understanding of the particulate nature of matter. Leeds: Children's 
Learning in Science Project, Centre for Studies in Science and Mathe
matics Education. 

CLIS. (1987). Approaches to teaching the particulate theory of matter. 
Leeds: Children's Learning in Science Project, Centre for Studies in 
Science and Mathematics Education. 

Dow, W.M., Auld, J. & Wilson, D. (1978). Pupils' concepts 
and solids. An investigation into the teaching of the 
of matter. Dundee: Dundee College of Education. 

Happs, J. (1980). Particles. Learning in science 
18. Hamilton, New Zealand: Learning in Science Project, 
Waikato. 

nature 

Hayes, P. (1979). The naive physics manifesto. In: D. Michie (Ed.). Expert 
systems in the microelectronic age. Edinburgh: Edinburgh University 
Press. 

HiU, G., Holman, 
Introducing 
cational hooks. 

T.S. (1977). 

ing of the particulate 
281. 

D. (1989). 
London: Heinemann Edu-

on paradigms. In: T.S. 
of Chicago Press. 

school 
Science 

The 

understand-
62, 3, 273-

Novick, S. & Nussbaum, J. (1981). Pupils' understanding of the particulate 
nature of matter: a cross-age study. Science Education, 65, 2, 187-196. 

Piaget, J. & Inhelder, B. (1974). The chi/d's construction of quantities. 
London: Routledge and Kegan Paul. 

Salters' Chemistry. (1987). Course units and teachers' J?uide. York: Uni
of York Science Education 



MAKING SENSE 293 

Salters' Science. (1988-9). Course units (trials versions): drinks. metals, 
clothing, construction materials. York: University of York Science 
Education Group. 



A.E. van der H.F.H. Bormans, R. Taconis & P.L. 
Centre for Science and Mathematics Education 

of Utrecht 

l. INTRODUCTION 

In science, energy has to do with movement and in a field of 
force, macroscopically as well as microscopically. It is thus 
related to work. is conserved and its only forms are kinetic and 
potential energy. All other forms of energy can be reduced to these forms 
by considerations at a particle level. 

Usually in senior secondary education, this scientific energy 
concept is taken as a final goal. lts starts with the introduction 
of conservation of mechanical energy in the gravitational field. In sîtua
tions in which mechanical energy is obviously not like when a 
lump of hits the ground, the internal movement of 
as "an excuse". At the level kinetic and ""'"'"''" 
conserved. Macroscopically, the 'lost' part of the energy is 
identified as 'heat', corresponding to a very small increase of tempera
ture. 

Quite separate from mechanics, thermodynamics is dealt with after
wards. 'Work' and 'heat' are then used, in a different sense from mechan-

as the energy exchange between caused by the 
of an external force and by a difference in temperature respectîvely. 

For junior secondary education, it is increasingly widely that 
energy education has to start from everyday meanings in order to develop 
gradually towards scientific (Driver, 1989; Duit, 1984; Lijnse, 
1982). A thermodynamica! approach thus seems to be more suited than a 
mechanica! approach. In the macroscopie phenomena are explored, 
and particle considerations have no important part to At the start 

senior secondary the scientific energy concept described 
above will thus not have been attained (Lijnse, 1986). 

In the energy part of the PLON curriculum for senior secondary educa-
tion at the level, (Dekker & Van der Valk, 1986) with 
students aged 16/ 17, a 'practical' energy is taught first, 
extended thermodynamica! approach in a 'practice directed' unit 
(PLON, 1986). It is followed by a mechanical approach in a more 'dis
cipline unit, called: 'Work and (PLON, 1985), at 
further scientifically developing the energy concept. In the 
macroscopie phenomena that are relevant for societal energy 
dealt with. In some cases, a description is used. 
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Research has been done on the development of students' concepts during 
instruction with the PLON energy curriculum. An inventory of problems in 
a first round of research has lead to a thorough revision of the units. 
The revised curriculum has been subject to a second round of research. 
In this paper results of both rounds are reported with respect to the 
merits of a particle model for dealing with macroscopie energy phenome
na. As leading questions for this report we take: 
- what conceptual problems do students have during instruction with this 

curriculum, with respect to relating macroscopie energy phenomena to 
particle descriptions? 

- what descriptions with the particle model contribute to a better under-
standing of macroscopie energy phenomena? 

We therefore briefly describe the particle model taught in the 'Energy' 
unit and ways in which students appear to use it. From this, some con
clusions with respect to the revision of the curriculum are drawn. Some 
experiences with this revised curriculum will also be reported. FinaUy 
some concluding remarks are made. 

2. THE PARTICLE MODEL IN THE PLON 'ENERGY' UNIT 

In the PLON unit 'Energy', the energy concept is taught in relation to 
energy consumption and production in real technical devices, focussing on 
efficiency, conservation and degradation. The authors had three educa
tional reasons to include a particle model in the unit. 
- the dif ference between heat and internal energy 
From the start of the unit, a distinction is made between heat as an 
'energy flow' and internal energy in the thermodynamic way. To introduce 
this distinction, internal energy is described at the particle level, using 
the transformation of the chemical energy of natural gas into the internal 
energy of heated water as an example. Accordingly, an increase of tempe
rature is related to particles 'moving faster' and thus having more kinetic 
energy. After this introduction, the concept of internal energy is used 
macroscopically, among others in the description of experiments concern
ing the efficiency of heating devices and a steam engine. 
- work on/by gases and changes in tempera/ure 
For example, the particle model is used to explain why the temperature 
decreases if steam expands, and why the temperature increases if air is 
compressed in a bicycle pump. 
- energy consumption and energy conservation 
Energy consumption is reconciled with energy conservation by dealing 
with degradation as the increasing equipartition of energy among par
ticles. 

The particle model used is simple: particles without an internal struc
ture collide with, and attract, each other. The attraction being due to a 
'Van der Waals force' that decreases with increasing distance. This model 
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is already introduced and used qualitat:vely in the 
respect to processes like heating and meHing. 
Often being short of time, teachers appeared to 
on the particulate interpretation of degradation. That is 
students' use of the particle model with respect to the 
heat/internal energy and work performed by /on gases. 

years, with 

very little time 
we focus on 

other two issues: 

3. STUDENTS' USE OF THE PARTICLE MODEL DURING THE 
'ENERGY' UNIT 

Both before and after instruction with the PLON 'Energy' umt, a ques
tionnaire with several items on heating and melting was administered. The 
students had to use their energy concept in providing reasons for their 
choices in multiple-choice items. No item explicitly suggested the use of 
the particle model. During instruction, audiotapes were made of explana
tions by the teacher in the classroom, and of discussions in three small 
groups of 3 to 4 students in three different classes. These audiotapes 
were transcribed and the discussions were analysed with respect to con
ceptual problems and concept development. 

From the answers on an item about heating water in a boiler in the 
questionnaire, it appeared that it was not clear to many students what 
happens to the energy supplied in heating. Before instruction 38% thought 
that energy is used up during the heating, 50% chose the alternative that 
heat is transformed into the higher temperature, while only 12% chose the 
alternative in which the energy was attributed to the heated water. The 
only student that used a particle model in his reasoning, argued that 
"energy is used up to increase the speed of the molecules". 

After instruction, students appeared to have learned that energy is not 
'used up'. Now, 70% chose the alternative th:.t energy is trar:sformed into 
the higher temperature; 30% of the students attributed the energy to the 
heated water. Only 3 of them (10%) argued akmg the lines of an increase 
of energy of the molecules. 

This does not mean that most of the studel!ts did not know about a 
particle model. A number of students, even before instruction, feit the 
need to use a particle model with respect to melting. This appeared from 
their answers on another item: "when does a piece o[ wax, being melted, 
have the most energy?" 

The results are shown in the table on the next page. The numbers in 
brackets indicate the fract1on of students that used a particle model in 
their reasoning. 

Accordingly, before instruction 18% of the students used a particle ap
proach. Those who ticked alternative 1 described molecules as being 
'active', 'energetic', suggesting that the energy was 'used up' du ring the 
melting. Those who chose alternative 2 spoke of molecules moving 'more' 
or 'faster' after the melting. 
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Table 1 

N=32 

1. during the melting 
2. when all the wax is melted 
3. the energy doesn't change 

before 
instruction 

66% (9%) 
16% (9%) 
19% (-) 

after 
instruction 

21% (6%) 
50% (38%) 
21%(-) 
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After instruction, the fraction of students g1vmg a particle line of rea
soning increased to 44%. Most of the reasoning dealt with 'rnoving faster', 
or with 'more molecules having more kinetic energy'. Only one student 
thought that the kinetic energy does not increase. 

Frorn audiotaped discussions we learned that many students had pro
blems in making sense of expressions like 'the internal energy of water' 
correctly. For example: some. of them saw 'internal energy' as the heat 
supplied. Some others said 'the energy is used up to increase the speed of 
particles'. Moreover, they had problems in rnaking sense of 'internal 
transformation' from potential into kinetic energy of molecules, or of 
external work into change in kinetic energy of the molecules. 

In genera! it became clear that very often students understood the in
struction in a way quite different frorn how the authors and the teachers 
thought they would. Therefore we decided to thoroughly revise the cur
riculum in order to build concepts more carefully and gradually. In that 
way we hoped to avoid misunderstandings, between curriculum/teacher and 
students, that block the conceptual development. 

4. REVISION 

Reflecting on the use of the particle model with these results in mind, it 
became clear to us that in the 'Energy' unit: 
- internal energy <lid not have a clear function until the introduction of 

the microscopie interpretation of the First Law of Thermodynamics; 
- almost no attention was paid to the change of the energy of particles 

at phase 
- in formulations, macroscopie descriptions were not clearly separated 

from particle descriptions, so the relations between thern remained 
diffuse; 
a particle representation of kinetic and potential energy was used 
together with more or less intuitive representations in terms of motion 
of particles; 

- forms of energy transfer ('forms of flowing energy') like heat, extemal 
work and electric energy were not clearly distinguished from forms of 
energy that have to be attributed to objects ('forms of stored energy'); 

- transformations from one form of 'stored' energy to another (internal 
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transformations) were not introduced carefully, but more or less pre
sented as self evident. 

In the revision we decided to refrain from dealing with the energy con
cept with respect to the particle model until internal transformations, like 
kinetic to potential energy, are grasped at the macroscopie level. The 
simple junior level model of particles vibrating in a grid and moving away 
from each other at melting, should not be transformed into a model of 
particles having kinetic and potential energy until that time. Being able 
to make a systematic distinction between energy sources, energy flows 
and energy storage, in an 'entity conceptualization' of energy, (Duit, 
1984) seems to be a necessary basic structure that needs to be developed 
first. In the revised 'Energy' unit (called 'Energy Supply', Poorthuis et.al., 
1988a), the macroscopie use of this structure is the aim. One of the 
stored energy forms is internal energy, one of the flow energy forms is 
heat. Thus, internal energy is only macroscopically attributed to substan
ces. The unit ends with 'the energy equation', which is the First Law of 
Thermodynamics in its macroscopie form: 

the total of energy flow = the change in stored energy; 

EEnow = .ó.Estored 

In the revised 'Work and Energy' unit (Poorthuis et.al. 1988b) this energy 
equation is elaborated to deal formally with the relations between the 
various energy forms and thus to internal transformations. After the 
mechanical concepts of work, kinetic and potential energy are dealt with 
thoroughly, attention is directed to thermodynamic systems. A model of 
particles with kinetic and potential energy is then needed to relate work 
done by/on a gas to a change in temperature of the gas. Internal energy 
is reinterpreted at the particle level and kinetic and potential energy are 
related to the macroscopie concepts of temperature and volume/phase 
respectively. Macroscopie heat and (external) work are related to kinetic 
and potential energy of particles by the 'energy equation' of a system in 
the form: 
heat + (external) work = change in kinetic and potential energy of the 
particles 
in which heat and (external) work are positive if they are supplied to the 
system. 

5. STUDENTS' USE OF THE PARTICLE MODEL IN THE REVISED 
CURRICULUM 

The research has been repeated with respect to the revised material. A 
comparable questionnaire was administered to 65 students (I 6- l7 years 
old; 4/5th form of preuniversity education) from 3 schools, before and 
after instruction and audiotape recordings were made in two small groups. 
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Heating and change in temperature or phase 
In the discussions during the 'Energy Supply' unit, students again and 
again discussed the question whether heat supply at the melting point 
leads to rise in temperature. 

From audiotaped discussions it appeared that during instruction almost 
no student felt a need for particle descriptions for the processes of 
heating and melting. The macroscopie explanation of heat being supplied 
and internal energy being stored was satisfactory for them. This is also 
demonstrated by the results of the question on melting described before, 
that was asked again before and after instruction. The number in brackets 
again gives the percentage of students giving a particle motivation. 

Table 2 

N=65 

1. during the melting 
2. when all the wax is melted 
3. the energy does not change 

before 
instruction 

32% (2%) 
41% (8%) 
24% (-) 

after 
instruction 

5% (-) 
86% (10%) 
9% (-) 

This also shows that the choice of the correct alternative (2) is higher at 
the start than in the first round ( 41 % compared to 16%) and so is the 
increase (45% compared to 34% in the first round). 

As to students heat supply is related to a rise of temperature, they 
intuitively say that the temperature rises if some rnaterial is being melt
ed. With the particle model students can find argurnents for this: 
l. for a particle an increase in speed is needed to jump away frorn the 

grid, so the kinetic energy increased; 
2. after melting the particles have more 'freedom of move ment', more 

space to move and thus more kinetic energy. 
At last all discussions led to the conclusion that there is no temperature 
rise. However the next time the whole argument had to be repeated, so 
this particle explanation appears to be very difficult to understand. 

Work done by/on gases and change in temperature 
In the fourth chapter of the 'Work and Energy' unit, molecular energy of 
a system is introduced as the total kinetic and potential energy of the 
molecules. T:1e mair. problern for students in this chapter is, as it was in 
the first round, to explain the change in temperature by the work done. 
The discussions on this subject went into more detail then during the 
first round. From it, we could trace four incorrect arguments, two of 
which used a particle model. With h.lndsight they could also be recognized 
in the first round. 
- A change in temperature can be caused by heat only. This appears from 
the statements of students on adiabatic compression: 'How can the tempe-
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rature rise if there is only work done?' and: 'I thought there was no 
temperature rise, no delta E kinetic for there is no heat'. In other words: 
students did not think of internal energy transformations. This problem 
continually cropped up for three of the four students of the group. The 
fourth 'believed' in the First Law of Thermodynamics, so she could 
the correct relationship. The other three also wrote down the First Law, 
but dealt with it as though there was an additional 'Heat Law', relating 
heat to change exclusively to kinetic energy. At the assessment, two of 
the three students appeared to have learned the rules for dealing with 
the First Law and thus had overcome the problem. 
- Temperature rise and macroscopie friction. As in the first round adia
batic compression was a problem. Because of. the direct relation between 
heat and temperature, an 'internal heat source' has to be found to ex
plain the rise in temperature of the gas. At first, macroscopie friction 
between piston and cylinder was discussed, leading to the frictionless 
situation. Then, in the groups, macroscopie friction was replaced by 
friction between particles. For example, a student argued: "because the 
distances are becoming smaller, the particles are going to collide more 
and ... more with each other and that is why they are heated ... there
fore heat is liberated". This liberated heat gives rise to the change in 
temperature. Again, the absence of internal energy transformations ap
peared to be the core of the problem. 
- Temperature and pressure via increase of the number of collisions. The 
student, that 'believed' in the First Law from the beginning, was asked 
by her group to give a particle explanation of her solution: temperature 
increases because of the work done. She had to construct a representa
tion for the process herself, as the book does not present one. For this, 
she (student Si) related temperature to 'colliding faster': 

Si: Because you are pumping those things together then they are going 
to collide faster 

El: Friction 
Ml: Yes I think so, by friction 
Si : Delta E-kin 

Si could not distinguish the relevant argument of increase of speed from 
the irrelevant argument of the number of collisions as she had no repre
sentation of how the macroscopie "push" to the piston can lead to that 
increase of microscopie speed. So the "push" is translated to "increase of 
pressure", as she elaborated some minutes later: "pressure increases, so 
the particles are moving faster". In this way she opposed El and Ml's 
ideas of microscopie friction. 
- Temperature and volume via 'freedom of movement'. Dealing with com
pression, some students related volume to temperature: "But how is that 

in temperature because of compression] possible if the space in 
which they have to move is decreasing?" This relation between 'space to 
move' and temperature, or kinetic energy, also showed up in other dis-
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cussions. On expansion at phase transition for example: "But if it expands, 
does it not imply that E-kin increases?" 

We already indicated this argument in particle motivations on melting. 
Arguments on having more "freedom of movement", moving more and the 
like were given along with "moving faster" and "having more kinetic 
energy". The former expression offers a chance to the students to relate 
the supplied heat to rise in temperature. 

The relation between temperature and volume is probably favored by 
the qualitative particle model, used in the junior stage, explaining phase 
transitions as an increase in motion of the particles. 

6. DISCUSSION AND CONCLUSION 

In the second round, conceptual problems could be traced in detail. With 
hindsight, the same problems, though less explicit, were met in the first 
round. Most problems can, in our opinion, be traced to one basic idea, 
the 'heat law' as we shall call it. This law states that heat always goes 
along with change of temperature and vice versa. Somehow, it seems to 
involve something like a formalisation of the confusion between heat and 
temperature that is reported in the literature (Brook, Brigss, Bel! & 
Driver, 1984; Erickson & Tiberghien, 1985). It may have, as its basis the 
idea that all forms of energy can be transformed into "heat", but heat 
can almost never be transformed back. So, in particular for temperature 
changes, internal energy transformations from "heat" to another form of 
energy are hard to grasp. This 'Heat Law•, can also be used on a micro
scopie level relating heat supply to increase of speed or kinetic energy of 
particles. In that way the idea can be very persistent among most stu
dents during instruction with our curriculum. 

From this basic idea in adiabatic cases internal heat sources are looked 
for and found in macroscopie friction and friction between particles. At 
phase transitions constancy of temperature is often simply ignored. For 
that students make use of particle arguments relating 'freedom of move
ment' to increase of speed and kinetic energy. 

Because it was not apparent from the first round, this basic idea is not 
tackled in the revised curriculum from the very start. However, although 
the revised curriculum did not succeed in solving the problems, it did 
succeed in explaining them by giving rise to better discussions with less 
misunderstandings between teacher, curriculum and students. 

From these discussions it became apparent, that reasoning by 'heat flow 
to' and 'temperature or internal energy of' an object (aimed at in 'Energy 
Supply') and by the energy equation (aimed at in 'Work and Energy'), is 
possible and attractive for students. These ways of dealing with heat and 
energy, however, are not sufficient to overcome the 'heat Iaw', although 
they help in preventing and clarifying misunderstandings. In the same 
way, most students did not accept, from the energy equation, that the 
temperature of a gas can be changed by work. One may argue that the 
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'entity conceptualisation', used in the 'Energy Supply' unit, favours the 
idea of the 'Heat Law', i.e. based on the idea of heat being an entity 
that can be generated and is conserved afterwards. We have experienced, 
however, that intermediate conceptualisations between real life and the 
physics energy concept are inevitable and can be used to plan concept 
development. Of course, crossing over from one intermediate conceptuali
sation to another gives conceptual problems. However, raised at the right 
time, these problems can be solved, thus leading to concept development. 
We have seen that it can work that way with students. We feel, however, 
that the curriculum should offer still better opportunities for the students 
to overcome these problems. 

In order to do this the following improvements of the units could be 
made. 
- Macroscopie heat has to be distinguished from macroscopie temperature 

by a microscopie representation of two different effects of heat supply: 
1. increase of speed of the particles related to temperature; 
2. increase of freedom of movement leading to increase in volume 

and/or phase transitions. 
- In addition, some examples of work leading to the same kind of changes 

like increase of temperature by compression of a gas and by stretching 
a rubber band, should be experienced by students. 

- Macroscopie work by /on a gas has to be linked to temperature by a 
representation of energy exchange between particles and a macroscopie 
piston by collisions. 

However, introducing a revision like this goes beyond this research, as 
many other aspects of the existing revised curriculum will first have to 
be studied in detail. 
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CONSIDERING AN ALTERNATIVE APPROACH TO 

TEACHING RADI0ACTIVI1Y 

C.W.J.M. Klaassen, H.M.C. Eijkelhof & P.L. Lijnse
Centre for Science and Mathematics Education
University of Utrecht

1. INTRODUCTION

In current approaches to teaching the topic o'f radioactivity, explanations 
in microscopie (nuclear) terms are predominant. In fact, one of the rea
sons for including the topic in the curriculum is that it is closely related 
to elementary nuclear physics and thus part of the fundamental scientific 
care. Another reason is that the topic is a subject of public debate 
(important applications concern health, energy supply and defence) and is 
surrounded by controversy (associations with danger). So this topic is also 
considered important when one's aims are to promote a braad scientific 
literacy amongst pupils (Eijkelhof & Kortland, 1988). To many science 
teachers and textbook writers the best possible contribution science 
education can make towards this scientific literacy is to teach for an 
understanding of 'how things really work', which means that one has to 
teach some kind of theoretica! explanation. So in the case of radioactivity 
it is considered self-evident that one should first teach at the nuclear 
level about what radioactivity actually is, before considering radioactive 
phenomena and applications (if at all). 

This can be seen as an example of a more genera! tendency in science 
education which might be called 'the primacy of theory'. It seems qui te 
genera! to introduce as quickly as possible some kind of theoretica! 
model, aften at the particle level. A phenomenological description of 
natura! events certainly may be called 'knowledge about nature', but it is 
scarcely considered to be real science. It is this standard emphasis in 
teaching that we want to bring up for discussion in this paper, focussing 
on the topic of radioactivity. 

In section 2 we begin by presenting the genera! structure of current 
approaches to teaching the radioactivity topic. These approaches begin 
with a (simplified) presentation of the basic scientific concepts which 
play a role in micro-level explanations (atom, nucleus, proton, etc.). These 
basic scientific concepts are considered necessary for an understanding of 
radioactive phenomena such as contamination, irradiation and decay. In 
section 3 we report some of our research findings with two such ap
proaches. It turns out that the basic micro-level concepts are sometimes 
misunderstood or not understood at all, and most importantly that they 
play almost no role in pupils' reasoning about issues relating to radioac
tivity (shielding, remote handling, containment, sterilisation, irradiation of 
food, Chernobyl). Si nee we re gard these outcomes as unsatisfactory, we 
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present in section 4 some ideas about a different approach. What we 
suggest is a postponement of the introduction of particle ideas until a 
coherent macroscopie description has first been developed and can be 
used by the pupils. Finally, in section 5 we present some lines along 
which our further research will proceed. 

2. STRUCTURE OF CURRENT APPROACHES

A general consensus appears to exist about the strategy for teaching the 
topic of radioactivity. In fact we do not know of any approach which 
differs essentially from the following. 
l .  A nuclear model is presented as an extension of molecular and atomie 

models: 
- basic scientific concepts such as nucleus, electron, proton, neutron,

atomie number, mass number and isotope are introduced.
2. The topic of radioactivity and ionizing radiation is treated in micro

scopie terms:
radioactive process: nucleus -+ new nucleus + ionizing radiation; 

- nature and properties of radioactive sources: they consist of unstable
nuclei; activity is the number of decaying nuclei per second; half -life
is the time after which half of the unstable nuclei have decayed;

- nature and properties of ionizing radiation: a-radiation consists of
helium nuclei (2p/2n); B-radiation consists of electrons; 1-radiation is
a form of electromagnetic radiation.

In approaches where everyday life situations involving ionizing radiation 
are an integral part of the teaching sequence, this is then followed by: 
3. A treatment of the effects of ionizing radiation (also starting off with

micro-level explanations):
- îonization, radical formation, damage to cells.

4. A treatment of relevant everyday life situations (background radiation,
nuclear energy, radiation in medicine, nuclear arms, use of radiation in
industry and agriculture ).

We might say that these approaches are built "from above" (Wagenschein, 
1962). They start by providing the basic up-to-date scientific concepts 

which are needed in micro-level explanations (albeit in a simplified form). 
Introducing these basic ingredients first and relating them to the actual 
phenomena later seems to be generally considered the appropriate teach
ing strategy. Science textbook writers and science teachers appear to 
have become so convinced of the wide and powerful use of the basic 
scientific concepts that they also consider them fundamental to the 
learning process. 

3, EXPERIENCES WITH CURRENT APPROACHES 

By means of pre- and post-tests, interviews, textbook analysis and class 
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observation we studied two current approaches. Both of them have the 
structure described in section 2 and include everyday life applications (so 
blocks 3 and 4 can also be identified). We studied a series of lessons 
based on the PLON unit "Ioniserende Straling" ("Ionizing Radiation"; 
PLON, 1984; PLON, 1988). This unit is written for 5th form pupils of the 

bands. We also studied two series of lessons based on the 
ontkomt er niet aan ... " you can't get 

away from it ... "· Knoester & This unit is intended for 3th 
form of the middle 

In the remainder of this section we win describe rather 
some of our research with these two For a more 

report we refer the reader to 

The nudear model as an extem,ion of molecular and atomie models 
The VNL unit starts wi.th a called "On atoms", which begins with 
substances and ends with protons, neutrons and electrons. H can be 
summarised 1 is taken from the 

1KERN 

Fig. 1 From substance to protons, neutrons and electrons 

We found that after two to three lessons with lots of exercises 
succeeded in micro-'facts' like what the constituents of an 
atom or a nucleus are and that the atomie number the number of 

the introduction 
structure 

when it 

commented 
two 
their own 
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'model': "Why say that electrons move around the nucleus? They might as 
well be moving inside the nucleus". 

Some pupils also wondered what molecules, atoms, protons, etc. have 
got to do with radiation, as the title of the unit is "Radiation, you can't 
get away from it ... ". We noted some friction between teacher and pupils 
during the elaborate treatment of the structure of matter, probably 
because pupils experienced it as an unnecessary postponement of the topic 
of radiation, a subject which most pupils claim to be interested in. This 
elaborate treatment can only be justified by saying that 'later on' they 
wil! understand what it was for. As one teacher said: "It is like learning 
the rules of a game which are very dun in themselves, but once you 
know them and start to play the game it may be great fun". 

Although from a scientific point of view the nuclear model may be con
sidered as basic for an understanding of radioactivity, it certainly was 
not always experienced that way by the pupils. This is probably connected 
with the fact that the pupils had almost no experience with microscopie 
models as explanatory systems for macroscopie phenomena. 

A different situation arises for the PLON unit. In the higher grades 
pupils are already familiar with molecules, atoms and the Bohr model. So 
the teacher limited the treatment of the hierarchical structure of matter 
to a short revision and got quickly to the heart of the matter, radiation. 
As a result pupils did not ask questions like "If it can't be seen, how 
does one know it exists?" or "What have protons, neutrons and electrons 
got to do with radiation?". 

Micro- level explanations 
Again, pupils from the middle ability bands clung to pictorial representa
tions and took the model literally. They now learned that e!ectrons move 
in a shell around the nucleus as in figure 2. 

Fig. 2 An electron moves in a shell around the nucleus 

When they were then told that some nuclei are unstable and emit radia
tion, some pupils wondered why this radiation is not stopped by the shell 
around the nucleus (i.e. the solid line around the nucleus). 

As reported elsewhere (De Nussbaum, 1985), another result of 
a premature introduction of particle models is that pupils tend to attri
bute macroscopie properties to microscopie entities. We found examples of 

who viewed unstable nuclei as small of radioactive material, 
for instance when they said that each individual nucleus gradually loses 
all its radiation or that half-life is the time in which a nucleus loses half 
of its radiation. We also had the that some pupils interpreted 
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the statement that 'something is radioactive (emits radiation) when it 
contains unstable nuclei', as 'unstable nuclei emit radiation as long as 
they are unstable'. 

However, also instances were found where knowledge of the microscopie 
facts seemed to be useful to pupils in understanding radioactive pheno
mena. Given that an unstable nucleus changes when it decays, a pupil was 
able to deduce that this gives rise to a new substance "because it hasn't 
got the same number of plus-things anymore". 

Our findings with the PLON unit were rather similar. We found 
that pupils sometimes attributed macroscopie 
entities. We did not find however that these 
In fact, in the PLON the micro-level 
phenomena are treated not so much some 
exercises seemed able to master the 
were able to determine X from the reaction 

Lifewo.rld about 
In an evaluation of the PLON were 
both before and after the comment on the risks of some 
tions of ionizing radiation. It turned out that used very little scien-
tific knowledge in their both before and after the unit. Even 
before instruction to have some ideas about 
····--,-·· and which survived educational intervention. Of 
course this well known from the alternative frame-
work literature 

means of pre- and nn,or_,,,~ interviews and classroom observation 
we studied ideas more l That 
have any ideas at aH about n<>,~t.u,tu is not a consequence of direct 

radiation cannot be detected 
information about .,.,,,,,_,,,_·~,n .. ~.~~•n 

have indeed found a between 
on This does not mean, how

ever, that ideas are a selected set of facts from these re
ports. We rather think that their ideas are the result of the 

ways of 

hold ideas about which 
from the middle as wen as the 

to say that these ideas also consti
As we try to illustrate 

think this lifeworld can best be described the 
which support one another. In 

this mutual interaction establishes a whole which is more than 
sum of its components. These components are: 

- 'conservation' of 'radiation'; 
fear of 'radiation'. 

'radiation' 
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Use of one undifferentiated 'radiation' concept 
A most striking aspect of pupils' views is the undifferentiated use of 
words like "radiation", "radioactivity" and "radioactive matter" in any 
situation which has to do with radioactivity. On the other hand, an aura 
of danger combined with the presence of something highly penetrating 
seems to be a signal for situations which have to do with radioactivity. 
This is why laser light and u.v. light are regularly mentioned by pupils 
as having to do with radioactivity. We think that in ordinary language 
words Iike "radioactivity" and "radiation" are somehow 'contentless'; 
people have no clear picture of what these are. Most pupils know for 
instance that 'radiation' cannot be detected by our senses and, when 
asked whether it can be compared to something else, they most frequently 
refer to light or heat, of which, from a scientific point of view, their 
understanding is also rather shaky (Guesne, 1985; Erickson & Tiberghien, 
l 985). The vagueness, indeterminacy and lack of content of words like 
"radioactivity" and "radiation" do not seem to matter in ordinary com
munication (Nagel, 1968; Redeker, 1982): people use them in conversations, 
read them in media reports and, most importantly, reach an understanding 
of such conversations and media reports which they themselves experience 
as sufficient. A possibility of danger caused by something highly pene
trating seems to be the context in which these words are understood. 
This understanding is not so much governed by a theoretica! attitude -in 
everyday life people have no need for deep theoretica! explanations- but 
rather by a pragmatic attitude (Schütz & Luckmann, 1974). Knowing that 
'radiation' is dangerous people just want to be sure that sufficient safety 
measures are taken, but have no need for explanations as to why these 
safety measures are as they are. 

Thus, it seems that in lifeworld thinking only one undifferentiated 
'radiation' concept is needed. The public understanding of Chernobyl is a 
case in point (Eijkelhof & Millar, 1988): the 'radiation' escaped from the 
reactor, the wind blew the clouds of 'radiation' in our direction, the 
'radiation' carne down with the rain, by taking in water vegetables got 
some 'radiation' inside them and people would also get 'radiation' in their 
bodies by eating those vegetables. When asked where the 'radiation' 
comes from, many pupils mention nuclear plants or nuclear arms. In the 
case of natura! 'radiation', however, some pupils do not see the need for 
a source: natural 'radiation' simply surrounds us 'by nature'. Radioactive 
contamination can also be understood a single 'radiation' concept. 
In ordinary language, contamination is often understood as a condition 
which precedes actual illness. Accordingly, radioactive contamination is 
understood as a condition which precedes radiation sickness. Indeed, many 
pupils interpret radioactive contamination as received (too much) 
'radiation'. 

The use of one 'radiation' concept be related to a common 
core in lifeworld explanations and predictions proposed by Andersson 
(1986): the of causation. lts parts are agent, instru-
ment and According to Andersson we experience them as "a whole 



3IO KLAASSEN ET AL. 

which is more fundamental than its parts. [ ... ] An agent [ ... ], with the 
help of an instrument, affects an object". So the 'radiation' (as instru
ment) affects us (as objects), and in the case of Chernobyl the reactor 
would be the agent. Also present in the experiential gestalt of causation 
is the idea that the effects are smaller the further one gets away from 
the agent. We also found this idea among pupils: at larger distances from 
the source (for instance Chernobyl) the danger diminishes because the 
'radiation' spreads out. 

'Conservation' of 'radiation' 
A second basic component in about could 
be caHed 'conservation' of 'radiation'. This accounts for the many instan
ces (food irradiation, photography, Chernobyl) where pupils say 
that 'radiation' accumulates in in and in a closed 
space. We put the word "conservation" between quotation-marks, because 
we do not want to suggest that think 'radiation' remains forever in 

the same We want to say that many win 
argue that 'radiation' remains or lingers for at least some time. In fact, 
many account for a decrease of 'radiation' in terms of a 
spreading out, although some pupils also rnention that 'radiation' breaks 
down or can be broken down. Some not mention storage of 
'radiation' in an object, but also a subsequent release of 'radiation' by 
that object. The 'radiation' which was stored in some vegetables after the 
accident in would for instance have been released 
them. 

We note that the idea of 'conservation' of 'radiation' is strongly related 
to the use of an undifferentiated 'radiation' concept. What would be the 

of the advice not to eat certain fresh vegetables after the accident 
at Chernobyl, if there was not any or on these vegeta
bles? The fact that pupils also use the idea of 'conservation' of 'radia-
tion' in instances of irradiation irradiation, photography) 
relates to the fact in lifeworld no distinction can be made 
between irradiation and contamination. Furthermore 'radiation' is 
associated with harmful effects. In accordance with the 
gestalt of the instrument must be present as as the 
is affected. Therefore it seems reasonable to assume that 'radiation' must 
remain in a person for as as the effects show up -and many 
know that even after several years effects may show up. The idea of 
'conservation' of also relate to many observa-
tions of the way is absorbed. of in 
and the release of 'radiation' come very close to 
storage of water in a sponge and release of water the 
sponge. 

Fear of 'radiation' 
we turn to the third the fear of 'radiation', the idea 

that any situation natural 
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is potentially dangerous. In cases in which a personal decision is needed, 
a feeling of safety is restored by either trusting the safety measures (in 
the case of someone living nearby a nuclear power plant) or preferring 
the certain to the uncertain (by deciding not to eat irradiated food; 
Defesche, 1981). 

The strong connection of 'radiation' with fear is continuously rein
forced by the media. Almost every report on something 'nuclear' is sur
rounded by an aura of danger. The fear of 'radiation' also stimulates the 
use of just one 'radiation' concept and links with the idea of 'conserva
tion' of 'radiation'. To account for the belief that any situation involving 
'radiation' is dangerous, the 'radiation' must be seen as present all the 
time in that situation. If an object has been in contact with 'radiation', 
the aura of danger makes it likely one win assume that 'radiation' re
mains present in that object. 

In our opinion this complex of three components governs most pupils' 
thinking about radioactivity before formal education. H accounts for the 
results of our interview studies and pre-tests. From post-tests, however, 
we conclude that after current teaching sequences pupils' thinking about 
radioactivity is still largely governed by the lifeworld knowledge described 
above. When it comes to using knowledge in everyday life situations, 
lifeworld knowledge seems to be activated rather than taught scientific 
knowledge (Solomon, 1983). A major reason for this may be that lifeworld 
knowledge has proved to be of value to pupils: it often gives them a 
feeling of having a fair understanding of what is going on. So there is no 
real need for them to use unfamiliar 'scientific' knowledge. As regards 
the specific topic of this paper, it is relevant to note that knowledge at 
the particle level plays almost no role in lifeworld reasoning. 

4. SOME IDEAS ABOUT AN AL TERNA TIVE APPROACH 

In view of the problems we have described with the introduction of 
microscopie models, trying to account for radioactive phenomena in 
microscopie terms seems ill-advised, as it may be the first instance pupils 
encounter microscopie models. However, upper grade pupils from the 
higher ability bands, who are familiar with microscopie models and from 
whom one might expect at least some ability for model-thinking, are also 
found to have hardly changed their lifeworld knowledge about radioac
tivity after current teaching sequences. Comparing the structure of cur
rent approaches with pupils' original lifeworld knowledge, we note a 
mismatch which results in pupi!s' inability "to relate the ideas and models 
of science to things they see happening in their own experience" (Brook, 
et al., 1988). As Ten Voorde (1977) talks of a premature introduction of 
moleculular ideas in chemistry education, so we may say that in current 
approaches to teaching radioactivity the ideas and models of science are 

introduced to the pupils, i.e. before themselves have 
experienced a need to change their the 
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work of ten Voorde, we suggest an approach in which the attempt is 
made to evoke such a need by letting pupils experience dissatisfaction 
with their existing knowledge, for instance by letting them get stuck in 
their original lifeworld knowledge when they try to describe in their own 
words the things they observe. 

In the remainder of this section we first describe a classroom activity 
in which pupils may change an aspect of their original lifeworld lmowl-
edge. By taking on a new of view win be able to overcome an 
initial failure to express their in available language. We refer to 
Millar, et al. ( for a more elaborate outline of a teaching sequence 

their of a coherent des-

of view 
As an example of of we present the following 

aimed at the use of one undifferentiated 'radiation' 
concept 
- take the closed with stones in hold a counter 

close to the and move the counter a few meters away from the 
- take the stones out of the them and blow the dust to-

wards the counter. 
A first outcome of the is that close to the the count rate 
is quite high, whilst at a few meters from the 
is 'normal'. Because of the fact that close to the 

the stones are called radioactive. A second outome is that the 
counter will start rate than normal when the dust is 
blown towards it. these two outcomes it is found that a 
description of the 
concept does not work. The a new of view: the 
stones emit which does not reach very far. The second step in 
the can then also be described in accordance with this new 

of view: of the stones are able to escape, so even at a rela-
large distance radiation can be measured when these parts come 

close to the counter. 
We have to stress that since the stones are radioactive the second step 

in this cannot be carried out in the classroom for 
it to make our clear. The actual class-

room we propose is that the first step of the above 
carried out the teacher. Instead of the second step, 
teacher tries means of an to create what 
caHed a conflict l 
situation The teacher asks the 

the reactor in and that the 
is the Netherlands. Then the 

where the counter is 
are asked to discuss 
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due to the acident, 'radiation' could have been measured in the 
Netherlands. When pupils say that the 'radiation' could escape because the 
roof was blown off, the teacher twists the lid off the jar and the pupils 
may note that the count rate does not increase. When pupils say that the 
wind blew the 'radiation' in our direction, the teacher blows along the 
opening of the jar and the pupils may note that the count rate does not 
increase. In the class observed, pupils were willing to accept this analogy. 

carne up with various explanations and eventually the 'right' solution 
arose. 

From the described above the new point view that radio-
active material emits radiation which does not reach very far may come 
within reach of the pupils. It also provides them with an experiential 
context in which they can understand the need for distinct concepts of 
radioactive material and radiation. This does not mean that they wiH 
automatically use the words "radioactive material" and "radiation" in a 
consistent way or that immediately they will not be able to understand 
the old 'radiation' concept any more. It does mean, that pupils 
in situations where confusion might arise can solve this confusion by 

on this of view. A few lessons after the above the 
of whether or not radiation is spread the wind was discussed. 
then noted that in a way the answer is correct and in 
way the answer 'no' is correct. 

of view may also enable to observe new aspects 
to discover new relations and to word these relations 

Once concepts of radioactive material and radiation 
on each of these 

may 
near a closed source do not 

radiation 
instance 

and that an irradiated 
no radiation is released. 

Micro-level 
Ten Voorde 0 
limitations of 

without 

It 

tion of radioactive 

One functional reason for 
may a need to 

may take away some of the 
that micro-level 

any 
whether a coherent mc,,..r,n~r·nn 

the 'standard' micro-level 

micro-level is that 
know what the invisible radiation is. 

that surrounds it. Another reason is 
into radioactive 
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ena. Not just knowing about the phenomena as facts but also knowing 
explanations may in 'accepting' the as are. Finally 
we note that micro-level explanations may also enable to make 

,., .... ,.,,,v"'" (for instance about decay 

5. CONCLUSION 

Based on our 
lifeworld 
starts with the 
radioactive based on 
the introduction of micro-level 

could contribute 
life situations 

a sequence which stops when this 
has been attained et 

in the lower 
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A MICROSCOPIC MODEL FORA BETIER UNDER
STANDING OF THE CONCEPTS OF VOLTAGE 
ANDCURRENT 

P. Licht 
Institute for Teacher Education 
Free University, Amsterdam 

1. INTRODUCTION 

The research reported in this paper is informed by what might be called 
a constructivist epistemology, because the cognitive approach it adopts 
builds on the intuitive ideas which pupils already have. Based on previous 
research we were obliged to revise preliminary versions of a teaching 
strategy, when these had been tried out in the classroom. The strategy, 
like other similar strategies (Driver and Oldham, 1985; Hashweh, 1986), 
pays a great deal of attention to the elicitation and restructuring of 
pupils' intuitive ideas on certain objects, phenomena or processes, and to 
their reflections upon the paradoxes thus generated. However, such a 
strategy does not simply lead to a spontaneous development of science 
concepts. We feit that there were no concrete proposals about the manner 
in which the science concepts were to be introduced. We carne to the 
conclusion that in fact there were two stages in the process of concep
tualization implicit in the preliminary versions of the strategy: an in
tuitive stage and an operational stage. The gap between these two stages 
seemed to be too great to be bridged by the simple device of arranging a 
confrontation between the pupils' intuitive ideas and the concepts of 
physics (Licht, 1987). At least two other stages of conceptualization might 
be necessary: a descriptive stage and a theoretica! stage. Inspired by the 
work of Ten Voorde (1977) we suggest aiming during the descriptive stage 
at a coherent phenomenological description based on pupils' own experien
ces with electric circuits. This descriptive stage would serve as a link 
between the intuitive and the operational stage. The theoretica! stage is 
required at the moment when the operational relationships are not intel
ligible, plausible and fruitful enough for pupils to change some of their 
most persistent intuitive ideas about electricity. Model-thinking should be 
postponed to the theoretica! stage until sufficient phenomena are describ
ed. 

However, we argue that for a proper understanding of a topic not only 
operational relationships are necessary but also explanations of these 
relationships in terms of processes which deal with changes of variables. 
Micro-level explanations may deepen the insight into these changes of 
variables at the macro-level. They also enrible pupils to predict new rela
tionships and changes. 
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In figure 1 we present a rather broad description of the planned stages 
of concept development and some of the characteristics of each stage. 

Stages 

Intuitive stage 

Descriptive stage 

Operational stage 

Theoretica) stage 

During this stage the pupil should arrive at state-
ments about ...... . 

..... objects, phenomena or processes on the basis of 
certain intuitions, preconceptions or idiosyncrasies of 
usage in mother-tongue discourse. During this stage, 
reliance upon contextual clues and personal 
experience is still making itself feit . 
..... regularities in objects, phenomena or processes 
on the basis of direct empirica! observations of 
(causa!) relationships between qualitative or semi
quantitative properties. 
..... explanations of the regularities found during the 
descriptive stage, on the basis of empirica! measure
ment of relationships between quantified parameters 
defined by algebraic expressions. A qualitative ana
lysis of the functional relationships among variables 
is also included . 
..... explanations of the relationships found during 
the operational stage. During the theoretica! stage 
the relationships between the concepts concerned can 
be incorporated into a consistent model. The change 
of a variable can thus be explained in terms of the 
model. Macro-micro relationships, which tie macros
copie parameters with microscopie concepts, rules 
and models are also included. 

Fig. 1 A genera! deacriptîon of the four planned stages in an educational process aiming 

at concept development. 

To present this description of the planned stages in a less abstract way 
we give a brief outline of these stages for the topic of electric circuits. 
Although the research reported on in this paper mainly deals with the 
intuitive and the operational stage, we think that for a better under
standing of the research findings it is necessary to present the broader 
context of our ideas and hypotheses on the planning of concept develop
ment in the domain of electricity. 

2. THE PLANNED STAGES FOR CONCEPT DEVELOPMENT IN 
ELECTRICITY 

The possible content of pupils' statements during the intuitive stage is 
obtained from available research data. As regards the area of electric 
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circuits the following alternative conceptions in answering qualitative 
questions have been noted in previous studies (McDermott & Van Zee, 
1985; Shipstone, 1985; Cohen et al., 1983; Kuiper et al., 1985). 
a. Many pupils seem to believe that the same amount of current is sup

plied by a battery independent of the circuit connected, and that the 
current is 'used up' when it flows through a bulb. 

b. Instead of reasoning that all parts of a circuit are interrelate and 
influence one another, many pupils think that a change in a circuit 
has only local or sequential ('downstream') consequences. 

c. Pupils tend to be current minded rather than voltage minded, confus
ing cause and effect. 

d. Most pupils insufficiently discriminate between related concepts such 
as current, voltage, energy and power. 

The ideas of these pupils are important and need to be dealt with during 
the intuitive stage of the educational process. 

During the descriptive stage, it seems possible to avoid some of the 
conceptual difficulties mentioned above by choosing the energy concept as 
an entrance for electricity education. The energy concept is more closely 
related to the direct observations of pupils with respect to the relative 
brightness of bulbs or the relative speed of electric motors than the 
concepts of voltage and current. These concepts, on which most of the 
studies report, can now be postponed to the operational stage as concepts 
which have the power to explain the regularities observed during the 
descriptive stage. 

We use the following symbols to present some of the possible pupils' 
statements during the descriptive stage: NP = the number of energy 
producers; Nc = the number of energy consumers; EP = the total amount 
of produced energy in a certain time; Ec = the total amount of consumed 
energy in a certain time; and the extra indices s and p are for series and 
parallel connected components respectively. The following qualitative or 
semi-quantitative statements can be made from direct observations during 
the descriptive stage: 
a. if Np,a increases then Ec increases and so does EP; 
b. if NP,P increases then Ec remains the same, although energy 1s avail-

able a longer period and so EP remains the same; 
c. if Nc,p increases then Ec increases and so does EP; 
d. if Nc,a increases then Ec increases and so does EP; 
e. if a circuit is interrupted then Ec=O and so Ep=O; 
f. due to a short circuit Ec=O in the components but EP is big. 
It seems possible that pupils could arrive at these statements based on 
direct observation of changes in components such as bulbs, electric 
motors and batteries. They can even apply the discovered regularities in 
other contexts, such as the use of electrical energy in the household. 

In our view, teaching materials which fit into this descriptive stage are 
especially suitable for the lower farms of secondary education. At the 
moment, our group at the Free University is developing curriculum mate-
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questions have been noted in previous studies {McDermott & Van Zee, 
1985; Shipstone, 1985; Cohen et al., 1983; Kuiper et al., 1985). 
a. Many pupils seem to believe that the same amount of current is sup

plied by a battery independent of the circuit connected, and that the 
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b. Instead of reasoning that all parts of a circuit are interrelate and 
influence one another, many pupils think that a change in a circuit 
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d. Most pupils insufficiently discriminate between related concepts such 
as current, voltage, energy and power. 

The ideas of these pupils are important and need to be dealt with during 
the intuitive stage of the educational process. 

During the descriptive stage, it seems possible to avoid some of the 
conceptual difficulties mentioned above by choosing the energy concept as 
an entrance for electricity education. The energy concept is more closely 
related to the direct observations of pupils with respect to the relative 
brightness of bulbs or the relative speed of electric motors than the 
concepts of voltage and current. These concepts, on which most of the 
studies report, can now be postponed to the operational stage as concepts 
which have the power to explain the regularities observed during the 
descriptive stage. 

We use the following symbols to present some of the possible pupils' 
statements during the descriptive stage: NP = the number of energy 
producers; Nc = the number of energy consumers; EP = the total amount 
of produced energy in a certain time; Ec = the total amount of consumed 
energy in a certain time; and the extra indices s and p are for series and 
parallel connected components respectively. The following qualitative or 
semi-quantitative statements can be made from direct observations during 
the descriptive stage: 
a. if Np,a increases then Ec increases and so does EP; 
b. if NP,P increases then Ec remains the same, although energy is avail-

able a longer period and so EP remains the same; 
c. if Nc,p increases then Ec increases and so does EP; 
d. if Nc,s increases then Ec increases and so does EP; 
e. if a circuit is interrupted then Ec=O and so Ep=O; 
f. due to a short circuit Ec=O in the components but EP is big. 
It seems possible that pupils could arrive at these statements based on 
direct observation of changes in components such as bulbs, electric 
motors and batteries. They can even apply the discovered regularities in 
other contexts, such as the use of electrical energy in the household. 

In our view, teaching materials which fit into this descriptive stage are 
especially suitable for the lower forms of secondary education. At the 
moment, our group at the Free University is developing curriculum mate-
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rials in which we try to guide most of the pupils from the intuitive 
stage, via the descriptive stage, to the operational stage. 

During the operational stage, the pupils should carne to statements in 
terms of voltage, current, electrical energy, power and resistance by 
empirical work during practicals and teacher demonstrations. Put in 
algebraic expressions, we can summarize the statements in this way: P 

v I; r = v /R and E = P t. This conventional quantitative analysis of an 
electric circuit deals with well defined algorithms, and can thus be ap
plied to a variety of circuits. But hearing in mind the statements during 
the descriptive stage, the relationships during the operational stage should 
play a different role compared to their traditional role in teaching elec
tricity. Traditionally, at least in the Netherlands, the pupils are expected 
to explain observations directly in terms of voltage and current. In the 
approach suggested here, it should be clear to the pupils that the rela
tionships during the operational stage have explanatory power for the 
regularities discovered earlier during the descriptive However, 
during the operational stage pupils should also reason in terms of func
tional relationships. 

During the theoretical stage, the statements consist of macro-micro 
relationships which involve the association of phenomena with processes. 
The underlying processes of the operational relationships are now describ
ed in terms of motions of charged particles, forces, fields and potentials 
(in their microscopie sense ). In this way, the concepts studied in elec
trostatics can be integrated in the analysis of electric circuits. Although 
we have to be aware of the fact that even experts do not carry out 
such an analysis routinely (Heald, 1984), it seems important for a pupil 
to be able to understand, for instance, the process through which in
creasing the source voltage will increase the current in a circuit. lt is 
clear that knowing how to deal with quantitative and functional relation
ships during the operational stage is sufficient to solve most of the 
conventional problems. 

lt is our hypothesis that pupils who are able to operate with macro
micro relationships will have fewer difficulties with the concepts dealt 
with during the operational stage. In the rest of this paper we try to 
portray the research findings as evidence for this hypothesis. 

The question is how to present to pupils some macro-micro relationships 
already during the operational stage in an intelligent, plausible and fruit
ful way, without negative interference during the time the full scope of 
these relationships is on the agenda during the theoretica! stage. 

3. A MICROSCOPIC MODEL 

We would like to make a case for seeking a mode of model-building which 
provides students with explanatory tools they can use in their explana
tions of the regularities found during the operational stage. Therefore, we 
have generated a subatomic model of electron flows and electron densities 
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which enjoys explanatory power during the operational stage. Our expec
tation that such a model can be useful and productive in educational 
terms, is supported by recent research as well as by classroom experience 
(Kircher et. al., 1975; Black et. al., 1987; Licht, 1989). 

The model is based on the idea of differences in charge densities (con
centrations) in separate parts of a circuit. From a physics point of view 
these differences are very small compared to the number of charges 
which contribute to the electric current; the charge densities also should 
be located at the surface. of the components with resistance. An electric 
field in a resistor is then caused by a gradient in the charge density 
located on the surface of the resistor. The physicist attributes electric 
energy to an electron due to an electron density in its vicinity: the 
higher the electron density, the higher the amount of electric energy. 

Unfortunately, very little is known about pupils' concepts of the actual 
microscopie mechanisms and their interpretations in terms of electrostatic 
entities. As far as we know, only Eylon and Ganiel, after an analysis of 
student responses to a questionnaire and an interview, report on this 
issue in the following way: "What emerges from this analysis is the 
realization that pupils are not a ble to tie concepts from electrostatics 
into their description of phenomena occurring in electric circuits. This 
leads to a number of difficulties. First, the concept of voltage remains 
vague; its format definitîons (quoted correctly) are not utîlized operatio
nally. Secondly, most pupils do not create a consistent picture of the 
mechanisms, and are therefore unable to explain phenomena. We note in 
passing that this situation does not necessarily represent misconceptions, 
but rather the Jack of any clear concept Thirdly, we believe that this 
absence of a macro-micro link impedes pupils' ability to conceptualize the 
electric circuit as a system and to appreciate the functional relationships 
between its parts" (Eylon & Ganiel, l 990). 

We have chosen for a microscopie model which, on the one hand, can 
serve as an attractive alternative to the intuitive ideas mentioned above 
and, on the other hand, can be used as a basis for a more complete 
theoretical model in a later stage of the educational process. Our model 
is represented in drawings in the textbook (fig. 2) and in a simulation 
programme on a Personal Computer (Ms-oos machine). This programme 
offers pupils the opportunity to build a circuit with batteries, bulbs and 
resistors. They can ask the computer to give the values of current and 
voltage for every component in the circuit, as well as for the voltage 
between two arbitrary points in the circuit. In this way, the programme 
helps the pupils to explain the relative brightness of bulbs in terms of 
voltages and currents. Pupils for whom this explanation is not effective 
may choose a microscopie representation of current and voltage. The 
current is represented by moving dots (electrons) on the screen, and the 
voltage by differences in dot densities (electron densities) between two 
areas in the circuit separated from one another by a battery, a bulb or a 
resistor. The model presented in this way has the potential power to 
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promote conceptual change with respect to the intuitive ideas mentioned 
above, for instance: 
a. The idea of current consumption comes under pressure when a pupil 

counts the number of electrons (dots) passing on both sides of a bulb. 
b. The model promotes a way of reasoning in which only the voltage 

across the battery is a given and constant entity. After all, the dif
ference in electron density between the two poles of the battery is 
always constant. 

c. Local and sequential ways of reasoning are less attractive because in 
this model a change somewhere in the circuit does cause changes in 
all the electron densities which are not directly linked to the poles 
of the battery. 

d. By giving a more concrete representation of current and voltage, and 
with the addition that an electron has more energy as part of a high 
electron density than as part of a low electron density, it can be 
expected that pupils come to a better discrimination between voltage, 
current and energy. 

It is clear that we have selected some aspects of a much broader micro
scopie model which can be dealt with during the theoretica! stage. For 
instance, during the operational stage we do not speak in terms of forces, 
fields or potentials. We just introduce a way of representation of the 
three target concepts voltage, current and, more implicitly, energy m 
which the dynamic characteristics of electrons play an important role. 
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4. SAMPLE, TEST TOOL AND THE DESCRIPTION OF THE 
INSTRUCTIONAL MA TERIALS 

Sample and test tool 

LICHT 

The research data presented in this paper were gathered from 75 fourth
form pupils (average age 16 years) in a secondary school. These pupils 
already had followed at least 35 teaching hours on electricity in the 
second and/or the third form. In the fourth form, the basic knowledge of 
the concepts current, voltage, electrical energy and power has to be 
expanded and connected to other concepts and other topics in physics. We 
therefore use a multiple choice test in lesson two on electricity in the 
fourth form as a diagnostic entrance test during the intuitive stage of 
the teaching strategy. The test tells us how the pupils interpret several 
problem situations in a qualitative way in so-called simple electric cir
cuits. The test consists of 18 questions which are modifications of items 
used by Closset (1984), Shipstone (1985) and Shipstone et.al. (1988). It is 
possible to construct four different reliable scales from clusters of items 
related to the idea of current consumption (code cc), the idea of the 
battery as a constant supply of current (code es), local and sequentia! 
ways of reasoning (code LS) and a mistake in or a lack of discrimination 
between currerit and voltage ( code cv) respectively (Licht & Thijs, 1989). 
All students who score more than 30% on a specific scale are directed to 
a related remedial learning programme that takes about one 50 minute 
lesson. Each remedial programme tries to confront the pupils' intuitive 
ideas directly with the concepts of physics as they are to be dealt with 
during the operational stage, without spending any time on possible 
regularities found during the descriptive stage. This is because the pupils 
are already encountering this topic for the second or sometimes even the 
third time. The computer simulation on macro-micro relationships is part 
of remedial programme 4, linked to the cluster of items on the discrimi
nation between current and voltage. The diagnostic test and the four 
remedial programmes are part of a chapter of a complete physics textbook 
for the higher forms of secondary education. They are therefore not only 
constructed for the purpose of this research. 

After the remedial teaching period the diagnostic test is applied for the 
second time just for research purposes. We thus gained some insight into 
the extent to which the pupils' own intuitive ideas have been challenged 
during this period of remedial teaching. 

After this remedial period of two or three lessons, the teacher presents 
the simulation programme to the whole class. One week after this demon
stration and discussion session we used the diagnostic test for the third 
time again just for research reasons. In this way there are three occa
sions on which research data are gathered: 
occasion 1: in lesson 2, just before the remedial period; 
occasion 2: in lesson 5, just after the remedial period; 
occasion 3: in lesson 8, one week after the classroom demonstration of 

the computer simulation. 
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A description of the instructional materials 
Before we present the results we would like to give an impression of the 
genera) structure and character of the four remedial learning programmes. 
Each remedial programme takes about one lesson and is constructed along 
the following lines. 
a. Each programme starts with two or three multiple choice questions, 

just to see if the answers still correspond to the answers in the 
diagnostic test with 18 questions. If the answers are now all correct, 
we point out that this result is surprising because this was not the 
case during the diagnostic test. The pupil may now choose either to 
proceed or to stop with the remedial programme. In practice, this 
situation hardly ever occurs because pupils give comparable answers 
to those in the diagnostic test. 

b. What follows then is a text which culminates in the following sen-
tence: "It looks as if you reason in the following way ...... ". Here we 
try to convince pupils that their way of reasoning is not strange or 
non-scientific. We present situations involving rivers and waterfalls to 
which their way of reasoning is suited very well. But we also em
phasize that the situation in electric circuits is quite different and 
that it is not possible to use these particular ways of reasoning. 
Physics tells us something different. 

c. The reading sections mentioned in a. and b. are followed by a practi
cal element in which the pupils build the circuits themselves from the 
schemes already presented in the questions of reading section a. With 
respect to remedial programme number 4, which deals with the dis
crimination between voltage and current, the practical element consists 
of the computer simulation programme. The scope of this programme 
has already been described. At all times, students must make their 
expectations explicit, both on paper and in discussions within the small 
group of three or four pupils who are doing the same remedial pro
gramme. 

d. In the last section, pupils have to write their own summary and com
pare it both with the summary of the other group members and with 
the summary given on the last page of the chapter. 

5. LEARNING EFFECTS IN TERMS OF TEST RESUL TS 

Results on the diagnostic test 
We present here the data of the total group (N=75) on all three test 
occasions, making no distinctions between pupils who actually were refer
red to a certain remedial programme and those who were not. Thus the 
figures give us a global impression of the effects of the different reme
dial programmes. More in depth studies are necessary to come to better 
founded conclusions. However, we can come to some preliminary con
clusions using the results presented in figure 3. 
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Scale Scale Related Mean % on 
Description Code Remedial occasion 

Programme 2 3 

Current Consumption cc 1 25 15 2 
Constant Supply es 2 53 37 17 
Local/Sequential LS 3 34 17 5 
Current/Voltage cv 4 62 21 14 

Fig. 3 Mean percentage scorea on the four scalea on three test occasions (N =75). 

When considering the testresults on the first occasion, we should remem
ber that the pupils already had studied electricity fairly intensively during 
their school careers. Many of them were nevertheless diagnosed as requi
ring two or three hours of remedial learning. The short term effects, that 
is, the improvements in testresults shown on the second occasion, were 
considerable and support our view that it is useful to study the role of 
the confrontation aspect in the four remedial programmes, i.e. the elicita
tion of pupils' latent ideas and the demonstration of their Jack of ex
planatory power. Elsewhere, we report on the results in relation to the 
remedial programmes 1, 2 and 3 (Licht, 1989). A comparison of the testre
sults on the occasions 1 and 2 leads to the following conclusions: 40% 
less cc-thinking (a decrease of 10% out of 25%), 30% less es-thinking, 
50% less LS-thinking and 67% less cv-thinking after the two or three 
hours of remedial education. The results after remedial programme 4, 
which includes the computer simulation, are quite promising. The com
parison of the testresults on the occasions 2 and 3 gives an extra impulse 
to do a more in depth study in the near future on the learning effects of 
the simulation programme. This comparison leads to the following con
clusions: 86% less cc-thinking (2% out of 15%), 54% less es-thinking, 70% 
less LS-thinking and 30% less cv-thinking. Between the second and the 
third occasion the classroom demonstration of the computer simulation 
took place and also the related explicit confrontation between the macro
micro relationships and the other intuitive ideas, i.e. cc-, es- and LS
thinking. We may conclude that these classroom activities contributed to 
a change in intuitive ideas as wel!. 

Compared to the remedial programmes 1, 2 and 3 in which we use oper
ational concepts like voltage and current to promote conceptual change, 
programme 4 with the macro-micro model seems to be the most succesful. 
This relative success is demonstrated not only among the pupils who were 
referred to this specific remedial programme, but also among the students 
to whom other intuitive ideas were attributed. 

ResuHs on an assessment task 
We limit ourselves to the discussion of those assessment results which 
cast the most light on the specific contribution of the macro-micro 
relationships in the enhancement of the conceptualization concerning the 
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three target concepts voltage, current and electrical energy. One of the 
questions of the final assessment test concerns an electric circuit with a 
battery, two light bulbs and two switches. Seen from the perspective of 
the textbook the situation with the switches is completely new. The sub
questions concern the way in which the changing of switches in the 
circuit might affect the relative brightness of the bulbs. We emphasize 
that the questions could be answered directly in terms of voltage and 
current, so it is not necessary to use the macro-micro model. The results 
were the following: 

30% of the pupils scored more than 80%, of which 75% used the 
macro-micro model; 

- 600/o of the pupils scored more than 50%, of which 6 l % used the macro
micro model; 
40% of the pupils scored less than 50%, of which 950/o did not use the 
model. 

Also from these data it is clear that, for a lot of pupils, the macro-micro 
model can serve as an effective tool for qualitative reasoning in electric 
circuits already during the operational stage of the educational process. 

6. CONCLUSIONS AND DISCUSSION 

We certainly do not mean to imply that the use of a diagnostic test and 
related remedial learning programmes is necessary within every area of 
physics education. However, the construction of scales of items bas a 
benefit in that it contributes to a better identification and a more precise 
categorisation of errors and conceptual difficulties. We have not only 
applied this method to the domain of electricity but also to the domain of 
mechanics (Licht & Thijs, 1990). It appears that pupils do not simply 
make incidental mistakes, but that they show patterns of conceptual 
difficulties and ways of reasoning which they can recognise the moment 
they are confronted with these patterns in a remedial learning process. 
The precision of this characterisation increases throughout secondary 
education. This means that pupils in higher forms use preconceptions more 
consistently in problemsolving situations than pupils in lower forms. We 
see this as an important reason why pupils in the higher forms are more 
open to conceptual conflicts and to demonstrations intended to reveal the 
gap between their ideas and expectations on the one hand and a physical 
explanation of a certain phenomenon on the other. Therefore, our con
clusion is that the use of a test and related remedial learning programmes 
could be effective in the higher forms of secondary education. 

We are also rather cautious about the possible learning effects of the 
computer simulation programme on macro-micro relationships for all forms 
of secondary education. Although some teachers already use the model in 
the lower forms, our first impression, based on ten interviews with youn
ger pupils working with the programme, is that we have to force them 
too hard into the way of reasoning demanded by the programme. We 
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certainly do not have this impression with fourth-form pupils. After only 
15 to 20 minutes, they are already able to apply correctly the concepts of 
electron flow and electron densities to new electric circuits. Teachers see 
the programme as a good opportunity to supplement their (most of the 
time weak) existing methods of explaining the difference between voltage, 
current and energy. 

The general conclusion is that the macro-micro model is an effective 
tool for most of the pupils in the fourth form for solving qualitative 
questions with respect to changes in voltage and current and changes in 
phenomena such as the brightness of bulbs or the speed of electric 
motors. The model provides pupils with acceptable explanations of the 
regularities found during the descriptive stage of the educational process. 
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LOOKING BACK AND FORWARD: REPORT OF 

REFLECTIONS AND DISCUSSIONS 

H.M.C. Eijkelhof & P.L. Lijnse (reporters)
Centre for Science and Mathematics Education
University of Utrecht

1. THE SEMINAR IN RETROSPECTIVE

Dr. Robin Millar and Dr. Adri Verdonk had been asked by the organizers 
to reflect on the seminar. After their presentations a first plenary dis
cussion was held, chaired by Dr. Peter Voogt. 

Reflections of Robin Mil/ar 

Millar started by saying that he tried to base his points on informal 
discussion with a number of participants during the seminar. First he 
identified three areas of agreement and common ground shared by a 
majority of the participants of the seminar. 
L Participants are interested in teaching something and want to help 

children to learn something. Their purpose is to communicate science 
to children. The agenda is constructivism and NOT

2. Participants agree that it is useful to think of
constructing meaning, NOT as the teacher
knowledge.

3. Participants agree that it is worth talking to each other and continu-
ing to talk to each other.

Secondly, he mentioned three areas where differences of ernphasis or 
approach emerged during the seminar. 
l .  What kind of understanding should be promoted: scientists' science or 

science for everyday living? Questions to be further discussed are: Do 
we agree; Could we ever agree; Is agreement necessary if our discus
sions are to be fruitful? His personal answers to these auestions are: 
no, no and no. 

2. What has been the progression in children's
- is there evidence for common
- if there is such evidence, what characterise them and at what level

(general or domain specific)? Even views on 'domain' appear to be
different.

3. Is the promotion of conceptual change ad hoc, does it follow
ciples, and are these principles genera! or domain specifo

Further discussions are needed in order to resolve these questions or to 
clarify the differences. 

discovery learning. 
learning as the learner 

transmitting a body of 

understandings: 
progressions ( trajectories )? 

;? 
prin-
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His third point regarded the participation of both physical scientists and 
biologists in the seminar. He asked the question: Was I present at one 
seminar or at two seminars held at the same place. Related to this he 
raised the following three questions: 
- to the biologists: In what ways was the presence of the chemists and 

physicists useful to your discussions and helping you in aspects of your 
thinking? 

- to the chemists and physicists: In what ways was the presence of the 
biologists useful to your discussions and your thinking? 

- to everyone: Does this teil us anything about the idea of "integrated 
science"? Is science one thing or several things? 

A final set of Millar's points were of a more practical nature and dealt 
with the organisation of the seminar and of future seminars of this kind. 
- lts value: yes. 
- lts size: about right, certainly no larger, perhaps smaller. 

lts topic: there was some unclarity about the theme: What does 'macro
scopie' mean? What is 'microscopie'? 'Children's views on matter' may 
have been a better theme; a specific topic is better than a general one. 
lts organization (in a descriptive, not valuative sense ): the workshops 
were feit to be very useful as the smaller size allowed for more and 
more frank discussions; the plenary session of Wednesday was better 
than the one on Monday, perhaps due to the smaller group, the order 
of the room (rectangular instead of common lecture theatre arrangement 
of seats), and better knowing each other; the format of the working 
papers caused some problems as many participants had not read the 
papers (of ten pages each) in advance and as 20 minutes was too short 
to present them; it might be better, perhaps, to write only a synopsis 
in advance and to give an oral presentation of 20 minutes during the 
seminar; the atmosphere was good informal, using first names quickly, 
for instance. 
Further communication, co-operation and collaboration after this semi
nar or in between seminars: his experience of working with some people 
in the Centre in Utrecht is that we should recognize that collaboration 
takes time (you first have to know what the others are doing); it 
requires working on a project together, based on mutually shared 
interest and curiosity; and very pragmatically: using e-mail has shown 
to be very useful and he suggested to exchange e-mail addresses. 

Reflections of Adri Verdonk 
In his reflection on the seminar, Verdonk tried to answer two general 
questions: What have I learned?, and: What have I missed?. He made the 
following personal points, based on attending 16 presentations and two 
plenary discussion sessions. 

Firstly, he learned a great deal about scientific models and models in 
science education. He noticed that we limited ourselves to 'materialized' 
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particles and to their representation in space and time. So he found 
himself in a familiar scientific environment with concepts such as move
ment, size, space and so on. But this representation hindered him to make 
the transition from mechanics to fields such as electricity, quantum
mechanics and thermodynamics. He experienced some problems both with 
his scientific concepts and with his educational concepts. 

In considering models he found it important to put the relation between 
models and 'facts' on the agenda. We discussed the sequence between 
models and facts: should we induct or deduct? And we talked about the 
relation between models and ways of reasoning and about language pro
blems. He also learned about this from other participants. 

In the discussions he had no problems to understand other participants' 
views in discussions in which they spoke as physicists and chemists, or as 
teachers of these disciplines. Learning is possible as long as you under
stand each other. More problems arose in trying to understand partici
pants' views as regards educational research in science, as will be out
lined be low. 

Secondly, the question of what he missed, not meant to criticize, just to 
give a personal view. 
- Although a clarification of views on science, science education and 

educational research was given, the ways in which these views influenc
ed research questions, methods and results were not made explicit. 

- We always spoke about the conceptual change of pupils, but we our
selves also have concepts, we develop these and restructure them; we 
should have paid more attention to the conceptual change of teachers, 
curriculum developers and researchers as regards their views on educa
tion and on science. 

- The legitimation of the educational research experiments was lacking: 
why asking particular questions and no others? 

He ended with a question to all panicipants: how to proceed from a 
group of individuals thinking about science education to a group of 
research ers in this field? 

Plenary discussion 
In the discussion after both presentations the following points were raised 
by various participants. It should be noted that these points expressed 
views of individuals, as time did not allow for efforts to reach consensus. 
- Is there really a difference between 'scientists' science' and 'science 

for everyday living', as suggested Millar? Is it not a difference only 
in purpose of teaching? 

- Long ago a· choice between teaching 'sci3ntists' science' and 'science 
for everyday living' has been made; so a tradition was set of teaching 
'scientists' science' in schools; the question is now how to escape from 
this tradition. 

- Teaching biology inevitably involves talking about chemistry and 
physics; and also, how biologists handle particles has implications for 
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teaching physics and chemistry; so there should have been a 
session about the implications of particle ideas for teaching biology; a 
discourse on this issue is recommended for future seminars. 

- How can we avoid that learning from a constructivist point of view 
leads to a destructivist view of life? This question carne up with one 
of the biologists, listening to the contributions of chemists and 

from a biological point of view looking at living matter is more 
thàn breaking up cells into particles. 

- Biology tends to synthesize much more than the two other 
one of the chemists admitted that chemistry education focusses too 

· ··- on 

the line of 

- In science 

education should have 
_ to look at the level of 

relation between physics, and 
levels should be avoided: we should think up and down between these 
levels. 
Is it fair to put constructivism and each 

as Millar did, because 
constructivist method; Millar defended opposing the two views with 
reference to well documented trends in the UK. 

In response to Millar's suggestion to take a more it was 
argued that perhaps next time we should take an even more genera! 
topic, such as 'steps in conceptual development'; we should then focus 
on conceptual change and avoid discussions on specific subject matter. 

- In future seminars more attention should be paid to problems teachers 
have with using the new materials which we developed, to an analysis 
of the concepts we use as educational researchers and 
of research methods. 

Millar thanked the organizing committee, the Centre for Science 
and Mathematics Education, the staff of Woudschoten and the sponsors on 
behalf of all participants. He concluded by saying that we have been able 
to communicate as people. 

2. LOOKING FORWARD 

Finally, a second plenary discussion was specially devoted to the question 
of how to proceed. First Lijnse briefly summarized what had been the 
aims of the organisers for this seminar. That was first of all to bring 
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together a relatively small number of people, working actively in the 
same field of research in science education, in order to stimulate in-depth 
discussions about each others work on a chosen topic. In view of this, 
one could ask whether the number of participants and the diversity in 
backgrounds had not been already too large and whether the topic for 
this seminar was well chosen. 

A second long term aim however was that in inviting people from 
Europe and Israel only, thus from "nearby", could this informal small
scale seminar not become the first in a series of regular events. Is there 
not ·a need for european researchers in our field to meet regularly and be 
able to discuss our work, as the regular large scale conferences are in 
genera! not suited for this purpose? 

Before the seminar, the organisers had asked a small number of very 
senior researchers about their opinion concerning this need, and in gen
eral their reactions supported this idea. Thus, if the participants could 
agree on this need as well, the problem becomes how to make sure that 
such small-scale, specific topic-oriented meetings will indeed take place 
regularly? Who will organise a next one? What are appropriate topics? 
Etc. 

In the discussion there was much support for the need of seminars like 
this. We need more communication in Europe, it was said. Some organisa
tional possibilities were mentioned, as a SIG of EARLI, in cooperation 
with EPS, or to start a new organisation. No clear common opinion was 
reached on this, apart from the feeling that the last possibility was 
probably too ambitious, the second too much concerned with physics and 
the first too general. 

Concerning the size of the seminar it was remarked that it could be 
called "meso-scale", for which there is indeed a role to play. At such 
meetings one may have sufficient opportunity to discuss and learn to 
know each other sothat real cooperation, which necessarily occurs in 
small groups, thus at the "micro-scale", may emerge from them. That 
would be one of their main purposes. 

Concerning the topic, opinions differed. Some said that the micro-macro 
theme was wen chosen and would wekome a next similar seminai 
the teaching of energy. This idea was 
gram would contain more smali group work. 

Others however emphasized that the next theme should be more gen
though with a sharp leading question, e.g. how to reach conceptual 

change in science 
A unification of both opinions was also suggested in the idea to make a 

link between focussing on matter and on a more genera! theme. A 
next topic could then be something like: how to induce conceptual change 
in the teaching and learning of energy in another 

In doing so, it was felt that the participants would contribute more 
from a common perspective, then had been the case in the present sem
inar. As a possible fruitful way of working it was suggested that par-
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ticipants should bring along a small piece of teaching material (1 or 2 
pages) in which a new concept is introduced in relation to research 
findings. The central focus could then be how this is actually done, if 
some generalities can be formulated from such examples and how relevant 
this kind of research is for the teaching practice. Several people sup
ported this as "quite a nice idea". 

Thus far the general discussion seemed to be rather fruitful. 
when the question was put "Who is going to organise a next seminar?", 
the rest was silence. Although, as described, the general idea of 
more seminars was supported, nobody present was as yet able to offer to 
organise one. Therefore it was that from the CSME in 
Utrecht would spread the idea and try to find a next organiser. In case 
this would turn out to be an impossible task, they will consider to do it 
again themselvesl This was welcomed as an "optimal offer". As a 

.rnhr.rh, seemed to be happy again, and the seminar was closed! 
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