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ABSTRACT: This article discusses the inherent flaws in considering and using the epistemol- 
ogy of the natural sciences as equivalent to a pedagogic basis for teaching and learning in 
the natural sciences. It begins with a discussion of the difference between practising science 
and learning to practice science. It follows with a discussion and refutation of three commonly 
held motives for using practicals in science education. It concludes with the presentation of 
three new, better motives for their use. 

“If education is to serve the future, there is likely to be more educational 
value from laboratory experiments with the objective of developing cognitive 
skills than there is in collecting data . . . the purpose of these [laboratory] 
problems nee& to be identified in terms of inquiry processes rather than 
on the more fragile bases of obtaining information and acquiring technical 
skills” (Hurd, 1969, p. 115). 

1. PRACTISING SCIENCE OR LEARNING TO PRACTISE SCIENCE? 

According to Hodson (1988), most of the curriculum reforms in the Natu- 
ral Sciences in the past thirty years show a major shift of emphasis away 
from the teaching of science as a body of knowledge, towards increasing 
emphasis on experience of the processes and procedures of science. This 
shift is, unfortunately, coupled to the assumption by many educators that 
scientific knowledge is best learned through experiences either equivalent 
to or based on the procedures of science. Michels (1962) and Ramsey 
(1975) argue very strongly that the procedures of science should be used 
as methods for teaching science, leading to a commitment to extensive 
laboratory work and the use of discovery and enquiry’ methods of learning 
(Hodson, 1985). The basic error here is in assuming that the pedagogic 
content of the learning experience is identical with the syntactical structure 
of the discipline being studied. Gardner (1975) defines the syntactical 
structure2 as the pathways of enquiry that scientists use, what they mean 
by verified knowledge, and how they go about this verification. Syntactical 
structure is concerned with issues such as the way in which new substantive 
concepts are formed, and the ways in which different kinds of knowledge 
statements generated by the discipline may be validated. In other words, 
it is the pathways of enquiry or process skills used by practitioners of a 
certain discipline. In the context of this article syntactical structure refers 
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to those thinking and reasoning skills used by academics within the disci- 
pline of the Natural Sciences. 

Curriculum developers confuse the teaching of science us enquiry (a 
curriculum emphasis on the processes of science) and the teaching of 
science by enquiry (using the process of science to learn science). It was 
‘assumed that the attainment of certain attitudes, the fostering of interest 
in science, the acquisition of laboratory skills, the learning of scientific 
knowledge, and the understanding of the nature of science were all to be 
approached through the methodology of science, which was, in general, 
seen in inductive terms’ (Hodson, 1988, p. 22). 

Hurd (1969) calls this the rationale of the scientist. In this rationale, the 
teaching of science should reflect the nature of science as it is known 
to scientists. Teaching should embody the specific characteristics of the 
discipline it represents. Disciplines have a conceptual structure identifying 
the knowledge of which they are composed as well as particular modes of 
enquiry (ways of gathering information and processing it into data). The 
methods are disciplined with ‘ground rules’ governing the processes. A 
science ‘course should be a mirror image of a science discipline, with 
regard to both its conceptual structure and its patterns of enquiry. The 
theories and methods of modem science should be reflected in the class- 
room. In teaching a science, classroom operations should be in harmony 
with its investigatory processes and supportive of the conceptual, the 
intuitive, and the theoretical structure of its knowledge’ (p. 16). 

School science is taught as though the practice of science is inductivist 
in nature. According to Cawthron and Rowe11 (1978) this image is based 
upon a ‘conception of scientific method as described by Bacon: a well 
defined, quasi-mechanical process consisting of a number of characteristic 
stages: 
1. observation and experiment; 
2. inductive generalization; 
3. hypothesis (the formulation of general scientific statements or laws); 
4. attempted verification; 
5. proof or disproof; 
6. objective knowledge. 

Each successful verification adds to the stock-pile of objective knowl- 
edge. And objectivity is ensured by the conceptual neutrality of the scien- 
tific statements, being based on observational and experimental evidence - 
on facts - presumed free from unfounded speculation or the constraints 
of tradition’ (p. 33). 

This inductivist view holds, thus, that scientists look at the world with 
no a priori ideas and that they observe, collect and record data objectively 
(Harris, 1979). Analysis takes place with no underlying hypotheses save 
those relating to the logic of thought processes. The scientist draws re- 
lationships and generalisations from the facts collected. 

Many educators and scientists have problems with this inductivist view 
of science as epistemological basis for work and education in the Natural 
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Sciences. They feel that there is reason to assume that the primacy of 
inductivist thought is basically flawed. One of the strongest criticisms of 
this view comes from Cawthron and Rowell (1978). They state that the 
image of the scientist as inductivist-empiricist is a fantasy widely dis- 
seminated among students. Gardner (1975) calls the notion that ‘scientists 
patiently gather piles of evidence which they can put together inductively 
to form a law is absurd . . . inductive reasoning may be involved in the 
checking stage of a law, but not at the formulation stage’ (p. 17). Medawar 
(1969) goes even further in calling it a theatrical illusion and a travesty. 
They are supported in this by Smolicz and Nunan (1975) who feel that 
this stereotype of science and scientists has very little likeliness to the 
actual functioning of science and that science curricula are a ‘pernicious 
transfiguration’ of that which scientists actually do. 

Apart from this general criticism, there is also little support for the 
separate tenets of inductivist thought. First, there is no such thing as brute 
facts, let alone the observation of brute facts; all observations are theory 
dependent. Theories do not only determine how the scientist observes, 
but also what the scientist observes. Scientists observe selectively and the 
tool of this selection is the theory. It ‘tells’ the scientist what to observe 
as well as how to describe what is observed (D’Amour, 1979; Hodson, 
1985). This flawed way of thinking will be discussed more thoroughly 
when the third currently held motive for the use of practicals is discussed 
in a later section. 

Returning to the ‘rationale of the scientist,’ it is clear that many cunicu- 
lum developers and reformers are uncertain as to the distinction between 
the epistemological and psychological basis for teaching science. Episte- 
mology refers to the way knowledge is acquired and the accepted vali- 
dation procedures of that knowledge. In the Natural Sciences this is essen- 
tially experimental (Summers, 1982). Because experimentation is central 
to the Natural Sciences, many feel that experimentation should also be 
central to the school science curriculum. 

The origin of this may be the failure to distinguish between teuch- 
inglfeurning science and doing science. The aims of the former need not 
necessarily coincide with those of the latter. Educators and curriculum 
innovators in the Natural Sciences have operated and reformed on the 
belief that the way science is practised is also the best way to teach and 
learn science. The philosophy of science is although a necessary, not a 
sufficient condition for theories of teaching. ‘It is naive to assume that a 
theory of education can be extracted directly from a philosophy of science. 
These two phenomena belong to different domains; albeit overlapping 
domains in some aspect’ (Swift, 1982, p. 39). Hodson (1988) in alluding 
to what he calls the mythology of the science teaching profession posits 
that perhaps it is because experiments are widely used in science that 
science teachers are conditioned to regard them as a necessary and integral 
part of science education. They confuse doing science with learning science 
and learning about science. By doing this, educators also confuse practical 
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work and its purpose in science education with experiments and their 
purpose in scientific research. Their mistake lies in overlooking that stu- 
dents do not practice science, but are learning about science and/or leam- 
ing to practice science and that it is the teacher’s job to teach science, 
teach about science, and teach how to do science (Hodson, 1985). 

Woolnough and Allsop (1985) summed this up by stating that in teaching 
science we should be concerned with introducing students to a body of 
knowledge and with familiarising them with the way a problem-solving 
scientist works. The former, the substantive structure of science, is a 
vehicle in aiding in the understanding and enjoyment of science. The 
latter, the syntactical structure of science (the habits and skills of those 
who practice science), is a vehicle in helping students to develop certain 
habits or skills and to use them. This is the crux of the problem: practicals 
are all too often used for teaching, affirming or illustrating the substantive 
structure whereas they are more suited for conveying the syntactical struc- 
ture of a natural science. 

There is a world of difference between the scientist and the learner. 
Anderson (1976) defined the relationship between the scientist, sciencing 
(also called scientific enquiry) and science. 
- A scientist is a person with a social role, committed to investigation, 

accumulating knowledge, and possessing not only a great deal of knowl- 
edge about a body of knowledge, but also a keen sense of prediction 
about natural phenomena. 

- Sciencing is the application of enquiry methods, both physical and intel- 
lectual, to probe the enigmatic properties of nature. 

- Science is a body of knowledge and methodologies that stand as the 
cumulative product of the scientist’s use of scientific processes. It is also 
a way of thought and a system of methodologies that are given to the 
task of interpreting natural phenomena. As school subject it is unique 
in that students can learn to apply systematic thought to the analysis 
of measurable natural phenomena as presented in immediate sensory 
experience. 

Students, however, do not possess the theoretical sophistication nor the 
wealth of experience of the researcher. 

Ausubel(1964) also had great problems with this failure to differentiate 
between the scientist and the student. According to him, the scientist is 
engaged in a full-time search for new, general or applied principles in a 
field, whereas the student is engaged in learning the basic subject matter 
of a field which the scientist learned in her student days plus the way in 
which the scientist practices. If the student is ever to discover (scientifi- 
cally) then she must first learn. She ‘cannot learn adequately by pretending 
[to be] a junior scientist’ (p. 298). 

Finally, Kyle (1980) sees scientific enquiry as a systematic and investiga- 
tive performance ability which incorporates unrestrained thinking capabili- 
ties (a part of the syntactical structure of science) after a person has 
acquired a broad and critical knowledge of the particular subject matter 
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(the substantive structure of a particular science) through formal learning 
processes. It may not be equated with investigative methods of science 
teaching, self-instructional learning techniques and/or open-ended leam- 
ing techniques. Educators who equate these are guilty of the improper 
use of enquiry as a paradigm on which to base a teaching strategy. Experi- 
ments in science teaching have a range of pedagogic functions; in science, 
they are primarily for theory development and not knowledge acquisition. 

All with all, the uncertainty about the difference between learning 
science and doing science coupled with the priority afforded to unbiased 
observation in the best inductivist-empiricist tradition has led many au- 
thors to advocate the discovery method as the way to teach science (Allen, 
Barker & Ramsden, 1986; Anthony, 1973; Obioma, 1986). Not only did 
this seem to mesh with the philosophy of science, but this also welded 
well with progressive child-centred views emphasising direct experience 
and individual enquiry. Cawthron & Rowell (1978) stated that it all 
seemed to fit. The coalescing of the logic of knowledge and the psychology 
of knowledge under the ‘mesmeric umbrella term “discovery” ‘. Why 
should educators look further than the ‘traditional inductivist-empiricist 
explanation of the process.’ 

An important distinction must however be made between the epistemo- 
logical and the psychological arguments for discovery. The epistemology 
of science is essentially experimental, and since this is so, then experimen- 
tation could and probably should be an. important part of the science 
curriculum. But this does not mean that experimentation and discovery 
have any value whatsoever as a basis for organising either the science 
curriculum in general or experimental work in particular (Summers, 1982). 
Novak (1988), in noting that the major effort to improve secondary school 
science education in the 1950s and 1960s fell short of expectations, goes 
so far as saying that the major obstacle which stood in the way of ‘revolu- 
tionary improvement of science education . . . was the obsolete epistemol- 
ogy that was behind the emphasis on ‘enquiry’ oriented science’ (pp. 79- 
80). 

Because discovery learning relies heavily on inductive inference, it pre- 
sents a distorted and inadequate view of the methodology of science. 
Although the skills an sich are important (observing, recording, accuracy, 
generalising, and so forth), they only partially represent that which a 
scientist does, and do not constitute a means of acquiring new conceptual 
knowledge. The idea that unbiased observation leads ‘infallibly to concep- 
tual explanations is philosophically and psychologically absurd . . . to ‘dis- 
cover’ anything at all they [the learners] need a prior conceptual frame- 
work’ (Hodson, 1988, p. 40-41). 

Discovery, thus, presupposes a prior conceptual framework. With dis- 
covery one can investigate relationships between concepts, but it does 
not, with certainty, lead one to new concepts. This depends upon the 
structure and content of existing knowledge. ‘If we confront the world 
with an empty head, then our experience will be deservedly meaningless. 
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Experience does not give concepts meaning; if anything concepts give 
experience meaning.’ (Theobald, 1968). 

The role of theory is to explain phenomena; the regularity perceived in 
nature is the consequence of a successful conjecture and not a precursor 
of it. While it is the experiment which typically distinguishes modern 
science from its forerunners the theory and not the experiment, which 
opens up the way to new knowledge; experimentation and theory are 
interdependent, each nourishing the other (Popper, 1959). The scientist 
that experiments - and not all do - is always somewhat of a theorist, 
otherwise there is no way for her to interpret her observations. On top 
of this, not all experiments are carried out in the laboratory; many are 
mental experiments in which the experimenter examines an idea by asking 
herself questions and exploring for insight in terms of data, laws, and 
theories with which she is already knowledgeable. 

A major problem in science education is that practical work in conven- 
tional courses (often equivalent to laboratory benchwork) is poorly related 
to course objectives and consists of exercises for developing manipulatory 
skills rather than problems in systematic thinking. Successful progress in 
the course depends upon the student’s understanding the results of a series 
of experiments integrally related to the science concepts within the course. 
Years of effort have produced foolproof ‘experiments’ where the right 
answer is certain to emerge for everyone in the class if the laboratory 
instructions are followed. Science is presented as a body of information 
which is (and can be) verified and certain. 

This, however, need not be the case. Practicals, properly planned, can 
provide a favourable avenue to concept attainment, but there must be 
opportunities for using alternative procedures, devising related experi- 
ments, and choosing the means for recording and interpreting obser- 
vations. 

The major skills needed for a goal oriented society such as ours are 
intellectual skills (Hurd, 1969) characterising the pursuit of knowledge. 
An important, if not the most important, concern of education is to 
develop skills that provide access to knowledge and its relationships. The 
purposes of practicals must, thus, be to involve the learner in the use of 
logical procedures and strategies, to demonstrate the implications of scien- 
tific theories and laws, to provide experience in asking good questions 
of nature, to provide practice in recognising regularities, symmetries, 
diversities, and commonalities among observations. In general, the pur- 
pose is to aid the student to impose intellectual order on data; the skills 
needed being more intellectual than manipulatory. Burmester (1953) calls 
this scientific thinking; the ability to recognise problems, understand ex- 
perimental methods, organise and interpret data, understand the relation 
of facts to the solution of problems, plan experiments to test hypotheses 
and make generalisations and assumptions. 

There are many techniques available for the teaching/learning of the 
substantive structure of a knowledge domain. These techniques may be 
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passive or active, may be based on reception learning or discovery leam- 
ing, may be oral, written, or electronic, and so forth. What binds the 
techniques together is that they have as goal the conveyance of the struc- 
ture (the facts, rules, principles, concepts and so forth) of a knowledge 
domain. This article, although acknowledging that this is an important 
facet of education will not deal explicitly with this problem. It will only 
discuss different aspects of the teaching/learning of the syntactic structure 
of a knowledge domain, the acquisition of cognitive skills and their relation 
to the motives for and types of practicals. Classroom activities (lecture, 
theory lessons, textbooks) and practicals are mutually supportive and in 
terms of learning science are indistinguishable from each other. 

2. CURRENTLY HELD MOTIVES FOR PRACTICALS 

The most commonly heard motives for implementing practicals in a Natu- 
ral Sciences curriculum seem to be based upon the premise that practicals 
should be used for the acquisition, illustration, confirmation, or discovery 
of the substantive structure of science. This premise is, in turn, based 
upon the idea (or rather: the misconception) that the process of learning 
science is or should be equivalent to the process of doing scientific enquiry, 
an idea which was shown in section 1 of this article to be at best debatable 
and at worst faulty. Scientific enquiry is the systematic and investigative 
performance ability which incorporates unrestrained thinking capabilities 
after a person has acquired a broad critical knowledge of the particular 
subject matter through formal learning processes (Kyle, 1980). Teach- 
ing/learning science is something quite different. This (faulty) premise has 
led to the general acceptance of three motives for implementing practicals 
(Woolnough, 1983)3. 

The first motive is that the value of a practical lies in its service (or 
possibly subservience) to scientific theory. In this way, the practical is 
almost solely used to illustrate or affirm theories taught in another setting. 
The most often heard justification for this motive is that the Natural 
Sciences involve highly abstract and complex subject matter which is diffi- 
cult to grasp, even for university students. Practicals, according to some 
educators and natural scientists, provide the student concrete props and 
opportunities to manipulate which in turn concretise that which is abstract 
and simplify that which is complex (Tamir, 1976). This allows learners to 
‘acquire a surrogate concept that they can manipulate and that will assist 
the transition to the real concept at a later time’ (Goodstein & Howe, 
1978, p.361). 

There are two major problems with this first motive. The first problem 
is very fundamental and deals with the subservient position allocated to 
the practical (and which most educators equate with laboratories) in the 
educational process. The second problem is more functional in nature, 
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namely that science is abstract, and that practicals cannot really concretise 
it. 

Theory and experiment have an interdependent and interactive relation- 
ship. Experiments assist theory building and theory, in turn, determines 
the kinds of experiments that can be carried out (Hodson, 1988). It is the 
experiment which typically distinguishes modern science from its forerun- 
ners. Popper (1959) pointed out that it is the theory and not the experi- 
ment which opens up the way to new knowledge; experimentation and 
theory are interdependent, each nourishing the other. The scientist that 
experiments - and not all do - is always somewhat of a theorist, otherwise 
there is no way for her to interpret her observations. Further, not all 
experiments are carried out in the laboratory; many are mental experi- 
ments in which the experimenter examines an idea by asking herself 
questions and exploring her own knowledge base for insight in the ques- 
tion’s solution in terms of data, laws, and theories with which she is 
already knowledgeable. Many educators neglect this interdependency in 
favour of a primacy of either the theory or the practical. Because of this, 
practical work in conventional courses is usually subservient to the theory, 
poorly related to course objectives, and consists of exercises for developing 
manipulatory skills rather than a problem in systematic thinking. 

This interdependency, and not the subsumption of practical to theory 
or vice versa, means that successful progress in a science course depends 
to a large extent upon the student’s understanding of the results of a series 
of experiments which are integrally related to the science concepts within 
the course. Unfortunately, years of effort by educators and scientists alike 
have produced foolproof ‘experiments’ where the right answer is certain 
to emerge for everyone in the class if the laboratory instructions are 
followed. Those who do not arrive at this answer are ‘wrong’ or ‘inept’ 
or worse. The goal of the practical thus becomes ‘getting the right answer’ 
and not learning the syntactical structure of the discipline being studied 
(Wellington, 1981). Science taught in this way is presented as a body of 
information which is (and can be) verified and certain. Demonstration of 
a scientific principle (for example that the acceleration of an object caused 
by gravity on the earth is approximately 9.81 ms-‘) is not a valid experi- 
ment to (dis)prove this principle (Robinson, 1979). Not only does this 
misrepresent what science is, but it is also harmful in that this type of 
practical often leads to boredom of and apathy towards science and scien- 
tific work in students (Read, 1969; Thomas, 1972). 

This problem of using practicals for verification and illustration is com- 
pounded by the shortcomings of students and their apparati. Students are 
not real scientists (a point addressed in Section 1 and which will again be 
addressed when the third motive is discussed) and their apparatus is often 
a weak or out-of-date derivative of real research equipment. This often 
means that their attempts to affirm theories often end up as mere affir- 
mations of nonexistent and wrongly inferred ineptness. This is not only 
pedagogically weak but potentially harmful to the student’s motivation 
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(Flansburg, 1972; Thomas, 1972). Also, it appears that even if the student 
succeeds in affhming a theory or viewing a phenomenon, that this does 
not usually add much to the already available written or verbal infor- 
mation. Mixing two chemicals and seeing a precipitate does not increase 
the learner’s understanding of chemistry. It may, at best, lead to a ‘fix- 
ation’ or ‘stabilisation’ of a theory. 

The second problem, that of the abstractness of science holds that 
‘science deals with theoretical concepts and their interrelationships. They 
are abstract and have to be considered and manipulated in the abstract. 
It is essential that these concepts are separated from their concrete reality 
if the maturing scientific mind is to gain mastery of them. We mislead and 
restrict the thinking of students when we give the appearance of relating 
everything to a laboratory experience’ (Woolnough & Allsop, 1985, p. 
39). In other words, many of the theories and principles that make up the 
substantive domain cannot and should not be physically illustrated. 

Even if this was not the case, it would only be true if the student has 
already achieved this cognitive level of reasoning (the formal operational 
level as defined by Piaget (1964)). For those who have not, these ‘trumped- 
up’ experiments which are presented to students tend to lead to misconcep- 
tions and misrepresentations of the actual phenomena. Goodstein and 
Howe (1978) showed that students who are still in the concrete operational 
phase and thus are not capable of formal reasoning do not profit from the 
use of concrete models and exemplars. This aspect becomes all the more 
salient when one takes into account that more than half of those attending 
universities are still in the concrete operational phase (Chiappetta, 1976) 
and that one-third or less has achieved the formal operational level (Rob- 
bins, 1981; Toothacker, 1983). Woolnough and Allsop (1985) even go so 
far as to say that the logical solution to teaching abstract concepts to 
students who are still capable of thinking only in concrete terms is: not 
to attempt it. If one tries it, ‘the effect is to reinforce or introduce misun- 
derstandings in the students’ minds which will take much unlearning 
later. . . . So let us consciously remove the formal, abstract ideas of science 
from their practical base in order to learn how to handle them maturely’ 
(p. 39). At best, thus, practicals based upon this motive are a waste of 
time for most students; at worst they are demotivating and lead to an 
incorrect perception of what science is and how science is performed. 

Finally, proponents of the first motive tend to also believe in the old 
adage of ‘if-you-do-it-yourself-it-sticks’; a variation of which can be seen 
in both motives two and three. The problem here is that students often 
are unable to explain what they did or why they did it, even immediately 
after the practical (Tamir, 1976; Moriera, 1980). So much for ‘sticking.’ 

The second motive is based upon the belief that discovery (preferably 
in a laboratory) is synonymous with and is thus the only way to achieve 
meaningful learning. Hodson (1986), as stated earlier in this chapter, 
characterises this as the widespread adoption of the ‘epistemologically 
weak and pedagogically inappropriate’ discovery learning and process 



282 PAUL A. KIRSCHNER 

rote meaningful 

- 
reception discovery 

Figure 1. A one-dimensional misrepresentation of the ideas of Ausubel (Summers, 1982). 

approaches that deliberately avoid giving the learner a prior theoretical 
understanding of the (context of the) experiment. At least part of the 
origin of this motive lies in the misinterpretation of David Ausubel’s 
ideas on the psychology of meaningful verbal learning. Proponents of this 
second motive equate reception learning with rote learning and discovery 
learning with meaningful learning (see Novak, 1978; Summers, 1982). 
They see this as a one-dimension al continuum (see Figure 1). 

Ausubel was very clear about the distinction between reception and 
discovery learning on the one hand and rote and meaningful learning on 
the other. He even went to great lengths to dismiss this myth. What he 
actually said was: 
- ‘Much of the opprobrium currently attached to verbal learning stems 

from failure to distinguish between ‘reception’ and ‘discovery’ learning 
and to appreciate the underlying basis of meaningfulness. It is widely 
accepted, for example, that verbal learning is invariably rote (glib ver- 
balism) unless preceded by recent nonverbal problem-solving experi- 
ence’ (Ausubel, 1961, p. 24). 

- ‘The distinction between rote and meaningful learning is frequently 
confused with the reception-discovery distinction. . . . This confusion is 
partly responsible for the widespread but unwarranted twin beliefs that 
reception learning is invariably rote and that discovery learning is inher- 
ently and necessarily meaningful’ (Ausubel, 1963, p. 18). 

- ‘It should then be clear that verbal reception learning can be genuinely 
meaningful and that the weaknesses attributed to the method of exposi- 
tory verbal instruction do not inhere in the method itself but are derived 
form various misapplications’ (Ausubel, 1963, p. 17). 

Both Novak (1978) and Elton (1987) suggest that there is a need to 
differentiate between two separate orthogonal learning parameters, 
namely the meaningful-rote continuum and the discovery-reception con- 
tinuum. As Head (1982) points out, learning exercises can be rote and 
reception (learning scientific constants by heart), meaningful and reception 
(a book or lecturer introduces new concepts by linking them to pieces of 
previously acquired knowledge), rote and discovery (hit or miss practical 
experiences), or meaningful and discovery (good use of cases or scientific 
research). Ausubel’s ideas are actually better represented in a two-dimen- 
sional matrix, two variations of which can be seen in Figures 2 and 3. 

Ausubel (1963) again: ‘In laboratory situations, discovery learning also 
leads to the contrived rediscovery of known propositions. . . . Typically, 
however, the propositions discovered . . . are rarely significant and worth 
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Figure 2. The map of learning, after Ausubel (Head, 1982). 

incorporating into the learner’s subject-matter knowledge. In any case, 
discovery techniques hardly constitute an efficient primary means of trans- 
mitting the content of an academic discipline’ (1963, p. 17). He considered 
this rediscovery to be nothing more than wasting a lot of valuable time 
exemplifying principles (see motive 1) which an instructor could present 
verbally and demonstrate visually in a matter of minutes. He noted that 
teacher and textbook had a primary role in the transmission of the content 
of science (the substantive structure) and delegated the primary role of 
transmitting the method of science (syntactical structure) to the laboratory 
(Ausubel, 1968). 

Not only is this discovery motive theoretically flawed, but empirical 
research shows that those students who have been exposed to laboratories 
do not do better, and sometimes do worse, than students who have not 
been exposed to laboratories (Flansburg, 1972; Garrett & Roberts, 1982; 
Hodson, 1990; Hofstein & Lunetta, 1982; Shuhnan & Tamir, 1973; Tamir, 
1976). In comparative studies, it is often the case that there are no signifi- 
cant differences with respect to conceptual gains or understanding of 
methodology. The only gains found are usually those having to do with 
the attainment of manipulative laboratory skills. In other words, the only 
advantage practical work seems to have over other approaches to the 
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Figure 3. The map of learning, after Ausubel (Elton, 1987). 

learning of science is in an area that other methods do not attempt to 
teach (Hodson, 1990; Yager, Englen & Snider, 1969). 

The third, and final, motive is based upon the common belief or concep- 
tion that the learner will distil insight and understanding from empirical 
work with phenomena. Students start not understanding a theory, prin- 
ciple, or concept; they then collect data from experience, make sense of 
the collected data transforming it into information, and thereby gain an 
understanding of that which has occurred. This motive was touched upon 
earlier when the use of the epistemology of science as surrogate or basis 
for a pedagogy of science education was discussed. There are basically 
four problems with this conception. 

Problem number one is that the acquisition of understanding demands a 
rich educational environment. This is a prerequisite to all types of learning. 
Wellington (1981) called this his objection to the empiricist view of discov- 
ery learning. Observations and experiences are not neutral, objective 
events and as such do not give rise to knowledge and conceptual structures, 
but are rather determined by them. Learners, in order to learn, need to 
have a model, script, frame, schema, perception in their minds, and so 
forth in order to make sense of that which they see. Without a good 
conceptual framework, meaningful observation (which includes the inter- 
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pretation of those observations) cannot take place at all. If the learner 
does not know what to look for, the chance is very small that she will see 
what she ought to see and even smaller that she will realise that she must 
interpret that in a certain way; if she is capable of interpretation at all. 
Hodson (1988) is even more vehement about this stating that it is theoreti- 
cal understanding that gives purpose and form to experiments. Suchman 
(1966) in his model for the analysis of enquiry posited that the meaning- 
fulness of an encounter (an experience with sensory data) depends on 
the kind of relevant information the learner already possesses. Existing 
knowledge is thus critically important for learning science. This knowledge 
consists of an integrated structure of conceptions (organised units of sub- 
stantive knowledge) plus procedures for using that structure (syntactical 
knowledge). These conceptions are used to make sense of new pheno- 
mena, construct other, more appropriate conceptions, and solve problems 
(Hewson, 1980). In science (and probably in all) education, ideas and 
concepts are brought to bear on observations; they are not derived from 
them. In other words, what the learner knows determines what the learner 
sees. ‘If we confront the world with an empty head, then our experience 
will be deservedly meaningless. Experience does not give concepts mean- 
ing, if anything concepts give experience meaning’ (Theobald, 1968). 
Knowing what to observe, knowing how to observe, observing, and de- 
scribing the observations are all theory-dependent and therefore fallible 
and biased. 

Apart from these theoretical and philosophical arguments, there has 
been much recent research into a pervasive problem in science education, 
namely learners pre-existing misconceptions of scientific principles (Berg 
& Brouwer, 1991; Gilbert & Watts, 1983; Shuell, 1987). The results have 
shown that students come to class with concepts of the natural world 
which are quite different from those of scientists. Anderson (1986) found, 
for example, that examples used to illustrate a concept during instruction4 
conveyed totally different meaning to students with misconceptions than 
that which the instructor meant, which in turn lead to outcomes which 
were totally different from that which the instructor intended. Thus, leam- 
ers with mistaken representations of scientific principles appear to have 
little problem interpreting new observations in terms of their misconcep- 
tions. This leads to a type of wrong or alternative science in which new 
data are (technically) correctly and logically interpreted, but are based 
upon flawed principles. This is a pervasive problem in science education 
of which curriculum developers and teachers must be aware. 

Problem number two is that, as stated earlier, scientific theories are 
for the most part abstract; they deal with theoretical concepts and their 
interrelationships. Science teachers ‘conveniently forget’ (Hodson, 1988) 
that many aspects of science which they teach are not susceptible to direct 
experimental study. Because concepts and theories are abstract, they 
should also be considered and manipulated in the abstract (Woolnough et 
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al., 1985). It is essential that these concepts be separated from their 
concrete reality if the student is to gain mastery of them. Students are 
misled and their thinking is restricted when they are given the appearance 
of relating (or being able to relate) everything to laboratory experience. 
Furthermore, many scientific concepts (such as quantum physics) have no 
observable instances at all so that they cannot be manipulated at all. 

Related to the previous problem is problem number three (also docu- 
mented by Woolnough & Allsop, 1985), which is simply that reality tends 
to clutter and distract. Students engaged in practical work often get so 
embroiled in (the details of) what they are doing that they often miss the 
underlying concept they were supposed to be studying. Apart from getting 
lost in the details, students often do not have either the theoretical knowl- 
edge or the ability to function at the cognitive level (formal operational) 
that is necessary to see or infer the patterns present in the data which they 
are collecting. This difficult task is compounded by the often inaccurate 
measurements caused either by student inexperience or the inaccuracy of 
simplified educational (as opposed to research) apparati used in under- 
graduate practicals. Wrong or irrelevant observations waste valuable time 
and money. Because of this, basic theory can probably better be taught 
through lectures, workgroups, tutorials, written material, and so forth 
than through practicals. 

Problem number four is that even if the first three problems did not 
exist, the amount of experimenting and practice necessary to make enough 
observations to distil insight and understanding is so large, and would 

require so much time, energy and resources (both physical and monetary) 
that implementation would be impossible. Kreitler and Kreitler (1974) 
noted that whether one is an adherent to the discovery or the expository 
method of concept attainment, a common element of both approaches is 
the need for repeated exposure to instances of a concept for its attainment. 
An experiment may provide a demonstration of a concept, but it is only 
one, single demonstration. A learner, even the most brilliant or highly 
gifted one, will not be able to derive meaning from a single instance of a 
phenomenon. Since the formation of a concept requires multiple exposure 
to a wide range of instances (if this is the only or at least the primary means 
of achieving the formation of the concept), it follows that performing an 
experiment is not only an ineffective, but is also very inefficient way of 
promoting and achieving concept formation. 

To recap, the three, just discussed, faulty motives are based upon 
the notion or belief that because scientists discover new aspects of the 
substantive structure of science through the practising of science, the 
logical conclusion should be that the teaching of this substantive structure 
should be done in the same way. What educators who adhere to this belief 
forget is that we are not letting students ‘do science’. We are teaching 
students about ‘doing science’ and we should use our practicals to achieve 
just this! 
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3. A NEW BASIS FOR PRACTICALS 

By now it should be apparent that practicals are not particularly well 
suited for conveying the substantive structure of science knowledge to 
learners and that they are better suited to introducing students to, and 
helping them to become proficient in the syntactical structure of scientific 
knowledge. This premise that practicals are best suited for the teach- 
ing/learning of the syntactic structure of science brings with it three new, 
more valid motives for implementing practicals in science education along 
with the definition of three basic forms of practicals extremely suited to 
the achievement of those motives. 

The first motive is that practicals are best suited for helping develop 
specific skills. Woolnough (1983) calls this the use of practicals as exercises. 
If the goal of education is the production of artisans, then the practicals 
given within that educational system would be directed towards the con- 
veyance and attainment of the specific subskills needed by that artisan. 
Since the goal of higher education is the preparation of its students for 
either independent scientific work or the application of scientific insights 
and methods (Wet op het hoger onderwijs en wetenschappelijk onderzoek 
(1989)) its practicals should be directed towards the conveyance and 
attainment of the specific subskills needed. Examples of the skills that 
could or should be developed in practicals for higher education are: dis- 
crimination skills, observation skills, measurement skills, estimation skills, 
manipulation skills, planning skills, execution skills, and interpretation 
skills. The types of skills and subskills are varied in nature, but their 
attainment is based on two simple underlying principles discussed in Sec- 
tion 2, namely practice and feedback, the chief components of the fixation 
(Fitts & Posner, 1967) or knowledge compilation phase (Anderson, 1982) 
of skills attainment. Of course, this presupposes the attainment of certain 
skills and knowledge in the cognitive or declarative phase. This way, the 
practical is clearly not subservient to the theory but is complementary to 
it. Both are necessary for attaining the skill. 

A type of practical well suited to the attainment of this first motive is 
simulation. Educational simulation programmes are ‘interactive learning 
environments in which a model simulates characteristics of a system, 
depending on actions made by the student’ (Huisman & Vries, 1991). In 
educational simulations guidance also plays an essential part. 

The basic principle behind simulation is that it is essential that rules are 
followed by the user that bear some relation to the real process that is 
being simulated (the model). The result does not necessarily have to look 
like the real process. 

In this day and age of information technology, the reader will be 
tempted to only consider simulation through computers when the term 
simulation is used. This is not the case here. Huisman and Vries distinguish 
two types of simulations, namely out-screen simulations where participants 
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are placed in a non-computer situation or model that is realistic enough 
to be managed seriously (examples are group simulation or role playing, 
management simulation, gaming, physical (scale) models, and so forth) 
and in-screen simulations where the computer plays an essential role. In 
both types, the participant(s) is/are an essential part of this model world 
which evolves according to a set of rules based on both the actions of the 
participants and internal factors in the model itself. 

The typical rationales for the use of simulation in the educational pro- 
cess are that they can or should be used when ‘real’ laboratory is unavail- 
able, too expensive, or too intricate, when the experiment to be carried 
out is dangerous for the experimenter or for the life of the object of 
experimentation (i.e. in biology), when the techniques which need to be 
used are too intricate for the typical student, and when there are severe 
time constraints. All of these rationales have been researched by various 
social and natural scientists and have been shown to be true. But all 
of these rationales also approach simulations as a surrogate for ‘real’ 
laboratories and do not view the simulation as a viable practical form in 
its own right. What follows is a rationale for the use of simulation, inde- 
pendent of the laboratory-surrogate benefits. 

Green0 (1978) suggests that strategic planning (metareasoning in his 
terms) is central to scientific problem solving. This is the ability to consider 
and combine known information to solve a multistep problem such as 
combining axioms and theorems to design a geometric proof. This plan- 
ning along with testing of the selected approach to see if it meets the 
reasoner’s needs or if another option should be generated is called metare- 
asoning. Both planning and testing involve reflection about the solution 
of a problem. Metareasoning is the capacity to reason about one’s reason- 
ing and includes the ability to assess and revise one’s own understanding. 
Experts appear to develop skill in metareasoning, or the ability to plan 
their problem-solving approach as the result of experience. Good problem 
solvers have good planning skills. In order to gain metareasoning skills, 
practice is necessary in selecting approaches to problems and to get fre- 
quent feedback as to their approaches (successful or unsuccessful) in order 
to determine if an alternative approach such as simulation is necessary or 
better. Thus students actively practice the skills embodied in planning for 
the solution of a problem (generating and testing alternatives). Simulating 
reality takes less time than reality itself, thus they can be repeated often 
and in much less time than actual experiments, allowing for increased 
practice and increased feedback. 

Simulation also allows, as opposed to experiments, poor designs to 
be followed through with problems being discovered and modified, or 
eliminated quickly and safely. It also allows the teacher to tailor the 
learning experience, decrease and increase complexity, include or exclude 
certain features, adopt ‘idealised conditions’ and in general create an 
experimental situation that enables the learner to concentrate on the 
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central concepts without distractions, waywardness of materials and ‘peda- 
gogic noise’ that is so much a feature of experiments with real things 
(Hodson, 1988). In other words, student and teacher can explore specified 
microworlds without the normal constraints imposed by laboratories, and 
the unforseen data, artefacts and measurement errors can be either added 
or eliminated depending on the objectives strived for. Finally, by eli- 
minating concrete experiences, and providing instant feedback on the 
appropriateness of certain speculations and predictions, (computer) simul- 
ations enable learners to spend considerably more time manipulating ab- 
stract ideas as a way of building understanding. 

The second motive is that practicals are suitable vehicles for the learning 
of the ‘academic approach’ to working (especially as a scientist). Wool- 
nough (1983) calls this the use of practicals as investigations. Scientists, 
but for that matter all academics, are problem solvers. Their method of 
working entails (at least) the following skills: 
- studying a situation and acknowledging that there is actually a problem 

to be solved 
- defining the problem to be solved 
- seeking alternative solutions/solution strategies for the problem 
- evaluation of the alternative solutions/solution strategies for the prob- 

lem 
- specifying or choosing the ‘best’ solution strategy 
- solving the problem 
- evaluating the solution and studying the solution with respect to deter- 

mining whether a new problem need be acknowledged, in which case 
the procedure starts all over again. 

There are many other approaches to the solution of academic problems 
which offer slight variations to the model in Figure 4. Among them are: 
the logic of the ‘scientific’ method (Popper, 1959), the structure of intellect 
problem-solving model (Guilford, 1979), Polya’s (1945), steps in solving 
problems, Rossman’s (1931) description of the performances of inventors, 
and Woolnough and Allsop’s (1985) PRIME model. 

Although the models differ in the degree of detail used, they all basically 
contain the same stages for investigating. Here again, the practical has 
its own raison d’etre. Expository, substantive knowledge, gained in the 
cognitive phase, is a prerequisite for attaining the desired ends. This 
knowledge is a knowledge of methods and techniques, a knowledge of 
one’s own domain (theories, principles, concepts and facts) and a knowl- 
edge of related domains. A person must acquire a broad and critical 
knowledge of the subject matter (the learning of basic competencies) prior 
to successful, productive and useful scientific enquiry. After this the person 
can learn to synthesise concepts rationally, enquire scientifically and solve 
problems via unrestrained inductive thinking (Kyle, 1980). Practicals, on 
the other hand, give practice and an opportunity to develop competence 
in learning to investigate; in learning to solve problems. Further, the 
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Figure 4. A model for academic problem solving. 

chance for students to disxss, reason and compare what a person has done 
with other students (or an interactive electronic medium) is a necessity for 
attaining these (sub)skills. 

The experimental seminar is a well suited medium for the achievement 
of motive 2. In experimental seminars, an approach for undergraduate 
students in natural sciences first proposed by Conway, Mendoza & Read 
(1963), students cooperate in the performance of an experiment collec- 
tively or by watching an expert perform an experiment. This way they 
may gain a clear concept of how a well-performed experiment progresses. 
Collective experimentation or demonstration is followed by group dis- 
cussion, where necessary stimulated by an ‘expert’ (teacher/lecturer/pro- 
fessor), and in which students can help each other. An experiment which 
is routine and uninteresting to one or two students can trigger a valuable 
discussion in a group. This provides the student with a model for problem 
identification, experimental design, assembling, testing and calibrating 
equipment, data collection, analysis, interpretation and reporting of re- 
sults. Characteristic for this type of practical is the possibility to model, 
discuss, reason and compare methods and results with others. 

A related teaching or learning strategy is that of cognitive apprenticeship 
used by Brown, Collins and Duguid (1989) for the teaching of mathema- 
tics. Cognitive apprenticeship methods try to enculturate students into 
authentic practices through activity and social interaction. Brown et al. 
note that the culture and the use of a tool (syntactical and substantive 
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knowledge respectively) act together to determine the way practitioners 
see the world. Unfortunately, they say, students are asked to use the tools 
without being able to adopt the culture. In cognitive apprenticeship, the 
class works through a number of strategies and reflects upon them as to 
their use in the solution of a specific problem and their transfer to similar 
problems. Students develop a combination of four different kinds of 
mathematical knowledge: intuitive knowledge, computational knowledge, 
concrete knowledge, and principled knowledge. 

One aspect of the experimental seminar is that it makes use of model- 
ling. Research on modelling has a long tradition in both developmental 
psychology and education. It is generally accepted that the use of models, 
both positive and negative, has a facilitative effect on learning. As far as 
skill learning is concerned, Posner and Keele (1973) report on research 
which found that observation of skilled performers facilitated the learning 
of skills. They themselves propose the use of demonstration for facilitating 
the development of a template necessary for the skill learner. The feedback 
that learners then receive from their own activities has a standard template 
in memory with which it (the feedback) can be compared (open-loop 
feedback). Finally, modelling also affords the learner the opportunity for 
mental practice, a didactic technique which has been proven to be effective 
(Beasley, 1983: Beasley & Heikinnen, 1985). 

Modelling, however, also has its shadow side. As discussed in Section 2, 
prior (mis)conceptions affect both that which is seen and the interpretation 
thereof. This is one of the two reasons why a second aspect of the experi- 
mental seminar, discussion, must be an integral part of this type of practi- 
cal. Kollard (1985) accentuates this in what he calls the didactic translation 
of observations. He warns that there are often differences in that which 
is seen in a demonstration. To counteract any misconceptions a discussion 
must round-off the demonstration. In this way both relevant and irrelevant 
observations can be noted and discussed. 

Another reason for the use of discussion is because (post-lab) discussion 
is the perfect occasion for developing and practising intellectual skills as 
well as for the promotion of conceptualisation and deeper understanding 
of that which has occurred (Boud, Dunn & Hegarty-Hazel, 1986; Harrap, 
1977; Tamir, 1977). Characteristic of discussion is that: 
- it begins from common experiences, 
- the participants pool ideas, without at first necessarily judging the rela- 

tive merits of the ideas, 
- it involves evaluating, rejecting and selecting ideas from among those 

being offered. The process should be within the control of the group of 
participants, 

- it should result in some change in the ideas of the participants. This 
requires an atmosphere of trust towards fellow participants that they 
will not be dismissed or ridiculed, and 

- it should only terminate with feelings of satisfaction for all when a 
common solution or idea has been agreed upon. Feelings of rancour, 
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Figure 5. Experiential learning cycle for educational practice (Bumard, 1988) 

anger and irritation aroused during discussion must be dealt with 
(Bentley & Watts, 1989). 

D’Amour (1979) adds that group discussion is an invaluable aid in getting 
students to think about the question - to explore its nature and its impli- 
cations more deeply. Guidance (by an expert, in the printed feedback, 
and so forth) is but an additional informed opinion, often similar to those 
of the students. Work of this sort introduces students to certain ways of 
thinking about ideas and methods of problem solving in general without 
stressing specific answers as solutions to specific questions. Furthermore 
discussion encourages students to reflect upon past personal experience 
and to use it as a means to discover and evaluate solutions to present 
problems. Bumard (1988) notes that action without reflection does not 
lead to informed, intentional behaviour; action followed by reflection can 
ensure that anything learned from the action can be transferred to the 
next situation. Discussion and reflection are integral parts of his experien- 
tial learning cycle (see Figure 5). 

The final aspect of the experimental seminar is that students work 
cooperatively in the discussion and solution of problems. Brown et al. 
(1989) note that cooperative learning: gives rise to synergistical insights 
and solutions that would not come about during individual learning; allows 
students to display multiple roles and engender reflective narratives and 
discussions about the aptness of those roles; confronts students with mis- 
conceptions and ineffective strategies; and helps students to develop skills 
needed for collaborative work which, as Resnick (1988) points out, is the 
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way most people work and learn throughout their lives. In a review of 
more than a thousand studies dating back to the late nineteenth century 
Johnson and Johnson (1985a) reported that cooperative learning lead 
to better learning results than either individual or competitive learning 
experiences. In the cooperative learning experiences the students often 
needed to resolve controversies, either preplanned by the instructor or 
occurring naturally in the course of the solution of a problem, which 
resulted in students sharing ideas with one another and working together 
to obtain a final solution to a problem (Johnson & Johnson, 1985b). Thus, 
apart from leading to more learning, this type of learning experience lead 
to the achievement of objectives such as learning to work in groups, and 
so forth. 

Conway ef al. conducted their experimental seminars in 1963 by appoint- 
ing students to carry out experiments in front of a whole class. This 
experimentation was guided by the class; closed circuit television allowed 
all students to see pertinent apparati as well as allowing them to make 
quantitative measurements directly from the screens. All students are thus 
in a position to record observations individually. The conduct of the 
experiment is the responsibility of the whole class; the lecturer allows the 
students to decide which parameters to change and which observations to 
make. In the intervals, when conditions are being changed, the lecturer 
stimulates discussion to encourage students to suggest changes in experi- 
mental procedure, apparatus, and so forth, which are then carried out by 
the class when possible. Estimation, quick calculation of results, consider- 
ation of possible sources of errors, and the making of order of magnitude 
calculations when necessary are encouraged. Any and all ideas contributed 
are considered and discussed seriously and fully. All this leads, according 
to the authors, to learning to think critically about all aspects of the 
experiment. Such an experimental seminar can of course be ‘modemised’ 
to make use of more advanced techniques such as interactive video disc 
or CD-ROM. 

The third motive for implementing practicals in science curricula is to 
allow students to experience phenomena and that which accompanies such 
phenomena, and in doing so to gain a tacit knowledge of different scientific 
phenomena and their settings. Woolnough (1983) refers to this as the use 
of practicals for experiences. This is quite different from the third motive 
rejected in the previous section. What is attempted is not the gaining of 
insight or understanding of phenomena through practicals, but rather 
getting a feel for phenomena. This experiencing of a phenomenon is 
possibly best characterised by the German word FingerspitzengefiM. It is 
the obtaining of an implicit, often indescribable, feeling as to what is 
happening or what is supposed to happen, as opposed to the explicit 
knowledge of how something works or why. As a geologist, discussing the 
necessity of a mineral sample kit in an introductory geology course which 
was being developed, once said to me: ‘The student does not need the kit 
to learn to distinguish and identify minerals. The student needs the kit to 
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feel, smell and taste the minerals.’ Familiarisation with the world around 
us cannot be achieved in any other way. This feeling or tacit knowledge 
often cannot be expressed in words, either to oneself or to others, but 
can be strengthened or directed through discussion with others. Tacit 
knowledge and skills cannot be fully articulated through formal pre- 
sentation, but rather in the laboratory with its ‘verbal, muscular, 
emotional, as well as intellectual, forms . . .‘. They are best attained ‘out- 
side the province of the professional educationist; . . . [and] must be left 
to practising scientists for they alone possess the exemplars necessary for 
initiation’ (Smolicz & Nunan, 1975, p. 136). The appropriate practical for 
motive 3 is, thus, the ‘wet laboratory’ (Head, 1982). 

Wet laboratories are the most common type found in science curricula; 
they provide hands-on experience in a laboratory setting. These laborato- 
ries can be formal laboratories (also known as convergent or cookbook 
labs), experimental laboratories (also known as open-ended or discovery 
labs), or divergent laboratories (a compromise between the two previous 
labs and often called guided-discovery labs). 

The academic or formal laboratory, also called traditional, structured, 
convergent or cookbook laboratory, often functions primarily to verify 
the laws, principles, concepts and facts taught in lectures and given in 
textbooks. In such a laboratory the student is told exactly what to do. 
The student must complete her experiment in a rigidly set time and should 
arrive at the (implicitly implied or explicitly stated) expected results. Since 
the experiment is a mere extension of the lecture or textbook, often very 
little attention is paid to the apparati in the lab. Lab reports made by 
students are seen as mere obligations and bear little resemblance to reports 
made by professional scientists. Experimentation is ‘de facto’ forbidden 
in the academic or formal laboratory. 

The experimental laboratory, also known as open ended, inductive, 
discovery oriented, unstructured project or undergraduate research labora- 
tories, contrasts greatly with the academic laboratory. The student here 
is presented with problems in experimentation meant to challenge her 
understanding and creativity without being so complex as to be unresolv- 
able. Instructions are general except in cases where a mistake would be 
costly or dangerous. The experiments are often designed to show the 
limitations of theory while at the same time showing the necessity of 
theory in carrying out meaningful experiments through illustration of ‘the 
profound differences as well as the complex interdependency between 
theoretical and experimental’ science (Robinson, 1979, p. 860). Unfortu- 
nately, as should be clear after having read this chapter, these types of 
laboratories are usually doomed to failure. 

The last approach can be regarded as a realistic compromise between 
the experimental and the academic laboratories and is called the divergent 
laboratory (Lerch, 1971). In the divergent lab, there should be parts of 
the experiment that are predetermined and standard for all students, but 
there should be many possible directions in which the experiment can 
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develop after the initial stage. It provides the student with tasks similar 
to those encountered in an open ended or project (experimental) lab 
within a framework that is compatible with the various restrictions im- 
posed as a result of the wider system of instructional organisation. 

An example of such a divergent laboratory is a university chemistry 
practical for chemical synthesis developed by by H. de Jager (1985) at the 
University of Utrecht, the Netherlands. Chemical synthesis requires the 
student to integrate theory, laboratory work and reflection upon the 
achieved results. Detailed instructions in the form of ‘chemistry cook 
books’ are not particularly useful in that they leave the student no choices 
as to what they must do. Because of this closed quality, students are not 
stimulated into thinking about the theoretical aspects of chemical syn- 
thesis. De Jager drafted instructions in which the selection of starting 
materials, reaction conditions and synthesis techniques are posed, either 
partially or totally, as problems which the students must solve. 

Regardless of the type of wet laboratory, each of them is characterised 
by concrete, hands-on experiencing of phenomena. 

In summary, each new motive can be paired to one of the three types 
of practicals. This is not to say that each laboratory type is uniquely suited 
to that particular motive, but rather that a certain type of laboratory is 
better/best suited to a particular motive. Simulation is a reasonable vehicle 
for developing specific skills, where practice and feedback are of the 
greatest importance. Experimental seminars, where discussion, compari- 
son and modelling play such an important role are well-suited for helping 
students achieve an academic approach to working. Wet laboratories, 
finally, are the best, and possibly the only way to experience phenomena5. 

4. CONCLUSION 

Practicals are an essential part of the science curriculum. This is a truism 
which cannot be disputed. What can be disputed are the motives for their 
use. As vehicles for the teaching/learning of the substantive structure of 
the scientific domain, they are not very useful, and very poorly equipped. 
On the other hand, practicals are the proper vehicles for the teaching/ 
learning of the syntactical structure of the scientific domain. 

NOTES 

1. Throughout this article the English spelling ‘enquiry’ will be used except when the 
American spelling ‘inquiry’ is used in a direct quote. 

2. Gardner also uses, and the reader will often come across this in the rest of this article, 
the substantive structure of a knowledge domain. He delines this as the network of related 
theories, laws and concepts (factual knowledge or declarative knowledge) that are used 
by researchers in solving problems in their disciplines. 

3. Of course there is a fourth motive for the use of practicals which is undeniable, that being 
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for the learning and practice of manipulative laboratory skills. Because one of the basic 
premisses of this thesis is that the goal of higher educaton is the acquisition of academic 
and not manipulative skills, this motive will not be discussed. 

4. If this is the case during classical instruction where the teacher has a strong guidance 
role, it is scary to think of the misconceptions which could arise in a curriculum based 
upon discovery. 

5. Institutions for distance education add two extra motives which can be mentioned here. 
The first motive can be called an equivalency motive. Mora er al. (1986) in an article on 
residential physics workshops (summer schools) state that the ‘degrees awarded by UNED 
[Universidad National de Educaci6n a Distancia] represent the same level of achievement 
as degrees from other Spanish state universities . . . Laboratory work is therefore compul- 
my. . .‘. In other words, we do it like this because ‘real universities’ also do it like this. 
This is not a very relevant didactic motive. A second, for distance education specific, 
motive can be called a social motive. Students at distance universities are geographically 
isolated. They are cut off from contact with faculty and each other. This (feeling of) 
isolation is in turn seen as a primary reason for high high drop-out rates. Practicals are 
thus seen as a vehicle for removing this feeling of isolation and lowering the drop-out 
rate (Mora et al., 1986). This ‘hidden objective’ has nothing to do with the nature of 
learning science and may not be used as such. 
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