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Abstract

Nature of Science is an integral part of scientific literacy which researchers and international
policy-making institutions highlight as the purpose of science education. The notions of
scientific law, theories and models are crucial for understanding the Nature of Science. These
notions are better grasped in the historical context of Nature of Science. For this purpose,
appropriate instructional sequences, based on semi-structured interviews, were designed and
implemented to investigate whether and how the student teachers of Primary Education can
perceive these concepts. The study revealed that after particular difficulties were confronted,
student teachers were able to grasp firmly the notions of scientific law, theories, models and
the relationships among them.
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1. Introduction

In recent years there has been more and more interest in the Nature of Science (NoS) in the
context of Science Education (SE). Both international policy making institutions (OECD,
2009; AAAS, 1993, 2009, 2013) and researchers in the field of SE ( Hipkins et al., 2005;
Lederman, 2006; Matthews, 1992; McComas et al., 1998 and Millar & Osborne, 1998)
emphasize the importance of students understanding of several aspects of NoS. Their
rationale for doing so is that if students comprehend how scientific knowledge has evolved,
and how the historical, philosophical and technological context influences the development of
science then they will gain a more comprehensive view of science and be more actively
involved in the relevant cognitive processes.

Features of scientific theories, laws and models constitute components of NoS necessary in
SE. The National Science Education Standards in United States (NRC, 1996) underline the
importance of students understanding the notion of scientific theory in general and being
aware of the procedures whereby scientific explanations and models are formulated and
developed, in particular. According to the Science as Inquiry standard, “students’ inquiries”
are expected to “culminate in formulating an explanation or a model”. Moreover, “this aspect
of the standard emphasizes the critical abilities of analyzing an argument by reviewing
current scientific understanding, weighing the evidence, and examining the logic so as to
decide which explanations and models are best” (NRC, 1996, p. 175). In Next Generation
Science Sandards the notions of scientific theories, laws and models are specified for
different levels with specific targets for each. For High School students: “A scientific theory
is a substantiated explanation of some aspect of the natural world, based on a body of facts
that has been repeatedly confirmed through observation and experiment, and the science
community validates each theory before it is accepted. If new evidence is discovered that the
theory does not accommodate, the theory is generally modified in light of this new evidence”
(NGSS, 2013, p. 99).

Since 1990, in its Science for All Americans document, the AAAS has emphasized students’
understanding of theories, laws and models in science, usually in an historical perspective
(AAAS, 2013). Its policy document (AAAS, 2009) gives elaborated learning outcomes for
every grade, from kindergarten to grade 12. These documents are widely recognized as a
major influence on current efforts to reform SE in the US including the National Research
Council's A Framework for K-12 Science Education (2012) and the Next Generation Science
Sandards (NGSS Lead States, 2013).

Students’ acquiring a certain degree of NoS understanding requires science teachers to be
knowledgeable on corresponding issues. The literature includes numerous studies on the
views of students and science teachers on NoS (Coll et al., 2005; Dagher et al., 2004; Driver
et al., 1996; Justi & Gilbert, 2002; Matthews, 2007; Meyling, 1997 and van Driel & Verloop,
1999, 2002) but less on the related teaching approaches. This paper seeks to cover this gap
proposing that NoS be explicitly taught in a History of Science context. Didactic sequences
were designed, developed and implemented which involved elements of NoS, in particular
the terms law, theory and model and the relationships among them. The sequences were
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designed and implemented based on the basis of the History of Science, namely the history of
Maxwell’s electromagnetic (e/m) theory. The teaching sequences were applied to university
students in the Department of Education (Primary Education). The novelty of the work lies in
the fact that an attempt was made to investigate specific difficulties relating to NoS and the
corresponding learning processes. The research showed that the students can understand basic
points of NoS and an effort to formulate the respective learning processes.

2. Literature Review
2.1 Views on Laws and Theories
2.1.1 Pupils’ Views on Laws and Theories

Mackay has pointed since 1971 that pupils do not have sufficient knowledge about the
functions of scientific models, the role of theories in scientific research, the distinction
between law and theory, and the relationship between model, theory and reality (Mackay,
1971). Scientific theories are probably the most misunderstood aspect of NoS, as they are
often considered to be conjecture or very temporary explanations for natural phenomena.
Such views also cause difficulties in understanding the way theories are developed and the
features of theories that distinguish them from laws but also from non-scientific explanations.
A typical student misconception is the view that scientific theories, through continuous
control and validation, will eventually mature and become laws (Rubba & Andersen, 1978;
Meyling, 1997). This view has passed into the literature as the “laws are mature theories”
myth.

Regarding the law of science, Meyling’s study showed a diversity in student responses which
mainly relates to the distinction between ontological and epistemological dimensions of
scientific law. Specifically, some students present laws as eternal, unchangeable, independent
of man, referring implicitly to the ontological dimension of the laws, namely their existence
independent of human knowledge of them. In this context, they express the view that laws are
inviolable rules that cannot be changed. This makes NoS understanding difficult, since the
scientific laws may change in the light of new evidence or theories. The same study also
reveals views regarding the epistemological aspect of scientific law, such that the laws
formulated by scientists are in doubt and subject to amendment.

Regarding pupils’ views on theories, Meyling’s study (Meyling, 1997) revealed a prevailing
view that theory is completely hypothetical, not yet proven, but it explains. According to
another, less dominant view, the theory is a proven set of proposals. A hierarchical
relationship in which hypotheses and theories have little certainty while the law has greater
certainty was also evident in pupils’ views (Lederman & O'Malley, 1990).

Regarding the relationship between laws and theories, students answered that, on the one
hand, laws represent the essential basis for allowing the construction of theories, while on the
other, these laws can be the result of a theory, since "a theory when verified becomes law”
(Meyling, 1997).
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2.1.2 University Student and Science Teacher Views on Laws and Theories

Blanco & Niaz classified university students’ and teachers’ views on theories and laws as
positivists, transitional or Lakatosian. Most views were positivist and can be summarized as
follows: “A scientific theory has not been proved in its totality, whereas a scientific law has
not only been proved, but is also universal, and furthermore, a theory tells us about more
complex and explicit things” (Blanco & Niaz, 1997, p. 203). Transitional responses indicated
a partial understanding to the existence of competing models for explaining the experimental
observations and that no knowledge is ever absolutely established. Lakatosian responses
indicated that scientific progress subsumed by process involving conflicting frameworks.

Irez explored the views of science teacher trainers on NoS and revealed inadequate
conceptions about NoS: “The majority of these conceptions were concentrated under two
aspects of NoS: scientific method and the tentative NoS. The participants’ inadequate
conceptions appeared to be linked to a lack of prior reflection about NoS” (Irez, 2006, p.
1113). Irez argues that such conceptions relate to conceptions about the relationship between
theories and laws. The majority of the educators in this research believed that “proved”
theories will become laws, while a law is an unchangeable and final form of scientific
knowledge which represents the absolute truth. Brickhouse et al., (2002) focused on how
much student understanding of the NoS varied with content. The study suggested that student
talk about the NoS differs depending on the particular scientific topic under discussion.

Dagher et al., (2004) explored college students’ representations about the nature of theories
during their enrollment in a large astronomy course with instruction designed to address a
number of NoS issues. After teaching interventions, some students had more comprehensive
views on theories and laws. Dagher et al noted that students explicitly emphasize the
empirical content of the theory, using terms such as "evidence" and “proof”. By the end of
their enrollment in the course, students also referred indirectly to other aspects of scientific
theory, such as its social and historical dimension. On the other hand, students hardly report
any consistency issues in theory building: i.e., deciding whether a particular set of ideas
constitutes a scientific theory or not on the basis of the amount of experimental evidence
rather than the logic of its structure. These findings coincide with Meyling (1997) and the fact
that students find observations and empirical data important is positively estimated. On the
other hand, however, Dagher et al., (2004) express the suspicion that the students’ emphasis
on empirical content may undermine a fuller understanding of the nature of theories, given
that their research revealed that none of the students could cope with theories as models that
show how the world works.

2.2 Views on Models
2.2.1 Pupils’ Views on Models

According to Grosslight et al. (1991) student conceptions of models were basically consistent
with a naive realist epistemology. Most students perceived models as natural copies of reality
rather than as constructed representations which can incorporate a range of theoretical
perspectives. Models were very rarely mentioned as representations of ideas or abstract
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entities. Older students displayed a little more familiarity with two-dimensional models such
as charts, maps and sketches.

Most students considered a model’s main aim to be to facilitate observations, teaching,
learning and communication by interpreting and simplifying. When asked if a scientist can
change the model, younger students expressed the view that the model could be changed “if it
wasn’t right”. Older students argued that models change in light of new evidence. No student
clearly expressed the view that models play an active role in the production of scientific
knowledge.

Treagust et al. identified five themes about students’ understanding of scientific models:
“scientific models as multiple representations; models as exact replicas; models as
explanatory tools; how scientific models are used; and the changing nature of scientific
models” (Treagust et al., 2002, p. 357). Regarding the models’ role and purpose, research
shows that while most students can grasp the descriptive role of models, they do not display a
comparable grasp of the predictive role of models and the role they play in developing
scientific ideas. Greater emphasis on the teaching of the role and purpose of the concept of
scientific models is suggested.

Regarding the relationship between theories and models, the research shows that students
connect theories with models more through the representational function of the latter and far
less through models’ function as theory development tools (Treagust et al., 2002, p. 365). The
majority of students recognize that models are structures that support scientific theories and
therefore may change if scientific thought changes. However, while students recognize that
models may change if new theories or evidence emerge, they do not attribute an active role in
theory construction to models.

According to Aikenhead and Ryan (1989) students hold the view that models are not copies
of reality, but close to reality. There is indeed a tendency across almost all the research for
students to link models with reality, with the link to the development of ideas and theories far
less prominent.

2.2.2 University Student and Science Teacher Views on Models

Justi & Gilbert conducted a survey of science teachers’ views on models. Seven aspects of
their notions of models were revealed: “the nature of a model, the use to which it can be put,
the entities of which it consists, its relative uniqueness, the time span over which it is used, its
status in the making of predictions, and the basis for the accreditation of its existence and
use” (Justi & Gilbert, 2003, p. 1369). The results do not confirm profiles of understanding.
According to the authors, the absence of such profiles in the teachers’ thinking suggests that
they probably do not hold coherent ontological and epistemological views on models. If so,
this would support the work of Koulaidis and Ogborn in the broader field of the nature of
science (Koulaidis & Ogborn, 1989, p. 1382).

Van Driel and Verloop concluded that while experienced science teachers agree on the
general idea that the model is a simplified representation of reality, they have quite different
views on models and modeling in science (van Driel & Verloop, 1999). Specifically, the
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results showed a wide range of criteria used by teachers to categorise specific examples as
models or not, as well as a tendency to emphasize different features of models. Moreover,
some functions of models were rarely reported: their predictive role, for instance, or their use
in approaching and learning to study systems to which you have no direct access.

Justi and Gilbert conducted a survey of science teachers’ views on the role of models in
science teaching. The results show that teachers had insufficient knowledge both of the nature
of models and of how to use models in the educational process. They also suggest that
science teachers should be systematically trained in models and their use (Justi & Gilbert,
2002).

3. Research Design and Procedure
3.1 The Purpose of the Sudy

The study reported here is an enquiry into student teachers’ (primary education)
understanding of basic ideas of NoS. The study aims to investigate the student teachers’
teaching and learning procedures in relation to the notions of laws, theories, models and the
relations among them in a context of NoS. Maxwell’s electromagnetic (e¢/m) theory and the
corresponding laws and models were introduced as teaching material. In this context, the
questions were the following:

a. To what extent are the student teachers able to construct the scientifically accepted
view about the notions of laws, theories and models in the context of NoS?

b. Which are the teaching and learning procedures of the student teachers regarding the
notions of laws, theories and models and the relations among them in the context of
NoS?

3.2 Participants

The study was carried out in the University of Athens’ Department of Primary Education. The
sample group consisted of 40 student teachers divided into 11 groups of 3-4 students each.
Regarding the educational background of the student teachers, they were all third year
university students who had studied a Physics course but no course on the Epistemology of
Science. During the Physics course, they were taught basic electromagnetism and the
physical significance of Maxwell’s equations, including in particular the description of the
e/m wave. Moreover, the students attended a laboratory course, which accompanied the
Physics course and included experiments in the area of electromagnetism. As a result, the
sample group was quite familiar with the phenomenon of e/m induction both theoretically
and experimentally.

In the Greek educational system, graduates of the Department of Primary Education are
authorized to teach all six levels of primary education, starting at the age of six. Regarding
SE, environmental studies are taught during the first four years of primary school, while
Physics is taught during the last two years.

3.3 Teaching material

The concepts of laws, theories and models were discussed in the historical context of James
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Clerk Maxwell’s e/m theory. Worksheets were used to negotiate these concepts and the
relationships among them. The worksheets were essentially supporting material for the
semi-structured interviews presented below. The material contained pictures and short
excerpts from selected historical texts mainly Maxwell’s first two works On Faraday's Lines
of Force (1856) and On Physical Lines of Force (1862) which are mostly descriptive and
include less formalism than the works that followed: A Dynamical Theory of Electromagnetic
Field (1865) and Treatise on Electricity and Magnetism (1873).

The decision to choose Maxwell’s e/m theory and its historical reconstruction as teaching
material was based on the following points:

- Greek students are familiar with e/m theory from their secondary formal education. The
relevant laws (e.g., e/m induction) are taught in Primary education (Grade 5 and 6) via a
qualitative and experimental approach, meaning an approach that includes experiments but no
mathematical equations. In secondary education, students are taught the laws of electricity
and magnetism using simplified mathematical formalism. Thus, even students who choose a
theoretical direction have already been taught the relevant laws of e/m theory at many phases
of their studies. In terms of tertiary education, e/m theory is part of Physics, which is included
in their curriculum as a compulsory subject. Therefore, students are highly familiar with the
content of e/m theory and the correspondent laws.

- Furthermore, Maxwell’s e/m theory has an appropriate structure to be considered a model

of "good" theory (Kalkanis, 2002, p. 179). Specifically, it has the explanatory power that a
good theory must have, since it explains the whole of e/m phenomena. Moreover, it has
predictive power, since through it Maxwell predicted the nature of light. Regarding its
relationship with laws, e/m theory not only contains laws but it also explains Faraday's law of
e/m induction and completed Ampere's law on the magnetic field around a current-carrying
conductor. As for the predictive nature of the theory, the wave equation of light resulted from
theorizing electromagnetism. Regarding the relationship between theories and models, the
historical reconstruction of electromagnetism depicts not only the representational role of
models but also their heuristic role in theory construction. Maxwell's vortex model became
a case study for demonstrating the active role of models in the formation of theories.
Regarding the relationship between laws and mathematical models (i.e., equations), e/m
theory includes laws, such as Ampere’s law, which evolved through mathematical logic to
include other phenomena.

In the next section, it is presented how the specific elements of e/m theory, its respective laws
and models were used as teaching material to investigate teaching and learning processes
relating to laws, theories and models in the context of NoS.

3.4 Teaching Sequence

Taking into account the results of the literature review, a teaching sequence consisting of six
interviews was developed. The topics of each session were as follows:

1®" Interview: Laws of nature

2" Interview: Scientific theory
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3" Interview: Scientific model

4™ Interview: Relationship between models and theories
5" Interview: Relationship between laws and theories
6" Interview: Relationship between laws and models

Appendix 1 details the scientific content of each interview, the steps followed, and the related
educational materials.

3.5 Research Instruments
3.5.1 Pre and Post Questionnaire

They consisted of eight open-ended questions in the spirit of VNOS-A (Lederman &
O’Malley, 1990), VNOS-B (Abd-El-Khalick et al., 1998) and VNOS-C (Abd-El-Khalick &
Lederman, 2000). It was completed by the students before and after the teaching sequence.

3.5.2 Three sessions

Every session lasted three lesson hours, conducted with week intervals, regarding the notions
of theories, laws and models and the relationships among them. The first session consisted of
three interviews (notions of laws, theories and models), the second session consisted of one
interview (relation between models and theories) and the third session consisted of two
interviews (relationship between theories and laws and laws and models). Interviews were
videotaped, transcribed and analyzed.

3.5.3 Six worksheets

They consisted of material appropriate for the development of the interviews. During the
second and third session, the material was mostly consisted of historical excerpts and pictures,
from e/m theory.

3.6 Data collection

In order to collect the data, experimental interviews (the so-called “teaching experiment”)
were used (Komorek & Duit, 2004). The teaching experiment is a kind of interview that is
deliberately employed as a teaching and learning situation. The interviewer assumes the roles
of a classical interviewer, who tries to understand students’ individual conceptions, and a
teacher, who must have answers to students’ conceptions and make the appropriate
intervention at just the right moment (Stavrou et al., 2008). According to Komorek and Duit
(2004), the teaching experiment has proven to be a powerful means of investigating the
convergence of student conceptions with the scientifically accepted point of view.

Specifically, when working with small groups (groups of three or four students in our case),
“he/she (teacher—interviewer) is responsible for supporting the interaction among the students
and only intervenes when the student—student interaction is no longer fruitful” (Komorek &
Duit, 2004, p.629). This approach was chosen because it “provides a teaching character
which facilitates modeling learning in real classroom settings” (Komorek & Duit, 2004, p.
630). Students were divided into 11 groups of 3-4 persons each. Each group took part in six
interviews and each interview lasted from one to three lesson hours. The first author carried
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out the teaching experiments. The sessions were audio-taped and transcribed.

Students also had to complete two questionnaires individually - one before and the other after
the end of the teaching experiments. The questionnaires were used supportively to reveal
students’ conceptions about the concepts under consideration.

3.7 Data Analysis

Qualitative content analysis methods were used (Mayring, 2000; Erickson, 1998) given the
explorative character of the present study. The data were derived from the questionnaires and
from the interviews: the students’ answers to the pre and post questionnaires were indexed
and categorized according to their content, while the interviews were transcribed, they were
separated into steps. These steps correspond to the phases of the teaching experiment as
described in the teaching and learning sequence section. For every phase, students’ arguments,
ideas, difficulties and the ways these difficulties are surpassed, if they are, were noted down
and grouped according to their answers. Finally, an attempt was made to describe students’
learning pathways towards a scientifically accepted point of view.

3.8 Limitations of the research

The limitations of the research arise mainly from its explorative character. Its results arise
from a limited and convenient sample and can in no way be generalized to the population as a
whole. The purpose of implementing the Teaching Experiment was the in-depth investigation
of learning processes in relation to the issues under consideration and not the export of
generalizable quantitative conclusions. The research is purely qualitative. Like all qualitative
research, it involves the subjective factor — in this case, the interpretations of the researchers,
who designed and implemented the research but also analyzed the data and drew conclusions.
The data obtained were written documents and transcripts of interviews which, were
classified and analyzed as described above.

3.9 Findings and Results
3.9.1 Pre - Post Quantitative Results

In the following tables, Pre and Post questionnaire results are presented in terms of absolute
frequencies. Acceptable but not complete answers are marked in bold. For example, “A
scientific law is experimentally confirmed” is part of a complete answer and is classified in
the category “empirical content”.

Scientific law: Table 1 shows that most students’ initial view (25/39) was that scientific laws
are inflexible and cannot be questioned. Some students (10/39) gave answers which were
beyond any classification. Very few of them (4/39) gave scientifically acceptable but not
complete answers. After the teaching experiment (1% interview), the majority of the students
(27/39) were able to formulate a complete view of scientific law or at least to include its most
important features.
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Table 1. Scientific law

PRE-TEST POST-TEST

(absolute frequency) (absolute frequency)
Complete answer 0 27
Law has universal 0 12
character, related to natural
phenomena
Law governs nature and 25 0
does not change
Empirical content 4 0
Other answers 10 0
Total 39 39

Scientific theory: The results in Table 2 reveal that although initially most students (20/39)
could give an answer including accepted features of scientific theory, no student could give a
complete answer. The predictive role of theories was not mentioned at all. The post
questionnaires showed that most students (32/39) could give a complete answer, including
both explanation and prediction, while the students that could not, could give at least some
accepted features.

Table 2. Scientific Theory

PRE-TEST POST-TEST
(absolute frequency) (absolute frequency)

Complete answer 0 32
Tautology 19 0
Outcome of  scientific 14 7
method

Explanation 6 0
Total 39 39

Scientific model: Regarding models (Table 3), most of the students (22/39) initially had the
view that they play a representative role (representing either a theory or a physical system),
which is an accepted view but not a complete one. A small number of students (4/39)
attributed to models a more active role in theory construction. After the teaching experiment
(3" interview) all the students could formulate a view including the representational role of
modelS (theories, physical systems, ideas, processes) and their simplifying and explanatory
role, as well.
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Table 3. Scientific model

PRE-TEST POST-TEST
(absolute frequency) (absolute frequency)

Complete answer 0 39
Represent a theory 11 0
Represent (in general) 11 0
Outcome of scientific method 10 0
The base for developing a 4 0
theory

Other answers 3 0
Total 39 39

Relationship between scientific theories and models: Initially, the dominant view (24/39)
regarding the relationship between theories and models (Table 4) was that models represent
theories, which is an accepted but incomplete answer. After the teaching experiment (4"
interview), the majority of the students (34/39) gave a complete answer including both the
representational function of models and their active role in theory construction.

Table 4. Relationship between scientific theories and models

PRE-TEST POST-TEST
(absolute frequency) (absolute frequency)
Complete answer 0 34
Models represent theories 24
Theories derive from the 7 0
models
Their relationship is 4 0
bidirectional
Other answers 4 0
Total 39 39

Relationship between scientific laws and theories: The results (Table 5) reveal that nearly
half the students (18/39) gave answers including the view that theories are based on laws or
explain laws, which is an accepted but incomplete view. Some (14/39) gave answers that
included the idea of laws being superior and unquestionable, compared to theories which can
change very easily. This very persistent idea was taught thoroughly during the 5™
experimental interview. Ultimately, the majority of students (25/39) could give complete
answers, though some (14/39) answered incompletely, focusing on the different functions of
laws and theories in that laws describe phenomena and theories explain them.
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Table 5. Relationship between scientific laws and theories

PRE-TEST POST-TEST
(absolute frequency) (absolute frequency)
Complete answer 2 25
Theories are based on laws 18 0
and explain them
Scientific laws describe 0 14
phenomena while theories
explain them
Scientific laws are more valid 14 0
than theories
Other answers 5 0
Total 39 39

Relationship between scientific laws and models: Regarding the relationship between
scientific laws and models (Table 6), initially, most students (22/39) focused on the
representational role of models, which is accepted but incomplete. After the teaching
experiment (6" interview) the majority of students (35/39) could formulate a complete
answer which recognized that models represent laws but can also lead to further conclusions.

Table 6. Relationship between scientific laws and models

PRE-TEST POST-TEST
(absolute frequency) (absolute frequency)
Complete answer 0 35
Models represent laws 22
Models are laws 3
Other answers 14
Total 39 39

3.10 Learning Difficulties

Analysis of the teaching experiment showed that most students were able to handle the basic
ideas of NoS, and specifically the notions of laws, theories and models. For research
confidentiality reasons, in the following quotations the number indicates the number of the
group and the letter indicates the position of the student in the group (i.e., 10A means that it’s
the tenth group and the first student in that group). By the end of the process, all the groups
had formed a scientifically accepted view about the notion of:

Law including its basic features:

10 A: “(Law) has universal and enduring power. It expresses some kind of natural necessity
resulting from observations and experimentation. It is valid within limits”.

9 A: “(Law) is universal in space and time. It must relate to a natural phenomenon and is
empirical in character”.

Theory including its basic features:
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9 C: "A scientific theory is a set of proposals which consolidates several existing knowledge.
It attempts to interpret this knowledge holistically, to explain it and to make assumptions and
predictions".

13 D: "A scientific theory is a set of assumptions based on previous observations and
experimentation. It seeks to link to and explain earlier theories and leaves space for further
research".

Scientific model including its basic features:

3 B: "A scientific model is a representation of a phenomenon or physical system or theory
which is simplified and is intended to assist in understanding and better observing such
systems. It differs from the object itself. It is simplified".

6 B: "A scientific model is the representation of a system, a function [...] associated with
natural phenomena; it seeks to explain and simplify theories and phenomena. It may be a
physical object but also a mental representation".

Moreover, the majority of the students could deal with the relationships between laws,
theories and models. Specifically, regarding:

The relationship between theories and models:

8 B: “Models and theories have a dynamic relationship. That means that theories can be
formed alongside models, as in Maxwell’s case. Theories can also predate models or vice
versa, depending on the case. Models usually help us understand something that we cannot
perceive with our senses in everyday life and evolve in the course of our experimentation.
Finally, a good model is one that describes the theory; the theory may also be partly based on
the model”.

6 D: “The scientific model does not always have the same relationship with the scientific
theory. Sometimes the model is a solid basis on which to build a theory, as here with Maxwell.
Sometimes it serves an auxiliary role, supporting a theory. It can also help represent
something which we cannot understand with words alone”.

The relationship between scientific theories and laws:

3C: “The law is the basis for the formulation of a theory... [It is] the foundation. Also a
theory can result in a new law. Finally, the theory can extend the law to enrich and explain it”.

3 A. “Yes, a scientific theory contains laws, but it also explains laws [...] corrects [...] and can
through a theory [...] can arise a new law”.

The relationship between laws and models:

4 D: “The mathematical expression of a law helps us to draw our conclusions from the law
more easily. It is something more than a summary. A mathematical model may complete the
corresponding law [...] it may say something extra [...] [or] help scientist to develop his/her
knowledge on the issue, to go further".

3 C: “Equations not only describe the laws, they also make them more convenient.
Mathematical models can sometimes help laws to be extended”.
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However students faced some difficulties during the process, mainly relating to their
perception that:

(a) A scientific theory is less reliable and valid than a law, which is more certain and valid.
(b) A scientific law has no limits to its implementation.

(c) Description and explanation are the same.

(d) Scientific theories should be proven experimentally.

(e) Models have an exclusively representational role.

It seems that these difficulties worked as conceptual barriers for students and an attempt was
made during the teaching experiments to help the students deal with them. Students’
conceptions and their learning processes in relation to the relevant issues are presented
analytically below.

3.10.1 The definite nature of a law compared to theory

Students initially believed that laws are a more reliable form of scientific knowledge than
theory. This view ran through almost all the interviews and stems from misconceptions in
relation to laws, theories and the relationship between them. Students compared laws with
theories and had developed the view that a well-founded theory will become law when it is
well-documented. At the same time, however, this idea prevented them from seeing the real
difference between laws and theories, which relates neither to validity nor quality but rather
to function. This view seemed to be the root cause of the following additional difficulties the
students experienced.

3.10.2 A scientific law has no limits on its implementation

Students, in the first interview, expressed the view that laws are "true" and do not change.
They had difficulty accepting that the validity of the law is limited. When asked whether the
law can be amended, they responded that it could not; as they saw it if it was modified it
would become a theory. According to students, laws were not questionable forms of
knowledge, though theories were. During the teaching experiment, examples of famous laws
which have limits and which do not hold for any value or conditions were discussed. Students
gradually realized that the laws formulated by scientists have limited application and can
change in light of new evidence. Progressively, this would become a distinction between the
laws formulated by empirical scientists (the epistemological dimension of law) and laws that
may apply in nature irrespective of our knowledge of them (the ontological dimension of law).
Laws made by scientists are the best descriptions of phenomena: they may have specific
limits within which they apply, and they change given new evidence.

3.10.3 Distinguishing description from explanation

After understanding the limits of scientific laws, students found that the validity of laws is not
a given and proceeded to learn the functions of scientific theories (2nd interview). Through
Maxwell’s e/m theory, students developed and elaborated the features of a scientific theory. It
was at this point that the difficulty in distinguishing the concepts of description and
explanation arose. The two concepts, description and explanation, are central to developing
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the concepts of laws and theories respectively. Thus, students are confronted with a question;
since Faraday had made and experimentally confirmed the law of e/m induction, what was
Maxwell’s role in this law? Introducing suitable historic material, students realized that what
Maxwell intended was to explain Faraday’s law.

The term explanation is a very complex term in the philosophy of science. The presentation
and analysis of the different theories of scientific explanation go beyond the scope of this
study. Within this research, explanation is different from description in so far as explanation
provides a coherent mechanism for relating all the observations or data concerning a natural
phenomenon or similar natural phenomena. This mechanism not only provides details on
existing phenomena: it can also be used to make predictions.

Thus, through discussion and historical examples students were able to discern that while
Faraday had described and confirmed experimentally the phenomenon of e/m induction,
Maxwell was looking for the root cause i.e., the mechanism for generating electric current by
changing the magnetic field. We discussed with students the modern explanation of e/m
induction, i.e., e¢/m wave, in order to differentiate description and explanation directly. The
students gradually formed the view that laws have descriptive value while theories have
explanatory value.

3.10.4 Theories’ experimental “proof”

Several students expressed the view, either directly in the pre questionnaires or during the
interviews, that theories are experimentally "proven" proposals. Even those who thought that
the difference between law and theory is that the theory is not "proven" in the same way as
law is, when asked “What is a scientific theory?” they responded that “It is the result of
experimental "proof"” or “It is scientifically "proven"”. It seems that students consider a
theory to be scientific only if it is “experimentally proven”. It also seems that students have
difficulty in managing the empirical character of theories. The point is that this particular
perception prevented them from understanding the role of theories that goes beyond the
explanation of the phenomena, the prediction of new phenomena and laws (2nd interview).
Thus, students came into contact with Maxwell’s writings and gradually found out that his
work was based on his colleagues’ numerous and diverse observations and comments. He
tried to combine all these findings into a single theoretical framework, and the result of his
research on e/m phenomena was the explanation which included the e/m wave, a theoretical
concept that has not yet in Maxwell’s era been confirmed experimentally. Furthermore,
students gradually saw that the e/m theory of light was a successful prediction attributed to
Maxwell’s e/m theory. The scientist who made this prediction had not had the opportunity to
confirm it experimentally. Thus, students concluded that although a theory is based on
empirical data, the experimental “confirmation” of a theory is not a criterion in whether the
theory is scientific or not. The purpose of a fertile theory is to predict phenomena and/or
corresponding laws that can be verified or refuted in subsequent investigations.

After clarifying the empirical character of theory, the discussion on the relationship between
laws and theories (5th interview) seemed to be easier and more productive. Thus, while in the
pre questionnaire, students gave answers limited to theories including and explaining laws,
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when asked the same questions at the start of the fifth interview, they had already developed
the necessary background to be able to shed light on other aspects of the relationship between
laws and theories. Thus, discussing Maxwell's e/m theory and related laws, students were
able to discern that theories, apart from explaining laws, can also correct and complete laws.
Ampere’s law is a good example of this, which Maxwell managed to complete - including in
it the creation of magnetic field by changing electric field - using purely theoretical tools.
Eventually, students not only overcame their difficulty in regard of the experimental
“confirmation” of theories, but they also managed to grasp the prediction of new laws as a
feature of theories.

3.10.5 Models have an exclusively representational role

Students had the view that models have an exclusively representational role (3rd interview).
In their initial descriptions, the idea that modeling is a sort of knowledge production process
was completely absent. Students could not conceive other functions for models, such as the
gradual formulation of explanations or hypotheses for the development of a phenomenon or a
theory. The students’ views negatively influenced their views on the relationship between
theories and models (4th interview), since they believed that this relationship boiled down to
the model simply representing a scientific theory. They did not recognize that the model can
play an active role in helping the scientist to develop his thinking. Through material from the
history of science, specifically Maxwell’s model and the corresponding theory, students
found out that the construction of a model takes several steps and plays a role in the
construction of ideas and - ultimately - a theory. Maxwell’s vortex model helped him
formulate his theory, not just represent it. Students were faced with the same difficulties
Maxwell confronted when formulating his model but also told how he overcame these
difficulties. Through their engagement with the mechanical problems of Maxwell’s vortex
model, students managed to reverse and broaden the relationship between scientific theory
and models.

Overcoming this difficulty had direct positive effects on their negotiating of the relationship
between mathematical models and laws (6th interview). This negotiation revealed an active
role for mathematical models and not just a role in describing laws using mathematical
language. Using appropriate activities based on Faraday’s and Maxwell’s historical excerpts,
students were able to construct the idea that the use of mathematical models ensures precise
description and facilitates the deduction of further conclusions.

4. Conclusion

In the present study, an attempt was made, firstly, to investigate the extent to which primary
student teachers are able to construct the scientifically accepted views on the notions of laws,
theories and models in the context of NoS and, secondly, to investigate the adequacy of
teaching and learning procedures regarding the notions of laws, theories and models and the
relations among them in the context of NoS. Identifying and addressing students’ difficulties
was crucial to the negotiation of these notions. Teaching sequences were designed and
implemented using historical material from Maxwell’s e/m theory.

The empirical research shows that primary student teachers can understand the basic features
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of laws, models and theories. They can also use these concepts to develop adequately
relationships among them. The findings of this study show that students’ learning processes
were affected by difficulties in specific subjects. These difficulties were: (a) Recognizing the
definite nature of the law compared to the theory; (b) Recognizing that a scientific law has no
limits to its implementation; (c¢) Distinguishing description from explanation; (d) Recognizing
the role of theories’ as experimental “proof’; (e) Recognizing models’ exclusive
representational role.

To be more specific, students’ perception that laws are more valid than theories - which is
also mentioned by Mackay (1971), Rubba & Andersen (1978), Meyling (1997), Blanco &
Niaz (1997), Irez (2006) and Akerson & Hanuscin (2007) - appears to impact on all the issues
under discussion. According to this perception, the difference between laws and theories lies
in their degree of validity and not in their different functions; as a result, students believe that
mature theories become laws. This belief that laws have "absolute power" and do not change
then prevents an understanding of the temporary nature of scientific knowledge. When
students are gradually confronted with examples of well-known laws which do not apply to
the full range of values, they are forced to accept that laws have limits on their power and to
conclude that laws of science, as well as theories and models, are subject to control and can
change in the light of new evidence. They thus conclude that whether there are some laws in
nature which are independent of our knowledge of them or not, the laws made by the
scientists are the best possible descriptions of our world and can be changed or corrected if
new theoretical or experimental data occurs. After students have overcome this difficulty,
they are more ready to develop the relationship between laws and theories.

Regarding students’ difficulty distinguishing between description and explanation, they
initially seem to have mixed up Maxwell’s role in the phenomenon of e/m induction and
Faraday’s experimental confirmation of that phenomenon. Through historical quotes and
appropriate questions, the students ascertained that while Faraday had described the
phenomenon of e/m induction, he had not given a complete answer on the mechanism behind
it, and that it was Maxwell who did that. Provided with the modern explanation of the
phenomenon, which is the e/m wave, students concluded that Faraday had described the
phenomenon but had not explained it. The explanation of the phenomenon through the e/m
wave is attributed to Maxwell, ending the distinction between description and explanation.

The students’ view that theories are scientifically “proven” was projected when they wanted
to justify the scientific character of theories and to focus on the contrast between theories and
laws, which they consider as mere "cases". Such contradictions - which reveal difficulties in
managing the empirical component of theories - have also been mentioned by Dagher et al.,
(2004). Both cases - whether learners consider theories as necessarily confirmed or as mere
hypotheses - lead to further difficulties: if students claim that the theory must necessarily be
confirmed, they leave little room for further prediction through theories. This finding
correlates with corresponding investigations (Meyling, 1997; Dagher et al., 2004).

Through discussion and a breakdown of Maxwell’s texts, students distinguish the fact that
"light is an electromagnetic wave" was a prediction of Maxwell‘s e/m theory which resulted
from a combination of observations and mathematical thinking. Experimental confirmation of
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this fact was achieved several years later. Thus, the students gradually attribute the
characteristic of prediction to theory.

Once the students had overcome their previous difficulties, they were able to develop
gradually the relationship between laws and theories and express the view that theories
explain laws - relating to the difficulty of distinguishing between description and explanation,
theories may correct or add to a law - relating to the difficulty of laying down the limits on
law’s implementation, and theories may establish new laws - relating to students’ difficulties
with the experimental proof of theories.

Finally, students had difficulty understanding models’ other functions beyond representation.
This is highlighted by Grosslight et al., (1991), Meyling (1997) and Treagust et al., (2002).
Maxwell’s modeling processes gradually made students conclude in their descriptions of
models that models play an active role in the construction of theories as well as playing a
representational role; they contribute to the process of theory development, since scientists’
thinking is facilitated by modeling.

The following findings also emerged. Many students gave answers that reveal
epistemological contradictions. For example, they may answer that laws are more confident
than theories because they are "proven" while theories aren’t and then go on to argue that
scientific theories are scientifically “proven” proposals. It seems that they cannot decide on
the role of empirical data in the description of laws and theories. Corresponding findings
emerged from the research of Koulaidis and Ogborn (1995).

Most students do not distinguish the notions of "proof" and the experimental verification.
Thus, while proof is a mathematical term denoting a logical conclusion, experimental
verification is some kind of strong evidence that a theory or law applies. However, the
possibility that the theory can be disproved by subsequent experiments still exists. The fact
that students used the terms confirmation and proof interchangeably is revealing of the
difficulties they have handling the distinction between them. This was also observed by
Dagher et al., (2004), which suggested an explicit distinction between the terms.

5. Further research

The study indicates that there is still a good deal that needs to be investigated in depth with
regard to NoS in primary and secondary education but also tertiary education. The
implementation of classroom research is highly recommended. Following adaptation
according to each level of education and updating based on the findings of the present
research, such research could provide further evidence for effectively teaching NoS elements
in a broader educational context.

However, since the field of investigation was quite extended in terms of subjects under
consideration, it is suggested that future research focus on specific issues, particularly:

1. The concept of law in different science subjects (i.e., Physics, Chemistry, Biology).
For example Faraday’s law has different characteristics from Mendel’s law in Biology.
The exploration of these differences would highlight similarities and differences of
science subjects.
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2. Exploring multiple significations of certain terms used in science and in everyday life.
Words such as ‘law’, ‘theory’, ‘explanation’, ‘hypothesis’ etc., seem to affect and
often interfere with students’ ability to understand scientific concepts. The
understanding of these terms is perhaps a prerequisite to understand the content
science.

3. Exploring the triptych laws, theories and models as a framework of understanding
other aspects of the NoS; i.e., the fact that science is based on experimental data, the
difference between indication and inference, or the socio-cultural context of science.
As one student put it: "The truth is that, in the end, I understood that science is a team
sport which isn’t necessarily only played in a laboratory conducting experiments.
There are other factors that influence the production of scientific knowledge ... It may
not be a coincidence that Faraday was poor and mathematically illiterate, while
Maxwell was wealthy. "

4. Exploring NoS as a framework for understanding science itself. Understanding
concepts such as the difference and the relationship between the notions of theory and
law helps to create the proper conditions for particular laws and theories to become
more comprehensible. As one student said: "If you do not know the whole, i.e., what
is a scientific law in general, how are you supposed to learn the parts? For example
Faraday’s law? ".

5. Finally, the study indicates a need for further research into the correlation between
students' attitudes towards science with the history of science. In one student’s words:
"Who would expect that we would enjoy working with Maxwell? ... Personally, now
that [‘ve started to understand, I will stay involved with science and its history, it’s
amazing!”
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Appendix

Appendix 1. Teaching sequences

Interview

Science
Content

Conceptual
followed

steps

Teaching material

1 : Law of
nature

A natural law i1s
a generalization
that holds true
universally, has

a. Expectation
and
prediction.

b. Developing

Worksheets containing situations
from everyday life are used:
students discuss whether they are
laws of nature. For example,

empirical the students are given the situation
content, L “During a cold winter day, I
characteristics )
belongs to a of natural couldn’t find a taxi”. Can we say
wider system of laws: that “During the cold winter
knowledge universality days, taxis do not circulate” is a
(theory), and empirical ’ law of nature?
has 11‘1m1'ts mn its content and | After that, students are given the
app 1catl1'0n the distinction | next situation: “Every cold
(Anz;po itanos between winter day, I couldn’t find a taxi”
ct al., 2003, p. incidental and asked if the phrase “During
80-83). generalization | cold winter days, taxis do not
and  natural | circulate” is a law.
law. through After that, they are asked the
possible . .
] same question regarding the
relation to a hrase: .
i phrase: “Whenever the magnetic
theory. flux passing through a loop
c. Law power | varies, voltage induction appears
limits: in the loop ends”.
distinction Finally, students are given
between the . "y
] examples of laws with limited
ontological )

4 power (e.g., Newton’s Laws) as
an' log opposed to more general laws
eflstemo oglcf (e.g., Einstein’s Special
? aspects o Relativity) in order to discuss
aws. and conclude on the issue of

d. Conclusion. laws’ power.
ond A scientific a. Expectation Students are given worksheets
Scientific theory is a and prediction. | containing:
theory col?ceptual b. Further a. Maxwell’s equations in
seheme 4 b expression of qualitative form.
supporte y opinion Students consider them
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and based on
facts,
observations
and
experiments,

To explain a
phenomenon ...
and predict
future
observations
(McComas,
2003, p. 148).

regarding the
notion of
scientific
theory.

Developing
scientific
theory’s
characteristics:
based on
observations,
facts and
experiments, a
scientific
theory not only
explains  but
predicts
phenomena as
well.

Conclusion.

and say if they constitute
a theory and why.

Historical text excerpts
from Treatise on
Electromagnetism I
(Maxwell, 1873, par.
475, p. 128 and par. 528,
p. 162) which reveal the
influences of Oersted and
Faraday on Maxwell’s
work. Students think
about and discuss the
empirical content of a
theory.

Historical text excerpts
from Treatise on
Electromagnetism I
(Maxwell 1873, par. 781,
p- 383) in  which
Maxwell states that his
theory is intended both to
explain and to predict
phenomena.

3I‘d
Scientific
model

A model in
science 1s a
representation
of an idea, an
object, an
event, a process
or a system and
its purpose is to
simplify  and
explain (Gilbert
et al 2000, p.
11).

Expectation
and prediction.

. Expressing

examples and
formulating the
basic
characteristics
of models
(representation
and
simplification)

Examining
models and
non-models in

Students are given worksheets
containing pictures of different
kinds of models (objects, graphs,
equations, etc.) and non-models
(e.g., photos). They are asked to

them in order to

distinguish between models and
non-models and to develop
criteria for identifying models.

order to
distinguish
between them.
. Further
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examination in

order to
distinguish
models of
physical
systems from
models of
theories.
Conclusion.
4, Theories  not Recall  prior | Students are given worksheets
Relationship | only  include knowledge including:
between models but about theories .
i a. groups of models which
theories and | models  have and models
belong to the same
models. also ‘ a and éxpress theory. They are asked to
generatlve role expectations ' discuss them and
n ‘theory abou.t 'thelr conclude that theories
construction relationship. .
) include models.
(Gilbert et al., Theories
2000, p. 34) ) b. historical pictures and
P E include .
excerpts that illustrate
models. .
how modeling processes
Distinguish may lead to theory
between  the construction.
notions of Specifically, in Physical
description and lines of force, Maxwell
explanation. wonders why a particular
Application: distribution of vortices
Maxwell’s . indicates electric current,
vortex  model introducing students to
. thinking through vortex
explains
electromagneti analogy. Moreover,
¢ induction Maxwell  detects the
' problem of vortices’
Maxwell’s motion and is gradually
vortex mosiel led to a solution
has an active (Maxwell, 1861, p. 13-
role to play in 14).
theory
construction.
Conclusion.
5™ Scientific a.Recall prior | Students are given worksheets
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Relationship | theories include knowledge | including:
between laws  (Duschl, about , .

i ] a. Maxwell’s e/m equations
theories and | 1990, p. 50) theories and in order for students to
laws. Whlch they faws and formulate the relationship

explain CXpress ) between e/m theory and
(McComas, expectation the correspondent laws.
2003, p. 148), about their
correct and relationship. b. Maxwell’s historical text
sometimes b Theories excerpts (Maxwell, 18?1,
artive at new inelude p- 13 and p. 14) §h0w1ng
ones  (Nagel, laws, that Maxwell aimed at
1969, p. 7). explaining the law of e/m
c. Theories induction.
explain c. Maxwell’s historical text
laws. excerpts (Maxwell, 1861,
d.Theories p. 34) showing that
correct Maxwell  wanted to
laws. correct and  expand
c. From Ampere’s law.
explanation d. Maxwell’s historical text
and excerpt (Maxwell, 1861,
correction p. 34) showing that
to Maxwell’s e/m theory
prediction predicted the nature of
of new light.
laws.
f. Conclusion.
6™ Laws are a. Recall  prior | Students are given worksheets
Relationship | specified by knowledge including:
between mathematical about models
a. an excerpt from
laws and | models that and laws and Faraday’s diary (29
models. permit express August 1831, 367-392)
sufﬁ.c1‘ent expectation ) regarding the production
precision  and about their of electricity from
may lead to relationship. magnetism. It is a fully
predictions . Mathematical descriptive text with no
(Malvern, models are formalism, allowing the
2000, p. 62). precise. students to comment on
Mathematical this kind of scientific text
and express their opinion
models

contribute  to

on the importance of
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further
conclusions.

d. Conclusion.

mathematisation.

an excerpt from The
Character of Physical
Law (Feyman, 1985, p.
58) in order to formulate
a view about the value of
mathematical model in
the expression of laws.

an excerpt from A
dynamical theory for
electromagnetic field
(Maxwell, 1865, p. 466),
in which Maxwell

acknowledges that
Faraday would have
arrived at the e/m

theory of light if he had
used the appropriate

mathematical tools.
Maxwell could have
excluded further

conclusions about the
nature of the light, thanks
to his mathematization of
Faraday’s theory on e/m
induction.
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