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EXECUTIVE SUMMARY

This chapter discusses the design and development of a teaching module on electrical
circuits for lower secondary students (11-14 year olds) studying in the context of
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Developing a Research-Informed Teaching Module for Learning

the English National Curriculum. The module was developed as part of a project:
“Effecting Principled Improvement in STEM Education” (epiSTEMe). The electricity
module was designed according to general principles adopted across epiSTEMe,
drawing upon research and recommendations of good practice offered in curriculum
guidance and the advice offered by classroom practitioners who tested out activi-
ties in their own classrooms. The module design was informed by the constructivist
perspective that each individual has to construct their own personal knowledge and
so rejects notions that teaching can be understood as transfer of knowledge from a
teacher or text to learners. However, the version of constructivism adopted acknowl-
edged the central importance of social mediation of learning, both in terms of the
role of a more experienced other (such as a teacher) in channeling and scaffolding
the learning of students and the potential for peer mediation of learning through
dialogue that requires learners to engage with enquiry processes and interrogate
and critique their own understanding.

BACKGROUND
Introduction

This chapter describes the development of a research-informed teaching module
on electrical circuits for early secondary level (in particular aimed at 11-12 year
olds) developed as part of the project ‘Effecting Principled Improvement in STEM
Education’ (epiSTEMe). The principles informing the design of the module will be
discussed, and the way those principles were applied in module development will
be explored. Three levels of context for appreciating module development will be
provided relating to issues of (i) research into student thinking and learning in the
topic, (ii) the context of the epiSTEMe project more generally, and (iii) the wider
curriculum context in which the work took place.

Student Thinking and Learning about Electrical Circuits

There is an extensive body of research exploring student learning and thinking in
various science topics (Duit, 2009; Taber, 2009), including electricity and electric
circuits (Driver, Squires, Rushworth, & Wood-Robinson, 1994; Shipstone et al.,
1988). Learning difficulties relating to the topic of electrical circuits are well es-
tablished, and these are found across the secondary age range. A common problem
concerns students not appreciating how current will be constant around a series
circuit. A naive view would be that this could be countered by demonstration: sim-
ply showing learners a series circuit and measuring the current at various points.
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Developing a Research-Informed Teaching Module for Learning

A somewhat more informed view — informed by research into science learning
(considered below) — might suggest that something more than this is needed: to
first help learners make explicit their intuitive ideas about what would happen in
the circuit, and then counter these by providing the evidence that their intuitions
do not match what actually happens. This might be expected to lead to cognitive
dissonance, and so motivate learning to make sense of the discrepant observations
(Driver & Oldham, 1986).

This approach is commonly recommended because human beings generally man-
age to perceive the world as fitting expectations (finding matches between what is
sensed and existing implicit knowledge elements such that perception is biased to
fit existing cognitive structures) - what is sometimes known as confirmation bias
(Nickerson, 1998). Driver noted how students put in open-ended discovery learning
situations with minimal ‘scaffolding’ from teaching tended to fail to spot the pat-
terns that it was hoped they would find salient and seldom ‘discover’ the scientific
principles hoped for (Driver, 1983). Much more recent work has reinforced how
rarely students take away from school science practical work the ideas such activi-
ties are intended to motivate or illustrate (Abrahams, 2011).

One pedagogic approach intended to address this issue is known as P-O-E, which
stands for Predict-Observe-Explain (White & Gunstone, 1992). The principal as-
sumption drawn upon here is that by first having students make predictions they
would then be primed to extract the desired ‘figure’ from the ‘ground’ of sensory
data - to borrow terms from the Gestalt psychologists (Koffka, 1967) - and also have
some investment in observing a particular pattern or outcome. Where expectations
are confounded, the potential cognitive dissonance (Cooper, 2007) is harnessed by
asking students to explain what they have observed — thus reinforcing the outcome
and requiring the learner to actively seek to make sense of the unexpected observa-
tions. This is considered important because research in science education suggests
thatlearners commonly revert to alternative conceptions supported by their intuitions
despite teaching events, once those events cease to be recent (Taber, 2003).

Interestingly, some research suggests that even employing the P-O-E strategy
may be insufficient to overcome students’ expectations about what goes on in
electric circuits. A study showed that when a class of 14-year olds was asked to
predict how current would vary round a simple series circuit most of the students
predicted current would diminish around the circuit as previous studies had suggested
(Gauld, 1986, 1989). This prediction can be tested by ammeters, or by using lamp
brightness as an indicator (as long as similar lamps are used at different points in
a circuit). After seeing the demonstration students accepted current did not change
around the circuit, seeming to have changed their ideas about current in circuits.
However when the same students were interviewed three months later many had
reverted to their initial thinking — that current diminishes around a series circuit.
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These students often remembered the demonstration, but now thought what they
had seen fitted their initial predictions. So even when learners’ prior thinking is
made explicit, AND they are shown their predictions are wrong, AND they accept
they were wrong and seem to change their minds, this may not be sufficient to bring
about long-term conceptual change.

Human cognition has inherent drives for coherence and consistency (Jolliffe &
Baron-Cohen, 1999; Parkin, 1993). It would seem that in Gauld’s study, the observa-
tion of a confounding outcome was sufficient to lead students to accept a new way
of thinking that matches the unexpected outcome, but without sufficient reinforce-
ment of the new learning (Vertes, 2004) many students worked towards coherence
by modifying their memory of the observations, rather than their preferred mental
models of electrical current flow around circuits.

Electricity as a Challenging Topic

It is perhaps not surprising that electrical circuits is a topic which many students
find difficult (Shipstone et al., 1988). Whilst students can observe and manipulate
simple circuits, and indeed many students seem to enjoy this type of practical work,
the ideas involved are challenging. Electrical circuits are explained in terms of
abstract ideas, in particular current and potential difference (p.d. or ‘voltage’) that
link to the concepts of charge and energy respectively. Energy is acknowledged as
a highly abstract topic — for example by Nobel laureate physicist Richard Feynman
(1965) - which students commonly struggle with (Brook & Driver, 1984; Solomon,
1992; Watts, 1983). Current as a flow of charge can potentially be visualised, but
to apply this idea to circuits students have to shift from considering the observable
phenomena at the macroscopic ‘bench’ scale, to think about a process occurring
at a submicroscopic scale. At this scale the apparently solid metal wires students
observe are understood as a fixed lattice arrangement of atomic cores bound by
electrical forces to a fluid-like (Buddle, Niedderer, Scott, & Leach, 2002) ensemble
of delocalised electrons (see Figure 1). However, this model is not usually explicitly
taught until much later in secondary education.

It has long been recognised that part of the challenge of school science learning
relates to how learners are asked to cope with presentations at several ‘levels’ at
once (Johnstone, 1982, 1991). In particular, students are often presented with two
distinct re-descriptions or re-conceptualisations of phenomena they can observe,
framed in terms of the technical symbolic language, theoretical concepts, and ex-
planatory models used in science. In many topics students not only have to learn
how an observable phenomena is categorised and conceptualised in formal terms
(say a candle flame in terms of categories of chemical reaction and combustion)
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Figure 1. Conceptualising electrical circuits at two levels (Adapted from Taber, 2013)
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Figure 2. Science teaching as moving between different levels or domains (Adapted
from Taber, 2013)
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but also how scientists explain the phenomena in terms of models of the structure
of matter at submicroscopic scales (see Figure 2).

Circuit Diagrams

A key part of the challenge of learning about electrical circuits is the use of a scien-
tific formalism to represent circuits - circuit diagrams. To the experienced physicist
or science teacher a circuit diagram has probably come to be perceived as quite
like a circuit: it has the important affordances of both offering 1:1 correspondence
between components and their symbols, and also clearly reflecting the topology of
the circuit, and so how different components are connected.

However, learners faced with circuit diagrams may find they less obviously
reflect actual circuits, and can find it very difficult to build circuits from circuit
diagrams. Students have to both identify specific components from different symbols,
and appreciate how the formalism of straight lines and sharp corners can represent
the key aspects of the arrangement of various leads - inevitably taking up myriad
configurations on the bench, but seldom appearing linear.

Common Alternative Conceptions

Although current passing through wires is often made more accessible to students
through the use of teaching models making analogies (discussed further below) with,
for example, fluid flow through pipes, this offers limited explanatory power by itself.
Secondary students commonly commence formal study of the topic of electricity with
a vague notion of ‘electricity’ from everyday discourse, which is not differentiated
between current, potential difference, energy and power (Arnold & Millar, 1987).
Students commonly initially make sense of circuits in terms of intuitive ideas that
lead to mental models that have been labelled as ‘unipolar’ (something comes from
one side of the cell or battery to the component) or ‘clashing current’ (something
different comes from each side of the cell or battery and meets at the component).

Generally then a major shift is needed to persuade learners to consider that
something, charge in the form of a current, is flowing all around the circuit. How-
ever, this shift does not lead to a mental model of circuits that can support desired
learning unless current as a flow of charge is clearly distinguished from current as
a means of transferring energy. For one thing, current is conserved around circuits,
despite work being done in lamps and other components. Moreover, the charge that
is flowing does not really go anywhere (although in a direct current circuit individual
electrons do slowly drift around the circuit) — in the sense that the electrons in the
wires are simply replaced by other, entirely equivalent, electrons. The only structural
difference between the current carrying wire, and the same wire when it is not car-
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rying current, is that in the former case there is a very slight drift superimposed on
the otherwise random patterns of electron movements in the metal. (Indeed in a.c.
circuits, such as that used in house lighting, there is not even a net drift — and typi-
cally electrons may only shift a fraction of a millimetre before the direction of flow
switches). The speed of electron drift in a simple circuit is extremely slow from a
macroscopic perspective. Even in a physically small circuit it might take quite a few
minutes for a particular electron to move through a distance equivalent to that from
the cell terminals to a lamp: yet the circuit seems to work instantaneously. Students
do not have to wait several minutes for lamps to glow or ammeters to register current.

Circuits as Systems

The effect of current flow therefore can only be understood by coordinating ideas
about current with something else — energy or electrical potential. The circuit can
be understood as a device for transferring energy and the mobile charges that make
up the current are in effect energy carriers. A circuit needs to be understood in
terms of this process (i.e. systematically), but as Chi has reported, learners tend to
conceptualise scientific processes in terms of substances, and it is then difficult to
reassign the concept to a very different ‘ontological tree’ (Chi, 2008; Chi, Slotta,
& de Leeuw, 1994). Of course this is not a tendency of school students in particu-
lar — the history of science offers many examples adopted by respected scientists
— not just electrical fluid as used by Benjamin Franklin among others, but caloric,
phlogiston, the ether, vital forces, etc. - of substances or pseudo-substances once
mooted as elements of scientific explanations but now discredited.

Measurements of potential difference (i.e. ‘voltages’ in common parlance) are
indicators of the amount of energy being transferred in sections of the circuit. Where
students commonly expect current to diminish around the circuit, the scientific
account suggests they should instead be paying attention to the voltmeter readings
between different points around the circuit as this relates to where work is being
done in different components. In a series circuit with two dissimilar lamps, appar-
ent phenomenologically as glowing with different degrees of brightness, the same
current flow will pass through both (being determined by the total p.d. across the
circuit and its total resistance) but the p.d. across the two lamps will differ.

An electric circuit is therefore a system, and in a sense it is an emergent system,
as the different specific components, and their configuration, need to be specified
to understand what is going on at any point. Studies on student understanding of
systems suggest school age learners often have limited basis for understanding
systems and emergent phenomena (Wilensky & Resnick, 1999).

Taking these considerations together, it is perhaps less surprising that secondary
age students tend to (i) focus their thinking about circuits on current (something they
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can visualise); thus (ii) think primarily in terms of a substance-like entity (rather
than thinking in terms of process); (iii) consider the parts of a circuit sequentially
attempting to understand each point locally (rather than as one part of an interacting
system); and (iv) conceptualise the circuit in terms of current moving from a source
(the battery) and being ‘used up’ around the circuit. This alternative conceptual
framework is more accessible than the scientific alternative.

Given the very real barriers to effective learning about circuit concepts, and in
particular the abstract understanding needed to make good sense of circuits, it might
be questioned whether this is a suitable topic for teaching students at the start of
secondary education — perhaps instead electronic circuits should only be taught at
this age as part of technology classes so that students become familiar with compo-
nents and their affordances, to provide a context for theoretical learning later in the
school. However, in the English curriculum context discussed below (as many others)
teaching and learning about circuits is prescribed for lower secondary level science.

Challenges of Teaching Electrical Concepts
through Simple Circuit Work

Research suggests that although many students enjoy practical work in school
science, and some certainly develop competence in manipulative work (meeting
educational objectives in the sensori-motor domain), such activities are often less
successful in engaging students in using their observations to support conceptual
learning. Many school practicals are meant to illustrate scientific principles (Millar,
2004): butin science the link from observation to theory is often not straight-forward
(Kuhn, 1996; Lakatos, 1999), and expecting students to draw the ‘right’ conclu-
sions without careful scaffolding is often unrealistic (Abrahams & Millar, 2008).
Moreover, whereas research scientists practise and refine techniques they use on
a regular basis, school students are generally operating with relatively unfamiliar
apparatus and techniques. This adds to the excitement of lessons, but undermines
learning in two ways.

Firstly scientific apparatus often needs nursing to ‘work’ as intended. Polanyi
(1962) stressed how scientific work depends upon ‘tacit” knowledge that scientists
develop over time: implicit knowledge of how to get particular set-ups to work that
relies on close familiarity with that kit and laboratory environment. In principle,
scientific papers provide all the details for others to undertake the replications that
are part of science - but in practice new experimental set-ups can sometimes only
be transferred between research groups when scientists visit other labs so that the
scientist with the specialist experience can model the processes to others (Collins,
2010).
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Whilst the type of apparatus involved in school practical work in electricity is
routine and far from the forefront of research, it is notorious for being problematic.
Practical work can be spoiled for example by corroded switches and contacts; in-
termittent faults due to unseen breaks in insulated leads; old cells with high internal
resistance (so the measured terminal p.d. drops significantly as soon as an external
load is applied); lamps with partly evaporated filaments having very different power
ratings to other nominally identical lamps; and poorly calibrated meters. These dif-
ficulties can only be avoided when technical support is available to carefully check
all kit before each lesson - a time-intensive process - and the teacher or support staff
are able to fault-find during student work.

A second problem concerns the limits of human working memory (Baddeley,
2003). People can only mentipulate a limited about of material at any one time.
School practical work generally involves relatively novel aspects for learners (reduc-
ing the potential for ‘chunking’ to use working memory more effectively). Following
instructions, collecting and manipulating apparatus, and recording observations may
‘load’ students’ working memories in full. This will leave limited, if any, capacity
for the kinds of reflection on what is being experienced in relation to (often recently
introduced) concepts that is needed for what Abrahams (2011) refers to as ‘minds-
on’, rather than just ‘hands-on’, practical work.

SETTING THE STAGE
Electrical Circuits in the English Lower Secondary Curriculum

The present chapter describes the process of developing a research-informed teaching
module to support learners in developing a scientifically appropriate understand-
ing of simple electrical circuits. The work reported here derives from the English
context, where electricity is a major topic in the lower secondary school. At the
time of developing the module as part of the epiSTEMe project the English National
Curriculum for Science for 11-14 year old students had recently been revised (QCA,
2007). The new curriculum document might be considered ‘content-lite’ compared
to the previous version of the curriculum (DfEE/QCA, 1999), in part as a deliber-
ate attempt (a) to counter concerns about how in the previous curriculum excessive
prescription of content was limiting depth of treatment and restricting the teacher’s
flexibility and creativity in meeting needs of particular students (Hacker & Rowe,
1997; Jenkins, 2000; Kind & Taber, 2005); and (b) to balance prescription of subject
content with wider objectives relating to skill development and understanding the
nature of science (QCA, 2005).
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The physics content of the revised science curriculum for teaching across three
years of study (for 11-14 year olds) was reduced to “The study of science should
include energy, electricity and forces: (a) energy can be transferred usefully, stored,
or dissipated, but cannot be created or destroyed; (b) forces are interactions between
objects and can affect their shape; and motion; (c) electric current in circuits can
produce a variety of effects” (QCA, 2007. p.210). The notes provided in the cur-
riculum to explain the scope of the material to be taught about electricity (point
¢ above) was limited to “Circuits: This includes current and voltage in series and
parallel circuits” (QCA, 2007. p.210).

This provided limited guidance for teachers and a sharp change of approach.
The previous much denser curriculum document had been supplemented by non-
statutory schemes of work (QCA, 2000), and an extensive ‘national strategy’ for
teaching science built around a comprehensive framework document suggesting
how progression in understanding key concepts should be supported across the
three years of the lower secondary phase (Key Stage 3 National Strategy, 2002).

Teaching about ‘How Science Works’ as
Part of the Science Curriculum

Part of the rationale for the new curriculum was to increase the emphasis within
the secondary curriculum on the nature of science, or ‘how science works’ in the
terminology used in the curriculum documents. The importance of teaching about
the outcomes of science within a wider context has been recognised in many national
contexts for some decades. In the 1980s there was an ‘STS’ movement that sought
to prioritise teaching about ‘science and technology in society’ (McConnell, 1982).
There has also been a widespread movement to teach more about the nature of sci-
ence itself - in particular through informing school curricula with scholarship in the
history and philosophy of science (Duschl, 2000; Hodson, 2009; Matthews, 1994).

When the UK government decided to introduce a national curriculum into
English schools (Statutory Instrument, 1989), the original proposals for the sci-
ence curriculum included an attainment target focused on the nature of science.
However, later simplification of the proposals led to this aspect becoming largely
implicit - leading to it having limited effect on practice (Donnelly, 2001). Several
attempts were later made to address this concern through tweaks to the curriculum,
guidance documentation, and the assessment regime (Taber, 2008).

The 2007 revision of the curriculum was more substantial, reducing specification
of science content to be taught to brief topic descriptions such as those above, and
setting this content as just one of several aspects of the curriculum: so ‘range and
content’ (as it was headed) followed what was referred to as ‘key concepts’ and ‘key
processes’ (QCA, 2007). “Key concepts that underpin the study of science and how
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science works” (p.208) included scientific thinking, applications and implications of
science, cultural understanding and collaboration. ‘Key processes’ related to practical
and enquiry skills, critical understanding of evidence, and communication (p.209).
Under the heading of ‘scientific thinking’ students were expected to use “us[e]
scientific ideas and models to explain phenomena and develop... them creatively to
generate and test theories” and “critically analys[e] and evaluat[e] evidence from
observations and experiments” (p.208).

The TISME Initiative and the epiSTEMe Project

The epiSTEMe project was part of an overarching Targeted Initiative on Science
and Mathematics Education (TISME). TISME is a programme of research funded
by the UK’s Economic and Social Research Council in partnership with the Gatsby
Charitable Foundation, The Institute of Physics and the Association of Science
Education. The aim of the initiative was to find new ways to encourage children and
young people to greater participation, engagement, achievement and understanding
of Science and Mathematics. The initiative funded a number of projects including
one based at the University of Cambridge: Effecting Principled Improvement in
STEM Education (epiSTEMe). EpiSTEMe was concerned with student engagement
and learning in early secondary school physical science and mathematics.

The epiSTEMe project set out to develop classroom activities and supporting
materials that drew upon research-based approaches in four lower school science
and mathematics topics: probability and proportionality in mathematics and forces
and electric circuits in science. Our aspiration however, was not simply to support
the teaching of four topics, but to demonstrate how research-based pedagogy could
be built into school teaching schemes. It was hoped that if schools used and saw
the value of our modules these would provide experience in a particular teaching
approach and offer models of effective classroom activities. We looked to frame
classroom tasks that could help build students’ abilities to think as mathematicians
and scientists and support key conceptual advances in a topic. In particular, tasks
were designed to trigger critical examination of common alternative conceptions.
Lessons were planned around carefully crafted problem situations intended to ap-
peal to shared student experiences and interests. As the intention of epiSTEMe was
to adopt research-informed pedagogy, suitable existing classroom-tested activities
were incorporated into the modules alongside newly designed activities.

A distinctive feature of the epiSTEMe approach is its use of dialogue — in small
student groups and the whole class — to elicit and examine differing points of view
on problem situations (Howe et al., 2007; Kleine-Staarman & Mercer, 2010). As
it was recognised that students (and teachers) need to develop skills in working
through such approaches, an introductory module was developed to build teacher
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and student understanding of the value of talk and dialogue in supporting subject
thinking and learning, and to help teachers develops rules and processes to underpin
effective small-group and whole-class discussion. As a result, two topic modules in
each of science and mathematics were designed to stimulate and capitalise on talk
and dialogue, based on the assumption that ground-rules and good working habits
had been established through the introductory module.

The epiSTEMe team worked closely with teachers from several schools over
an 18-month period to develop, trial and refine the intervention. The development
process drew on the expertise of teachers and researchers, as well as on a synthesis
of relevant research literature (Ruthven et al., 2010) and analysis of evidence from
classroom trialling. Its aim was to generate resources for developing teachers and
teaching students, as well as to improve understanding of teaching and learning
processes in school science and mathematics.

Teachers from partner schools enrolled in the project attended project days with
the university team to discuss the aims of the project, to explore the pedagogic ap-
proach, to critique (and sometimes try out) draft activities and to make suggestions
for modifications or additional activities drawing on their own teaching repertoires.
In particular the classroom practitioners were able to offer advice on how the con-
straints of their real teaching contexts should be considered in planning teaching and
learning activities. Sometimes teachers were video-recorded trying out activities
with their own classes to allow later review at a project day. Through this process,
module materials were refined sufficiently to be suitable for testing in schools that
had not been part of the development process.

CASE DESCRIPTION
Principles Adopted in Developing the Electricity Module

The module on electric circuits was informed by the general principles adopted in
epiSTEMe, combined with specific considerations particular to the topic. A feature
shared with the other topic modules was orchestration of lessons to permit shifts
between student group work and teacher-led full classroom discussion; and which
moved between eliciting and examining students’ own thinking, and considering
the canonical curriculum accounts reflecting scientific concepts and models. This
is the type of approach discussed by Mortimer and Scott (2003) in their exploration
of classroom science teaching. This is considered further below.

The perspective informing the development of the module was personal con-
structivism, in the sense of psychological or pedagogic constructivism (Glasers-
feld, 1989; Sjgberg, 2010; Taber, 2009), which suggests that each person has to
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interpret their experiences to construct their own understanding of the world. The
corollary of this principle is that all learning is contingent upon the interpretative
frameworks available to a learner and so the teacher cannot assume that teaching
will be understood as intended. Sometimes personal constructivism is presented as
being in opposition to social constructivism or constructionism, but the version of
constructivism adopted here fully acknowledged thathuman learning normally takes
place in a social context, and that culture provides affordances and constraints on
learning (Kleine-Staarman & Mercer, 2010; Scott, 1998). School learning is often
highly contingent not only upon the student’s prior learning, but also on features of
the classroom context (Finkelstein, 2005): such as curriculum, teaching approach,
teacher language, teaching models, and in particular learning activities and the op-
portunities for engagement with ideas these provide.

The module included an extended series of group practical activities of building
and examining simple circuits. In selecting electricity as a project topic it would
have been possible to have focused on building circuits with different transducers
(lamps, buzzers, light dependent resistors, light emitting diodes etc) in response to
problems thatcould have been contextualised in everyday situations. So, forexample,
students could have been asked to build a circuit that turned on a light if it was dark
when someone (who could not see the light switch) whistled. This would have mo-
tivated problem-solving through everyday relevance (and would have matched the
kind of approach used extensively in the other epiSTEMe topic modules). Such an
approach could have treated circuit components as ‘black boxes’ and been based on
how technological solutions are met by using logic gates and various transducers
in different combinations.

However, as suggested above, the key problem for science educators in a cur-
riculum context that expects learners to understand basic circuit principles is how
to help learners to acquire a scientific model of current in circuits that distinguishes
the flow of charge itself from the energy being transferred through the circuit. It was
decided therefore to focus on these more fundamental abstract aspects of circuits
rather than their technological applications. Given the problems, described above,
that lower secondary students often experience in making sense of scientific models
of circuits, there might be a case for arguing that theoretical understanding could
be deferred to upper secondary level, and that it is more appropriate to provide ex-
perience of practical uses in the lower secondary school: but since the prescribed
curriculum was set out in terms of the physical principles, these were addressed.

Minds-On Practical Work

As suggested above, there are significant challenges in expecting students, espe-
cially those in the lower secondary school relatively unfamiliar with circuit work, to
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Figure 3. Predict-observe-explain was used to motivate dialogue within groups
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make the desired links between observations made when constructing circuits and
the concepts they are expected to learn. In particular, these concepts will often be
contrary to the mental models students develop from their intuitive ways of making
sense of electrical circuits.

The core of the module was a sequence of practical activities organised around
building simple series and parallel circuits. Despite the potential difficulties asso-
ciated with practical work it was considered important to include ‘hands-on’ work
to motivate students to see a need for modelling what was going on in circuits by
presenting actual phenomena to be explained.

In order to ensure the work was also minds-on this was undertaken within a
dialogic frame at two levels. Firstly, the circuit investigations were to be undertaken
within groups where (a) students had been taught about effective group work in the
epiSTEMe introductory module, and (b) the P-O-E technique was adopted so that
circuit building would be undertaken with a view to testing particular ideas about
what was going on in circuits (e.g. see Figure 3).

Secondly, the teaching and learning activities were designed to shift between
group work and classroom-led discussion where the teacher was asked to work with
students’ ideas and explore their adequacy in relation to the empirical observations.
It was also recommended that (given the potential for equipment failures to lead to
anomalous results) the teacher should reinforce student findings by using either a
large demonstration version of the circuits students were building, or projected
computer simulations of the circuits, to ensure that the scientifically ‘correct’ ob-
servations were being discussed and recorded by students.

This central core to the module involved learners in a succession of similar
activities as they built a sequence of circuits allowing comparisons to be made be-
tween different arrangements of circuit components. We were aware in designing
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the module that different classes would progress through the material at different
rates, and that teachers saw the limited number of lessons they could commit to any
particular topic as a major constraint. We therefore included some optional mate-
rial, and wrote modules that allowed differentiation by giving teachers flexibility
to choose to omit some activities for some groups of students.

The epiSTEMe electricity module allows learners to work their way through a
series of closely related practical exercises to help them build up a conceptual under-
standing of phenomena - that is it offers an opportunity to experience a much more
authentic form of scientific enquiry than a series of discrete stand alone practicals
each related to a distinct scientific idea. This more authentic approach also helps
counter the problems referred to above of working with unfamiliar kit which tends
to lead to a major part of both time on task and working memory capacity being
given over to manipulation, leaving less resource for mentipulation of the ideas the
practical work is meant to link to.

Building upon Existing Good Practice

The epiSTEMe project, then, sought to build upon, and develop design principles
around, existing research and demonstrated good practice. Within the electricity
module this was enacted in two ways. The common use of models and analogies in
teaching this topic was developed and made a key focus of the module (see below).
In addition it was decided by the research team that rather than just writing new
activities, it was important to include existing research-informed teaching resources
developed by other researchers. In particular we draw upon two existing sources.
One of these is the UK’s Institute of Physics’ ‘Supporting Physics Teaching 11-14’
materials (Whitehouse, 2002). The other is guidance materials published as part
of a government funded ‘National Strategy’ (The National Strategies Secondary,
2008). These in turn drew upon activities designed as part of a teaching scheme
(Hind, Leach, Lewis, & Scott, not dated) developed at the University of Leeds dur-
ing a funded project (the Teaching and Learning Research Project funded by the
UK Economic and Social Research Council).

So for example, one of the activities included in the epiSTEMe module was ‘the
big circuit’ - a teacher-led activity asking students about what would happen to a
lamp when a switch is closed in a circuit that is set up around the full perimeter of
the room for dramatic effect. The teacher elicits student thinking about the circuit,
and in particular the time it might take for a lamp some considerable distance from
a switch or battery to light. The activity is designed around two conceptual tools
referred to as ‘learning demand’ and the ‘communicative approach’ (Ruthven,
Laborde, Leach, & Tiberghien, 2009). Learning demand (Leach & Scott, 2002)
concerns analysing the ‘gap’ between students’ current thinking and the canonical
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Figure 4. Questions highlighting the mapping of an analogy to electric circuits

Making sense of series circuits (1)  Making sense of series circuits (2)

Using the supermarket delivery vans model, make complete sentences by

matching the phrases on the left with those on the right. Use ai ) Using the supermarket delivery vans model, make complete sentences by

matching the phrases on the left with those on the right. Use arrows.

1) The bakery stores the A) ...asingle electron carrying

goods in a similar way to... some energy around the circuit. However, the supermarket delivery vans model is only a model, so...
2) The roads have a similar B) ...like a lamp spreads out 1) Vans come in different A) ...aswitch willimmediately stop

role to... energy brought by the current. shapes and sizes, current flowing all the way

whereas... around the loop.

3) The supsrmarket allows C) ...a switch which can stop the

goods from the van to be current

widely spread... ) ) 2) Traffic lights only stop the B) ...the current does not stop as
4) The vans that move around D) ...the wires that provide a vans in one place, long as there is an energy

the roads are like... pathway for the current. whereas... source and a complete circuit.
5) Each individual ith it E) ...the Ml i te f .

) |0aa‘; (;fng:;dl:?svlsgw s ) © cellis a store of energy. 3) Vans stop when drivers .
F) ...the current that flows around need rest or meals, C) ...all the electrons moving
6) Traffic lights are like... the circuit. whereas... around a circuit are identical.
© epiSTEMe 2009/10 © epiSTEMe 2009/10

account presented in the curriculum - that is, it is a constructivist model stressing
the importance of diagnostic assessment in classroom teaching (Taber, 2014). The
communicative approach (Mortimer & Scott, 2003) refers to the kind of dialogic
teaching referred to earlier where the teacher moves between exploring different
ideas suggested by learners and presenting and advocating the scientific account
set out as target knowledge in the curriculum.

The Use of Teaching Analogies and Models

Another feature of existing good practice built into the epiSTEMe module was the
use of teaching analogies for thinking about what is going on in circuits. In the Big
Circuit activity, for example, as presented in the original Leeds teaching scheme,
a ‘teaching story’ is introduced to compare the circuit with an everyday situation
that would be accessible to learners: the delivery of bread from bakeries to keep
supermarkets stocked by fleets of delivery vans (Hind, Leach, Lewis, & Scott, Not
dated). A key feature of this analogy is that although it is the vans flowing around
the distribution network, the number of vans is conserved as they act as carriers of
something else - loaves of bread (see Figure 4). This is analogous to how electrons
in circuits act as ‘carriers of energy’ allowing energy to be transferred from the
store in the battery to the lamp (or other transducer) by a current that is constant
around the circuit (as current reflects the amount of charge flowing at a point, not
the energy associated with it).

The use of teaching analogies of this kind is ubiquitous in science teaching across
a wide range of topics (Harrison & Coll, 2008; Harrison & Treagust, 2006). The
principle here is simple enough: teaching is about making the unfamiliar familiar,
and one way we can do this (especially where there is not the option of directly
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demonstrating a teaching point) is to make comparisons with what is already famil-
iar. Teachers use explicit analogies as well as metaphors and similes to help learn-
ers anchor new ideas within existing propositional knowledge, and so to ensure
teaching is perceived meaningfully and more likely to lead to learning (Ausubel,
2000). So it might be said that the nucleus is the control centre for a cell, that en-
zymes fits into substrates like a lock and key, and so forth.

Such devices are very common in teaching, although it is recognised that there
are potential problems. Students at secondary level often display a relatively lim-
ited appreciation of the epistemological role and nature of models and analogies
(Treagust, Chittleborough, & Mamiala, 2002) - for example treating comparisons
more ‘literally’ or realistically than is intended. In the case of analogies, students
may transfer inappropriate attributes from the analogue to the target (Nakiboglu &
Taber, 2013; Taber, 2001) unless teaching is clear about the positive and negative
aspects of the analogy (Gentner, 1983). Despite these limitations, previous work
with trainee teachers teaching about the nature of ideas and evidence in science had
suggested that there was considerable potential to support learning about electric-
ity by working with analogies, models and creative writing (Taber, de Trafford, &
Quail, 2006).

MAKING MODELS AND ANALOGIES A
CENTRAL FEATURE OF THE MODULE

The incorporation of teaching models and analogies in a module on electric cir-
cuits was not in itself novel, however the epiSTEMe module went beyond this. The
module was designed to be in the spirit of the recent curriculum changes (discussed
above) in that it foregrounded learning about the role of models and analogies in
science alongside the learning of the specific topic of electric circuits. That is, the
inclusion of models and analogies was not intended just to support learning about
circuits, but also to support learning about a key feature of the nature of science
(or ‘how science works’) that was highlighted in the new curriculum (QCA, 2007).

The intention then was to build synergy into the design (see Figure 5). The use
of teaching models and analogies would help learners make the unfamiliar world
of electrons and potential difference meaningful by comparison with familiar situa-
tions and experiences. However, the topic of electric circuits would also provide an
authentic context for exploring how scientists use such devices as thinking tools in
their work - for example in making predictions to test through empirical investigation.

This aim also had the advantage of offering a response to the minority of students
(sometimes including some of those who already have a relatively strong concep-
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Figure 5. Synergy between learning about scientific ideas, and learning about the

nature of science
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THE USE OF MULTIPLE MODELS

An important feature of this approach was the use of multiple models, in keeping
with the principle that learning abstract scientific ideas is supported by the use of
multiple representations (Tsui & Treagust, 2009; Tytler, Prain, Hubber, & Waldrip,
2013). Simply offering one model that generally ‘worked” might have supported
learning about electric circuits but without teaching about the role of models, and
with the danger of inappropriate transfer of associations of the model, or the expecta-
tion that the model would always ‘work’ (apply) even though models and analogies
generally have limited ranges of application.

Teachers were encouraged to elicit learners’ own suggestions and develop those,
but built into the teaching materials were three models that student were explicitly
asked to consider and seek to apply. One of these was a version of the supermar-
kets/bread van model discussed above. A second was based on a physical model
students could try in class using a loop of rope that was held in the hands of a series
of people around the ‘circuit’ to represent current flow. The third model was a role-
play (Dorion, 2009) where students take on the role of electrons moving packets of
energy from a source (battery) to another circuit component (lamp).
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Figure 6. The module included opportunities to work with representations to model
aspects of circuit phenomena
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There is now an increasing awareness in science teaching that learning is often
supported by both multi-modal teaching (Jewitt, Kress, Ogborn, & Tsatsarelis,
2001), and through asking students to find alternative ways of representing the same
information (Tytler et al., 2013). The first analogical model was taught primarily
through diagrams: the other two involved embodied learning - through students
interacting with a physical model of current in a circuit, and playing a part in a
physical simulation of current.

Offering three models motivated genuine questions about the extent to which
the different models ‘worked’ in supporting thinking about different aspects of
the actual circuits students could build, and how predictions informed by thinking
about the different models were or were not supported by observations of actual
circuits. In addition to the analogical models explored through the module, explicit
opportunities were built into the module to consider the affordances of different
kinds of representations of circuit phenomena (e.g., see Figure 6).

Teaching about Models and Analogies in Science

The intention that analogies and models should take a central role in the module was
reflected in the inclusion of explicit teaching about this theme early in the module.
Slides to introduce the use of analogy in science were included in the teaching
materials provided, along with related activities. These included asking learners
to suggest their own analogies - an activity that had been successfully used in an
earlier project (Taber, 2007).

The three different analogical models built into the module were introduced
and explored through teacher led discussion. The students were then asked to work
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Figure 7. Students were asked to explicitly evaluate the models they had used
throughout the module
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with the models when undertaking the ‘P-O-E’ based investigations of a sequence
of circuits. During the teacher-led classroom discussions the teachers were asked to
explore and work with student thinking about both the circuits themselves and the
models. Later in the module students were asked to critique and evaluate the three
analogical models they had used through the unit (e.g., see Figure 7).

Extensive Use of Circuit Diagrams

As suggested above, circuit diagrams offer an additional challenge for students in
circuit work. This was a concern for some of the teachers we worked with, as they
rightly recognised how presenting formal circuit diagrams to students added to the
cognitive demand of the work. On the advice of the teachers we included hybrid
diagrams (showing pictorial representations of components in circuits) in the earli-
est activities of the module. However it was felt to be important to ask students to
engage with formal circuit diagrams for much of the work as this is a core form
of representation used in science that allows ready tracing of the key topological
features of circuits (in particular where current splits in parallel branches).

Moreover, in a module with a strong focus on models and modelling in science,
circuit diagrams offered an example of a commonly used representational model.
It was also considered that, as with using the practical apparatus, asking students to
undertake an extended sequence of activities using the representations would sup-
port developing familiarity to the point where this ceased to make a major demand
upon student working memory.

We incorporated an initial diagnostic activity into the module asking students to
match circuits from the two types of diagrams, thus giving teachers an opportunity
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Figure 8. Building familiarity with circuit diagrams is considered an important
prerequisite to working effectively with such diagrams in circuit building
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to see whether students could readily cope with the representations, for example
perhaps based on earlier primary school work on electricity. Early in the module
students were introduced to a small selection of circuit symbols to be used in the
lessons, along the lines that “circuit diagrams are a special kind of model that is
useful to represent circuits in science. Circuit symbols are like a special (graphical/
diagrammatic) language or code”. The students then undertook an activity on ‘break-
ing the circuit code’ (see Figure 8) that asked groups to visit 6 different circuits set
up at stations around the teaching room and work out which circuit matched each
of six circuit diagrams on their worksheet.

This introductory activity preceded the group practical work where students
were asked to think about circuits represented as diagrams in terms of the three
analogical models, and then to build the circuits represented. At the end of module,
one of the review activities provided was a game of circuit dominoes - which required
students to recognise where differently drawn circuit diagrams represented substan-
tially the same circuit (see Figure 9). This was provided with different levels of
complexity, to allow differentiation in the challenge of the task.

The epiSTEMe Module

After various drafts, and piloting by teachers in our partner schools, a version of the
module was produced that the project team felt was ready for making available to
teachers more widely. The module materials comprise a series of slides for teacher
presentation to support discussion; a workbook for students; teachers’ notes (see
Figure 10) and technician notes. These are all available to any educator or researcher
who contacts the authors.
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Figure 9. Review activities reinforced working with, and thinking about, the circuit
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Although we recognised that teachers would need to organise material according
to their school timetable structures (as length of lessons - classroom periods - vary
between schools) and to meet the needs of particular teaching groups, we were
encouraged by teacher partners to present the activities within nominal coherent
lessons (see Figure 10). We expected teachers to retain the sequence of the module,
but not to feel bound by the suggestions for how much material was to be included
in a particular lesson.

CURRENT CHALLENGES

One comment received in feedback on the electricity module was that the work on
building the different circuits was time-consuming and involved students undertak-
ing a number of similar activities (that is, building a sequence of circuits embedded
within group-work structured around P-O-E). The implication was that school sci-
ence should not be repetitive - even though arguably much professional science is
precisely of this nature. This may reflect an apparent obsession within the school
inspection system in the UK on ‘pace’: that students should be seen to be making
progression in moving forward in their learning. Some teachers felt that school
inspectors (or senior staff from their own schools conducting lesson observations)
would expect to see obvious progression between clearly discrete activities - each
with its own closure within the lesson. Teachers in England feel they are expected
to demonstrate new learning at the end of each lesson, even though educational
research shows that substantive conceptual change is a slow process that requires
integration across sequences of learning activities (Vosniadou, 2008). Clearly there
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Figure 10. Teaching and learning activities were organised into possible lessons
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is a danger here of teachers focusing on achievable short-term objectives to the

detriment of longer-term aims.

per

This can be a real concern if teachers are worried about spending extended
iods developing ideas because they feel they should be seen to be moving on

to something that is clearly (to students, and any visiting inspectors) ‘different’.
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Common criticisms of the English science curriculum have been the lack of depth
which limits engagement with concepts - something that is of particular importance
to the most gifted learners in science (Taber, 2010) - and the tendency for teachers
to limit practical work to that considered to be clearly linked to formal assessment
(Hacker & Rowe, 1997).

A serious concern then is that making our materials available unconditionally,
without for example requiring attendance at related professional development ses-
sions, risks our activities being used without being informed by the research-based
design principles. Many teachers practise a form of professional bricolage, acquiring
teaching materials to be ‘mixed-and-matched’ and adapted to fit existing teaching
habits. Yet teaching with the epiSTEMe materials may not reflect the epiSTEMe
approach unless teachers adopt something of the philosophy behind the project and
incorporate the pedagogy we have put together rather than just use the materials. A
key feature is the dialogic aspect, which requires both that teachers prepare students
for effective group work, and that teachers orchestrate the shifts between inviting
and exploring different views, and presenting the case for the scientific account.

Within the electricity module itself, our specific additional concerns are that
teachers will not give students sufficient time to work carefully through the sequence
of activities as intended, or may fail to maintain the exploration of the analogical
models through the different circuit contexts that allows learners to appreciate how
models are used and evaluated as thinking tools. In particular, unless teachers insist
that learners take time to work through the P-O-E activities as instructed, shortcuts
will be taken in building circuits before carefully thinking through what is expected
to happen. The limited observational work we were able to carry out in the epiS-
TEMe project with teachers who had not been involved in the development process
suggests these are real concerns, at least in the UK context.

SOLUTIONS AND RECOMMENDATIONS

Our experience in piloting the materials with partner project teachers was that students
certainly demonstrated learning gains in relation to understanding electrical circuits
through the module. Pre- and post-tests were developed using assessment questions
based on existing assessment materials for this topic to ensure content validity, as
we intended to undertake a randomised field trial of the modules by comparing
students in classes of teachers having attended two days of teacher development and
using the materials, with students in (as far as possible) matched schools working
with teachers teaching according to their usual schemes and approaches. (These
teachers of ‘control’ classes were offered teacher development and access to all the
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materials at the end of this process. The trial has now been completed, although
analysis of data is not yet complete.)

The epiSTEMe electricity module integrated teaching and learning about a sci-
ence topic, electric circuits, with teaching and learning about a key feature of the
nature of science, the role of models and modelling. Any learning gains in relation
to this key curriculum aim would be in addition to the learning that took place about
circuits themselves. As it would have been unfair to test students on this aspect of
learning in classes where teachers were not following the epiSTEMe module, we
did not collect data about this during the field trials.

The epiSTEMe project reinforced the possibility of designing teaching modules
in science and mathematics according to what are now well-established pedagogic
principles. The project also reminded us of the barriers to working in partnership
with schools in such projects - personnel changes and constraints due to other school
priorities limited the continuity of the wider development team and restricted the
opportunities for effective piloting of materials. Two schools that worked with us
throughout the development process have since worked towards embedding the
pedagogy exemplified through epiSTEMe more widely into departmental teaching
- but have to date succeeded to different degrees.

Our observations of classes using epiSTEMe materials taught by teachers who
had attended our teacher development days reminded us of the difficulties of bring-
ing about changes in teacher behaviour in their classrooms. Expecting teachers to
shift towards more dialogic teaching approaches without extensive support and
opportunities for feedback and review may be overly optimistic. Whilst this should
remain an important aim, itis clear many teachers find it difficult to make substantial
changes from familiar classroom approaches and this might reinforce the importance
of research-informed initial teacher education programmes in setting up effective
pedagogic habits from the start of a teaching career.

The materials from epiSTEMe are now available, and the authors would wel-
come approaches from those who wish to either critique them to inform their work
in research-based instructional design, or even to test them out in teaching in their
own local educational contexts. The electricity module might be of particular in-
terest to those exploring how to embed learning about nature of science objectives
into teaching of mainstream science topics. There has been debate about the best
ways to teach nature of science objectives in relation to science ‘content’ objectives
(Hodson, 2009), and the adoption of the electricity module design would benefit from
careful examination in this regard. We would welcome evaluation of the module in
diverse classroom contexts, especially where it is possible to (a) explore classroom
processes (e.g. the nature of student group work; the extent of dialogicity in teach-
ing); and (b) to simultaneously investigate learning gains across both the domains
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of physics subject knowledge (electric circuits) and the nature of science (the role
of models and modelling in science).
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KEY TERMS AND DEFINITIONS

Constructivist Perspectives on Learning: Constructivist perspectives on learn-
ing consider that knowledge is not ‘out there’, waiting to be found, but is constructed
by people as they make sense of the world, and that there are constraints on this
process (for example, limitations characteristic of human perception and cognition).
Personal constructivism sees the key processes of learning occurring within the
minds (and so the brains) of individual learners, whereas social constructivists put
more emphasis on the ways culture and social interaction shape learning and the
development of understanding. Whichever emphasis is adopted, it is recognised that
what is learned is highly contingent on a range of factors that include elements of
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the learner’s existing conceptual structure (e.g. prior knowledge and beliefs) and
how these interact with specific features of teaching and the social context of learn-
ing. In the context of the reported project one example would be how the electrical
circuits module was designed to give opportunities for the elicitation of common
alternative conceptions (such as the idea that current values must change around
a simple series circuit) and their consideration in relation to empirical evidence
collected by students.

Design of STEM Teaching Modules: Teaching of formal curriculum is often
organised into sections (often referred to as modules or units) based around a par-
ticular topic or concept area - such as electrical circuits. STEM teaching modules
are these units of planned teaching in the relatively cognate subject areas of science,
technology, engineering and mathematics. The design of STEM teaching modules
in the reported project included considerations about the selection and sequencing
of content, but also considerations about how features of effective and research-
informed pedagogy are adopted when planning the teaching and learning activities
and supporting curriculum and assessment materials. For example, the adoption
of a constructivist perspective on learning informs the way teaching is designed to
acknowledge and respond to students’ existing ideas, and a commitment to dialogic
teaching informs how canonical ideas are introduced and developed in the classroom
and related to students’ existing ideas.

Dialogic Teaching: Teaching is understood as behaviour which is intended to
bring about learning. Dialogic teaching is that in which both teachers and learn-
ers make substantial and significant contributions to classroom talk. The teacher
encourages learners to participate actively and so enables them to articulate, reflect
upon and modify their own understanding, while also providing them with clear
guidance, feedback and authoritative accounts of relevant knowledge when appro-
priate. It normally involves both teacher-led, whole-class sessions and group-based
activities where learners can learn collaboratively. An important basis for dialogic
teaching is that both the teacher and the learners appreciate the potential value of
talk for learning, and of how that potential can best be realised.

Learning about Electrical Circuits: ‘Electrical circuits’ is here understood as
a focus of the topic of ‘electricity’ which is set out as part of the lower secondary
school curriculum in England. In particular, in the context of the reported project,
this concerns learning about how electrical current flowing in a circuit relates to
the configuration of the circuit (e.g. the number of resistive components and how
they are arranged).

Learning Science: Learning is understood in this chapter as a change in the
potential for behaviour. In the context of the reported project this could mean that
after learning a student is able to offer an explanation of what electrical current is
that they could not have offered before learning, or that after learning a student could
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offer reasons why using analogies to model circuits reflects scientific practice that
they would not have been able to suggest prior to learning.

School Science Practical Work: The term ‘practical work’ within school sci-
ence is usually intended to refer to laboratory or field work carried out by students.
Such activity is often described by students as ‘experiments’ although much school
practical work has involved practising of laboratory techniques, or carrying out
procedures to demonstrate accepted (rather than to test conjectured) ideas. Practi-
cal work includes enquiry (or inquiry) work where students undertake authentic
investigations as well as more routine activities. Sometimes such activities as the
secondary analysis of existing data sets have been considered to fall under the heading
‘practical work’ although this does not involve students themselves in the ‘practi-
cal’ activities of collecting data through observations and measurements. Arguably,
it is useful to distinguish learning activities that do have a practical (laboratory or
field) component from the broader notion of ‘active’ learning where students are
engaged in activities (group discussions, data analysis, model building) that do
not involve specialised locations or apparatus. Collection and analysis of data by
remote use of apparatus is becoming a more common type of practical work, and
the collection and analysis of data produced by computer simulations may be seen
as a borderline case of ‘practical” work. In the context of the reported project the
practical work undertaken was primarily the construction of electrical circuits by
small groups of students to test their predictions and provide empirical evidence to
inform discussion of their ideas.

Teaching about Models and Analogies: A model is a representation of some-
thing in another form (e.g. a mathematical representation of a pattern observed in
measurements of some physical quantity) which is considered to be able to stand
for some aspect of what is being modelled. Scientific knowledge is often formu-
lated as models, and the development of scientific knowledge often involves the
construction and testing of various kinds of models. Analogies are comparisons of
structural similarity between different systems (such as comparing nucleus-electron
interactions in an atom with sun-planet interactions in a solar system). The creative
aspect of scientific work, which generates ideas to critique and test, often draws
upon analogies as novel ways of thinking about a target phenomenon or concept.
The topic of electricity is often taught at school level using teaching models and
analogies, but teaching about models and analogies involves making explicit the
roles of the models and analogies and acknowledging how this reflects aspects of
authentic scientific practice.

Teaching about the Nature of Science: Teaching about the nature of science
complements teaching about the output of the scientific process (i.e. consensus models
and theories that are considered the ‘content’ to be taught) and is widely considered
to be important both for future scientists and as part of the education of any scientifi-
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cally literate citizen. Teaching about the nature of science includes consideration of
both the fundamental commitments of science that inform what might be called the
scientific attitude, or scientific values, and the processes of science. The latter goes
beyond scientific method to appreciate both the way scientific knowledge may be
robust yet always open to reconsideration, and how scientific knowledge develops
from the mediation of creative human thinking through social/institutional processes.
In the context of the reported project the main focus of teaching about the nature of
science concerned how models are used as tools for developing explanations and
for making predictions that can then be tested empirically.
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