Some models for developing beginning students’ understanding of electric circuits

Introduction: The challenges of teaching electric circuits

The topic of electric circuits occupies a prominent place in science curricula for the early years of secondary school, but it is one that poses many challenges for both teachers and students.  Students may enjoy connecting up circuits, but right from the beginning it is possible that some circuits, possibly set up inadvertently in the course of exploration, will be observed to behave in puzzling ways.  Even simple circuits and standard parallel and series connections may create a dilemma for the teacher: once the students have succeeded in making the circuits, what does the teacher do next?  He or she can, of course, introduce formulae to calculate currents for given combinations of resistances, but formulae are already an abstract representation of the circuit and, as such, are inappropriate for beginning students and potentially alienating even for those who are older.  How can one build a bridge between the physical circuit and the abstract formulae in order to facilitate meaningful learning?  The majority of textbooks are of little help as they generally introduce formulae with little explanation of the meaning of the physical quantities themselves, and even less of the reasons for the relations between them.

The problem is a serious one, well recognised within the science education literature where the problems students face in making sense of electric circuits are extensively documented.  Research shows that students generally fail to differentiate the fundamental concepts of current and energy, and have a poor understanding of the qualitative effects of resistances.  The conceptual difficulties can be attributed to the fact that these quantities cannot be directly observed: they can only be inferred from their effects on the brightness of a globe or the deflection of a meter.  Any attempt at ‘explanation’ inevitably requires recourse to models and analogies.  Pamela Mulhall and her colleagues, Brian McKittrick and Richard Gunstone, have argued that there is no agreement about what analogies, metaphors and models are appropriate at different stages of learning about electric circuits(Mulhall, McKittrick et al. 2001).  I would go further and assert that there is a deeply ingrained reluctance on the part of physicists to employ such explanations at all.  This is because all analogies, models and metaphors are imperfect, limited and inaccurate, and only the mathematical representations give a ‘true’ account of reality.  However, as I have already indicated, while mathematical representations may be appropriate for the mature physicist, they create a pedagogical problem for beginning students and their teachers.

So, in this article I want to present some models that I have used in teaching electric circuits, and that I have found to be effective in helping students to bridge the gap between the physical circuit and mathematical representations.  To set this in context I first describe some practical explorations that enable students to raise questions that the models will help to answer.

Overview of the practical activities

1. Investigating a torch

1a Making a globe light

You need:

· pieces of insulated electrical wire, with the ends stripped bare

· a 1.5 V battery

· a 1.2 V torch globe

· some masking tape.

1. Find out what arrangements of the wires, battery and globe make the globe light.  How many different arrangements work?  How many arrangements do not work?  Use drawings to record some of the arrangements that work and some that do not.

2. Can you explain why some arrangements work, and others do not?

3. Now, use a hand lens to look carefully at the filament in the globe.  Draw what you see.  How does this help explain why the wires have to be connected in a particular way for the globe to light?

4. Look at how a globe holder is constructed.  Can you see how the connections are made?

5. Look at the connections for a household light globe.  Can you see how the connections are made?

1b Switches: predict, observe, explain (POE)
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You need:

· a 1.2 V globe and holder

· a 1.5 V battery and holder

· 6 connecting wires (with banana plugs or alligator clips) 

· a press switch

You are going to connect the battery and light globe as shown in the diagram below.  Then you are going to include a switch in the circuit.

Before you connect the circuit, think about this question and record your answer.
1. Where would the switch have to be placed in the circuit to make the light turn on and off?

A. between the positive side of the battery and the globe?

B. between the negative side of the battery and the globe?

C. on either side of the battery – it doesn’t matter?

Give a reason for your answer.

2. When you have recorded your thoughts, connect the battery, globe and switch into a circuit, and test your prediction.

1c How does a torch work?

Dismantle a battery operated hand held torch.

1. Identify the closed path followed by the electrons when the torch is operating.

2. How does the switch operate?

3. Does it matter which way round the batteries are placed in the torch?  Why doe it matter in the torch but not in the simple circuit shown above?  (This is a nice illustration of the distinction between what is scientifically possible and what is technologically possible.)

4. Make a diagrammatic drawing of the main parts of the torch.  Show the closed circuit with a solid coloured line.

5. Draw the corresponding circuit diagram.  Label the main components of the torch on the circuit diagram: A, B, C etc.  Mark the corresponding components on the diagrammatic drawing of the torch with the same letters.

2. Different types of circuits

You need:

· two 1.2 V globes and holders

· a 1.5 V battery and holder

· 8 connecting wires (with banana plugs or alligator clips)

· a press switch

1. How many different ways can you connect two globes into a circuit?  Draw the circuit diagram for each connection.  Have your teacher check your circuit and circuit diagram before going further.
2. Compare the brightness of the globes in the different circuits with the brightness of the globe in a circuit containing only one globe.  Record your observations.  Can you explain any similarities and differences in the brightness observed?

3. In each circuit, can you place the switch so that it controls:

A. both globes, with both either on or off at the same time?

B. both globes, with one globe on when the other is off and vice versa?

C. one globe only, with the other on all the time?

D. the other globe only, with the first globe on all the time?

Comments on the activities

At the end of activity 1a (making a globe light) the conventions for drawing electric circuits can be introduced.  In the course of activity 2 the terms ‘series’ and ‘parallel’ can be introduced to describe the different connections.  Students should also be told, when the issue arises, that there may be several apparently different physical circuits and diagrammatic representations that are logically equivalent.

In the course of activity 2 some anomalous circuits will arise.  Typically these are all variations on the one shown in the following diagram.  They are likely to be puzzling to students because closing the switch will cause the globe to turn off.  Students should be asked to record such puzzles as well as other questions that arise.  These can be collected and displayed, either on the blackboard/whiteboard or on butcher’s paper/posters.

I incorporate a number of other extension activities, which I do not have space to describe here in detail.  These include dissecting a dry cell battery, making a ‘fruit’ battery, and connecting more challenging circuits.  Such extension activities mean that students can work in groups at their own pace, but I can be sure that everyone completes those activities which are essential for the discussion that follows.  The groups that complete the additional activities can report their findings to the class at a later time.

Models and explanations

Making the globe light 1: closed path for the current

Trial and error will lead students to the realisation that, for the globe to work, one connection must be made to the collar of the torch globe and another to the ‘button’ on the underside of the globe.  Observing the inner components of the globe will readily lead them to surmise that one of the two ‘stalks’ supporting the filament is connected to the collar and the other to the button, so that when the external wires touch at these points a complete circuit is made.

Before attempting to explain why a complete circuit is required, students need some understanding of the role of electrons in an electric circuit.  In the atomic lattice which forms the structure of the metal wire, atoms are arranged in a regular three-dimensional array, but one or more valence electrons of each atom are relatively free to move.  In any length of wire not attached to a circuit, these electrons are in constant random motion, drifting from one atom to another.  A ‘circuit’ may be formed by connecting the positive terminal of a battery to one end of a metal wire and the negative terminal of the battery to the other end of the wire.  At the positive terminal the battery ‘removes’ electrons from the metal wire, then ‘pushes’ the electrons through the battery to the negative terminal and into the other end of the metal wire.  As a consequence, electrons ‘drift’ through the metal wire from the negative battery terminal to the positive battery terminal.  This relatively slow drift (around 1/10 to 1/100 m/s) is superimposed on the much faster random movements of the electrons (around 100,000m/s).  There are, however, a lot of free electrons in a metal wire (around 1020 in a 1 cm length of conducting wire), so although the electrons drift only slowly around a circuit, a lot of them move pass any given point in a short interval of time.

Thus when an electric current flows through a metal conducting wire, electrons move through the metal wire from the negative terminal of the battery to the positive terminal.  However, by convention, current is defined in terms of the equivalent flow of positive charges.  Model 1 also illustrates how the actual movement of negatively charged particles (electrons) in an electric circuit can appear indistinguishable from the movement of positive charges.

By enclosing some of the words used in this explanation in quotation marks, I am indicating that they are being used metaphorically.  The ‘reality’ of what happens in a wire and how a battery causes a current to flow is far more complex than this description suggests and is not strictly describable at all (Schechter 2004).  Thus the words are metaphorical in the sense that, for the purposes of explaining the operation of a simple circuit, it appears ‘as if’ the electrons and battery behaves as described.

Model 1: Conventional current and electron flow

For this model a number of sheets of A4 paper are needed as props, half marked with a large ‘+’ sign and the other half marked with a large ‘-’ sign.  Each participating student (ideally all students in the class) needs one ‘+’ sheet and one ‘-’ sheet.  The students stand in a circle facing towards the centre, and each holds the sheet with a ‘+’ sign so that it, too, faces towards the centre of the circle.  The sheet with the ‘-’ sign is placed over the ‘+’ sign, again facing towards the centre of the circle.  Each ‘+’ sign represents an atom in the lattice of a metal conducting wire, with one electron removed.  The sheets with the ‘-’ sign represent ‘free’ electrons in the metal conductor.  The teacher stands between two students in the circle and models the role of the battery, by removing an ‘electron’ (the A4 sheet with a ‘-’) from the student on her right (say).  The remaining students then shuffle the ‘electrons’ around the metal lattice, and the teacher (‘battery’) passes the removed electron to the student on her left, who is at the other end of the ‘wire’.  The ‘+’ signs are held stationary as the ‘-’ signs are moved.  This modelling process needs to be continued for a little while until the students understand how it represents the movement of electrons through a metal wire due to the action of the battery.  The mutual repulsion between the ‘electrons’ ensures that they do move around the ‘circuit’ as the ‘battery’ initiates the action.

This model provides an explanation for why a complete circuit is needed for an electric current to flow.  Electrons are not created by the battery: the electrons are already in the metal conducting wire, and the battery causes them to drift around the complete circuit.  If the circuit is broken at any point, there is a limit to the ability of the battery to move electrons against the forces of electrostatic repulsion, and the current ceases to flow almost instantaneously.

Students’ attention can then be directed to the ‘+’ sign that is revealed as the ‘electrons’ move around the circuit.  The ‘+’ signs do not move, since they are held stationary by the students to represent the stationary atoms of the metal lattice in the conducting wire.  However, as the ‘electrons’ move in one direction around the ‘circuit’, a ‘+’ sign is revealed, and this appears to move around the circuit in the opposite direction.

I have found this model very effective in explaining the connection between electron flow around a circuit and the apparent flow of positive charge.  Few textbooks pay even cursory attention to this, but it does cause real difficulty for many students.  It is then worth explaining that, because the flow of negative charge cannot be distinguished from the equivalent flow of positive change, it was not possible for early experimenters to determine whether electric current was due to the movement of positive of negative charges, and so they had to guess.  Unfortunately for later generations of students Benjamin Franklin, in 1747, guessed wrong, but this was not realised until, in 1897, Joseph John (J. J.) Thompson demonstrated that electrons were responsible for the flow of electric current.  During the intervening 150 years electrical engineering became established as a disciplinary practice, and the notation of conventional current was too deeply ingrained to be changed.

It is also relatively easy to have moving students ‘model’ the random motions of the electrons in a metal wire, and then illustrate the effect of superimposing an overall drift motion.  This can also help them to see that, even though the drift speed is very slow, because the number (or rather the density) of the electrons) is very high, a large number of electrons can move past any one point in a given interval of time.

Making the globe light 2: resistance

When students examine the globe with the hand lens they will see the thin coiled wire that is the filament.  As electrons drift through the filament, they frequently collide with atoms in the metal lattice.  With each collision some energy is passed from an electron to an atom of the metal lattice in the filament.  As a consequence, the metal atom vibrates faster.  With collisions happening between the large number of electrons and metal atoms in the fine filament, the filament gets hot.  By contrast, the conducting wires are relatively thick, and electrons can drift through the metal lattice with little difficulty.  Some collisions do occur between the electrons and the atoms in the metal lattice, but much less frequently than in the filament.  Thus the fine filament has much greater resistance than the connecting wires, and so most of the electrons’ energy is used here.  The filament gets hot, but the connecting wires do not.

Because the filament provides resistance to the movement of the electrons, the speed of the electron drift is slowed right around the circuit, thus decreasing the current throughout the circuit.  This point needs careful explanation, which calls for the second model.  However, it should be noted that an implicit model has also been employed to ‘explain’ the greater resistance of the filament compared to a conducting wire.

Model 2: Resistance at one point in the circuit causes a decrease in current right around the circuit

In this simple model students move in a circle to represent the movement of charged particles (electrons) around an electric circuit.  One student takes the role of an ammeter, an instrument that measures current, or the rate of flow of charged particles.  This student simply stands at one point on the ‘circuit’ and counts the number of ‘charges’ (students) that pass her in a given time.  1-2 minutes works well: the teacher has to time this.  Then some obstacle is put in the students’ path, to represent a point of ‘resistance’, such as a light globe, in the ‘circuit’.  Any obstacle that will safely cause the students to slow down appreciably will work, such as placing two chairs so that students have to squeeze between them or climb over them; however, the more the obstacle slows down the students motion the better the model will work.  The ‘ammeter’ counts the ‘charges’ that pass her for the same time period as before.  As students see what happens, they will realise why increasing the resistance at one point in the circuit decreases the current throughout the circuit.  A ‘steady state’ will be reached more quickly if the students model the electrostatic repulsion between electrons by keeping their distance as far as possible within the physical constraints of the ‘circuit’.

It is worth asking students for other situations where they may observe a similar effect: for example traffic congestion at one point on a freeway will (eventually) slow the flow of traffic right along the freeway.  This will help students to appreciate both the role of analogy in providing explanations for what happens in a circuit, and the limitations that apply to any analogical explanation: no analogy can be pushed too far, although some analogies can be pushed further than others.

Making the globe light 3: Introducing energy

In an electric circuit energy is transferred from the battery to particular components such as a globe or motor.  A fundamental and common conceptual difficulty for students is discriminating between the concepts of electrical current and electrical energy.  This difficulty is partly a consequence of the way we use the word ‘charge’ in everyday language to refer to ‘charging’ a battery in a car or phone.  In everyday terms ‘charging’ something becomes synonymous with ‘giving’ it energy, whereas the technical term ‘charge’ denotes only whether the particle in question is of a positive or negative kind.  Electrically charged particles are the only kinds of particles able to carry electrical energy, but electrical energy and electrical charge are independent quantities.

The two models so far described are of limited help in explaining either how energy is distributed through a circuit or how such energy is to be distinguished from electrical charge or current.  Having noted this limitation with students, I then introduce a different model which is better able to illustrate the roles of charge and energy.

Model 3: Electrical charge and electrical energy

Again, we start with the students standing in a circle, and again the students represent electrons (electrical charges) physically moving around a circular path which represents the circuit.  One of the students takes on the role of the battery, and this student is given a bowl of Smarties.  (There is generally no problem with finding a volunteer, although disappointment soon follows when the student realises that the Smarties are not for their consumption.)  This student takes up a stationary position at one point in the circuit.  Another volunteer student represents a light globe, and this student is given an empty bowl and takes up a stationary position, for convenience usually on the opposite side of the circle from the ‘battery’.

The remaining students, representing electrons, move around the ‘circuit’.  As they pass the ‘battery’ they collect two Smarties, and as they pass the ‘globe’ they deposit the two Smarties in the bowl held by this student.  They then return to the battery and collect a further two Smarties.  I allow the ‘model’ to run for a while until the students get the idea.  I then refer to the ‘battery’ as a ‘two Smarties per electron battery’.  This provides a model for a dry cell with an emf of 1.5V, which gives 1.5 units of energy to each electron that passes through it.

A refinement to the model is then introduced, which will become important later.  The ‘resistance’ that the electrons encounter as they move through the metal filament of the light globe is represented by again using furniture in the classroom to construct some obstacle in the students’ path.

Model 4: Series and parallel circuits

Once students are familiar with the model, a second ‘globe’ can be introduced into the ‘circuit’, initially ‘connected’ in ‘series’.  The charges now deposit one Smartie in the first globe and the second Smartie in the second globe.  Provided the ‘resistance’ is sufficiently great and provided the number of ‘electrons’ in the circuit is sufficiently large, the current in this circuit will be appreciably less than when there was only one globe, and this can be confirmed by having one student play the role of ‘ammeter’ in both the simple and series circuits.

Furthermore, the ‘globes’ will realise that they are receiving Smarties at a much reduced rate in the series circuit: this rate depends on both the number of ‘charges’ coming past them (I) and the number of Smarties (V) they receive from each ‘charge’.  If you want the students to use mathematical formulae later, you can use this model to help make the formula P = VI more meaningful.  In any case, you can link the brightness of a light globe, which depends on the power at which it is operating, to both the current and the supply voltage.  Hence the current in a handheld torch is about the same (250 mA) as the current in a 60W household incandescent globe, but the household globe is much brighter because each of charge passing through it carries 240 units of energy, compared with 3 units of energy in the case of the charges in the handheld torch.

Two issues arise that will need to be discussed.  Some students are certain to ask how the electrons ‘know’ that they have to save one Smartie for the second ‘globe’.  For the moment I say: “They just do”.  (I have never had a problem with students’ accepting this, although I always say that I will come back to talk about it again later.)  Secondly, it must be made explicit that all Smarties must be deposited somewhere before the ‘electrons’ return to the battery.  In other words, the electrons must ‘use’ all the energy they collect from the battery as they move around the circuit; they cannot have any left over when they return to the battery.  Again, at this stage no satisfactory explanation can be given for this.  However, an important link can be made to something that students may have observed while they were trying to light the globe in the first practical activity.  Some of the connections that do not make the globe light, do produce significant heating in the connecting wires.  In these connections, the globe is not part of the circuit, so there is nowhere for the electrons to usefully deposit the energy from the battery.  The electrons must deposit the energy somewhere and, since the ends of the wires are the points of high resistance, the energy appears there as heat.

Returning to the model, another ‘circuit’ can now be set up with two ‘globes’ connected in parallel.  If the ‘ammeter’ is strategically placed, it will quickly become apparent that the total ‘current’ through the unbranched section of the circuit is much greater than when only one ‘globe’ was in the ‘circuit’.  Provided the number of participating students is sufficiently large (20+) you may be lucky enough to ‘measure’ close to twice the ‘current’.

Again a number of points are likely to arise from this model that will require discussion.  Students are likely to ask how the electrons decide which branch to take through the circuit.  A satisfactory answer is that they ‘choose’ to go by whichever route is ‘easiest’, remembering that electrons keep their distance from one another due to the electrostatic repulsion between them.  If these conditions are enacted in the model then, provided the ‘resistance’ at each ‘globe’ is sufficiently great, approximately the same number of electrons should end up ‘choosing’ to go through each globe.  Secondly, it likely that the students will be held up as they go past the battery to collect Smarties, as much as by going past the ‘globes’.  In other words, in a parallel circuit, the battery can become a significant point of resistance in the circuit.  This battery resistance is termed internal resistance in contrast to the resistance in the circuit external to the battery.  Although in an ideal circuit, additional identical globes connected in parallel should all glow with the same brightness as a single globe, in practice the internal resistance of the battery may cause the brightness to decrease.

Now for the difficult bits

That funny circuit where the globe goes off when you close the switch

How do the electrons ‘know’ what’s in the circuit?

The significant question about how the electrons ‘know’ that there are two globes in a series circuit now has to be addressed.  In addition, if the students are actively thinking they will have realised that it takes a very long while for any one electron to drift from the battery to the globe in any real circuit, and yet the globe appears to light as soon as the circuit is connected.  At this point it is worth noting that several different models have been employed to ‘explain’ different aspects of circuits and, in order to address these two difficulties, further models will be needed.  The models used so far simply do not work, or at least require substantial elaboration.

In reality, electrons do not have to physically pass through the battery in order to receive electrical energy.  Rather, the effect of connecting a battery into an electrical circuit is to set up a signal through the conducting wires.  This signal is called an electric field, and the electrical energy is carried by the field, not actually by the electrons.  The electrons respond to the electric field by drifting around the circuit, causing electrical energy to be converted into other forms.

This can be modelled by having the students put down their Smarties when the ‘circuit’ is broken, and pick them up when the circuit is connected again.  But there are other possible ways of modelling the almost instantaneous transport of energy through a physical system, and decoupling the transport of energy from the actual movement of the electrons.  

1. A bicycle chain: The chain represents the circuit, and each link an electron.  When the rider pedals, energy is supplied to the system at the pedal, and the movement of the chain transfers the energy to the wheels.  The links in the chain are not used up and they are there whether or not the bicycle is operating, whether or not they are transferring energy.  Energy transport is effective from the moment pedalling starts, and is not dependent on a particular link in the chain travelling from the pedal end to the wheel.  (See for example: Nuffield Primary Science (1993) Electricity and Magnetism Key Stage 2 Teachers’ Guide London, Collins Educational for Nuffield Chelsea Curriculum Trust.)

2. A rope circuit: Teacher and students stand in a circle holding onto a loop of rope.  The teacher pulls the rope around, while the students allow the rope to slip through their hands.  Thus the teacher supplies energy to the system.  Friction between the rope and the students’ hands will cause energy to appear as heat.  (But take care that the students do not burn their hands.)  (See for example: http://www.lancsngfl.ac.uk/nationalstrategy/ks3/science/files/MisconceptionsinScience(Coursefeedback).doc
Such models overcome one of the major disadvantages of the Smarties model.  In the Smarties model, energy is modelled as a substance, and thus the model runs the risk of reinforcing a common misconception that energy is synonymous with substances such as foods and fuels.  In the two models just described, the transport of energy is decoupled from the transport of a substance, and the non-material nature of energy is more apparent.

Since these models are ‘better’ than the Smarties model, it would of course possible to introduce them at the beginning, and avoid the problems that the Smarties model entails.  However, I would not do this for several reasons.  Firstly, these models are already somewhat abstract in that the mechanism of energy transport is not immediately apparent.  This make is more difficult to distinguish energy (transported through tension in the bicycle chain) from charge (represented by the links of the chain itself).  Secondly, introducing these models early may result in the teacher providing answers to questions that they students themselves have not yet asked.  And of course, ropes and bicycle chains simply don’t have the affective appeal of Smarties, and thinking about them is rather different to the embodied involvement of students in the Smarties model.

The electric field travels around the circuit at the speed of light (3.00 x 108 m/s), so the energy transport is nearly instantaneous, and a globe lights as soon as the circuit is closed.  Nonetheless, the speed with which the field can travel is now a significant limitation on the operating speed of complex computer circuits.

This speed of energy transfer also makes alternating current possible.  In the case of alternating current the direction of the electron drift changes 100 times per second (50 cycles per second, or 50 Hertz).  The electrons therefore essentially do not move around the circuit, but energy is still distributed via the electric field.  The field travels so fast that a net transfer of energy by an alternating current is possible even over the large distances of a national power grid.

The electric field also carries information about how the energy is to be distributed around the circuit.  The electric field is weaker in a two-globe series circuit than in a circuit with the same battery and only a single globe: the electrons therefore ‘know’ that they have to distribute the energy differently.

Concluding comments

Some purists will no doubt take issue with the models I have proposed.  Nonetheless I contend that some such models are a pedagogical necessity if we want students to reach an understanding that is meaningful in their terms.  Some readers will no doubt be able to suggest alternatives and improvements to the models I have proposed.  As Pamela Mulhall and her colleagues have argued, this is exactly the discussion that as science educators we need to have.  We cannot impose on beginning students criteria for the validity of a model that are appropriate to the understanding of a mature physicist.  We cannot be so concerned to present the ‘truth’ of what happens in an electric circuit, that a fully correct understanding is seen as the only acceptable outcome of learning.  It is our responsibility as educators to identify some stepping stones that can provide the majority of students with a sense of meaning and ownership, while recognising that those who complete the crossing into physics will eventually need to relinquish their dependence on Smarties and other material representations.

Many of the great scientists, including Faraday and Einstein, have used some form of analogical reasoning to arrive at their insights.  In time, the scientific community comes to recognise the limitations of the particular analogies involved and abandons their use.  But that should not be seen as an argument against the use of analogies to support students’ reasoning in the process of learning science.  Rather it should be seen as a reason for using analogical reasoning knowingly, for always holding in our awareness the reality that any analogy has limits, for being careful not to push beyond those limits.  It should be seen as a reason for employing multiple analogies, and explicitly comparing the strengths and limitations of each.
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