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To be effective, physics teachers need both content knowledge and pedagogical content knowledge,
which includes knowledge of student conceptions and effective teaching strategies. Although much
information is available on student conceptual and reasoning difficulties in physics, much less
information is available on how to remedy such difficulties. In this paper | describe a teaching
strategy, concept substitution, which is useful when student difficulties arise from a failure to
distinguish distinct but related physics concepts. By using the topic of electric circuits as the context,

| show how this strategy enables the teacher to identify and build on students’ correct intuition,
while enabling students to distinguish among related concepts. | also illustrate the complexity of the
conceptual change process, including the presence of intermediate conceptions while the process is
taking place. ©2004 American Association of Physics Teachers.
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I. INTRODUCTION knowledge. In particular, we need to know both what unsci-
entific conceptions our students hold and what to do about
Over the past three decades much effort has been devot#iem. To know what alternative student conceptions we
to identifying students’ alternative conceptions in physiés. ~should anticipate, research results need to be synthesized and
number of alternative student conceptions appear acrossmade accessible to teachers. Graysbal> have developed
wide variety of cultures, countries, and ages. a framework for identifying and categorizing students’ con-
It is important for physics teachers to be aware of thesg&eptual and reasoning difficulties that can help with this syn-
student conceptions. However, a knowledge of alternativéhesis. Other researchers have summarized students’ thinking
conceptions is not enough to ensure improved student learin particular domains. Minstrélhas compiled a very useful,
ing. Physics teachers also need access to a range of effectigemprehensive list of student thinking that differs from sci-
instructional strategies to help students undergo a process efitific explanations in a number of domains.
conceptual change from the unscientific conceptions they To know what to do about students’ unscientific concep-
might hold to acceptable scientific concepBuch strategies tions, we need to understand how they arise. Various authors
form part of what Shulmahcalls “pedagogical content have argued that certain alternative conceptions parallel the
knowledge.” An important feature of pedagogical contenthistorical development of scientific conceptglternative
knowledge is that it is topic-specific. It includes knowledge conceptions also may arise as a result of what diSeszbs
of the most useful ways of representing the central ideas in gphenomenological primitives,” or p-prims, which are,
topic, powerful analogies and examples, common alternativérelatively minimal abstractions of simple common phenom-
conceptions, and teaching strategies that are effective iana” and “self-contained explanations for what they
helping students reorganize their understanding. Accordinfphysics-naive studertsee.” In some cases, the teaching
to Shulman, pedagogical content knowledge extends beyorapproach may reinforce students’ p-prims. For example,
subject matter per se to include “subject matter knowledgemany students think that if an image of an object is formed
for teaching.” It is “the particular form of content knowl- on a screen by a converging lens and half the lens is covered,
edge that embodies the aspects of content most germanetteen half of the image will disappe&iThis misconception
its teachability.” Although secondary and college teacheramay arise from a p-prim like, “if there is less lens available
are expected to achieve a high level of subject matter knowifor light to pass through, then there will be less appearing on
edge, usually by means of formal courses, and secondatye screen.” The “less” may be interpreted by students to
teachers are expected to learn about pedagogy, neither sanean less of the image, rather than less ligbiver inten-
ondary nor college teachers usually have a chance to acquigity). This idea may be reinforced by the standard way in
pedagogical content knowledge in a systematic way. which students are taught to locate the image, namely by
The fact that much physics instruction is not as effectivedrawing two (or threg special rays. When students are re-
as it should be, as evidenced by research which shows thguired to draw ray diagrams in which rays pass through all
students often have misconceptions after instructiongi-  parts of the lens, this misconception may largely disapfear.
cates that physics instructors need more pedagogical contentAlternative conceptions also may arise because students
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A. For the circuit shown below, predict how bright you think bulb #1 will be compared to bulb I1l. RESULTS
#2. Explain how you get your answer.

A. Initial identification of student conceptions

At the beginning of the first lecture on electricity, the stu-
dents were asked to write their predictions about the situa-
tions shown in Fig. 1. The purpose of this pretest was to see
whether students thought that current is used up in a circuit
and that a battery is a source of constant curr@ntall the
pretests the students were told to assume that the bulbs and
batteries were identicalAbout 30% (11 of 35 of the stu-

B. How do the brightnesses of bulbs #1 and #2 in the circuit above compare to the brightness dents thought that bUIb No. 1 WOUId be brlghter than bU|b
of the bulb A in the circuit below? Explain how you get your answer. No. 2, because current is used in bulb No. 1 so less current is
available to light bulb No. 2. The other students thought that
the two bulbs would be the same brightness, but not neces-
sarily for the right reason. As discussed in Sec. Il B, students
may have correct ideas, but do not necessarily know which
physics concepts to associate with their ideas. The following
quotes illustrate this problem. “The brightness of bulb No. 1
will be the same as that of bulb No. 2 because these bulbs are
Fig. 1. Pretest given to test for the presence of the ideas that current is usggbnnected in a series arrangement and the voltage passed
up and a battery is a constant current source. through each bulb is the same because it's coming from one
source for both bulbs.” “Bulb No. 1 will have the same
brightness as bulb No. 2. This is because both bulbs are
supplied by one battery, and they bdthulb) share the same

confuse related but distinct physics concepts. Brown angharges.” _ .

Clement give examples of such concept differentiation prob- N response to Question(td, 20% of the class thought
lems in mechanic& In some cases, students hold clusterPulb A would have the same brightness as either bulb No. 1
concept¥ that are general and vague. For example, studentdf they thought bulbs Nos. 1 and 2 would be differeot the
may talk about “electricity,” a word that for them has ele- Same brightness as bulbs Nos. 1 andf2hey thought they
together. In such cases, an effective teaching strategy neeggttery supplies a fixed amount of current, regardless of what

to help students disentangle the related concepts and ascrilseln the circuit. _

cess, the strategy should build on correct student intuitiongrighter than bulbs Nos. 1 and 2, but not necessarily for the
while remediating incorrect reasoning or conceptual difficul-fight reason. In particular, 16 of 35 students indicated in their

ties. In this paper | shall describe one such teaching strategg/'SWers that the battery supplied the same amount of (iurrent
which I call “concept substitution.” to both circuits, as illustrated by the typical response: “The

brightness of bulbs in the circuit above will differ from that
of bulb A. Bulb A will be brighter than the two bulbs above.
This will be because all the current present lights only one
bulb, while above the same current has to be divided into
II. METHOD two bulbs.”
The responses to the pretest indicate that a significant frac-
The research described in this paper was conducted wittion of the class held the incorrect ideas identified in the
students in the Science Foundation Programme at the Uniiterature that current is used up in a circuit and that the
versity of Natal. This program was designed to help acabattery supplies a fixed amount of current. However, the re-
demically talented but disadvantaged black students acquigponses to the pretest also showed that in some of the
sufficient skills and knowledge to succeed in science ofwrong” answers, there were some right ideas, as illustrated
science-related degre&slt is a one year predegree program by the following response to Questiofial: “Bulb one will
for students who have completed high school, but who arde brighter than bulb two, because they are connected in
not yet ready to begin normal degree studies. The studerseries and the direction of current flow is from positive to
responses to pretests, assignments, and tests presented in tiégative. When energy redels| bulb one it will be used and
paper were all part of the normal teaching sequence in thaot as much energy will reach bulb two, so bulb two will be
physics component of the prografhThe exercises and test dimmer.”
questions were taken fromhysics by Inquiry® When read- This student correctly writes that some energy is “used”
ing the students’ responses, it is useful to bear in mind thatconverted, strictly speakingbut is incorrect in thinking that
English is their second or third language. this use will affect the brightness of the other bulb. As | will
In Sec. Il I shall illustrate how the instructional strategy discuss, such correct intuitions can be turned into useful
of concept substitution was used to address two of the mogtuilding blocks to construct students’ scientifically accept-
prevalent conceptual difficulties in electric circuits, namely,able concepts. The seed of a correct idea could also be iden-
the belief that current is used up in a circuit and that a batteryified in the responses to Questiotb}, as evidenced by the
supplies a fixed amount of current, regardless of what is ifact that even though a fifth of the class thought the bulbs in
the circuit’® Only the aspects of the teaching sequence anderies would be equal in brightness to the single bulb, several
test questions relevant to these two ideas will be presentedf these students had a sense that something must be differ-
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ent. This sense is Suggested by the fo”owing response: “TheA- l;o:'btl;;cii'acui; gho;:vn below, predict how bright you think bulb #1 will be compared to
two bulbs will be bright as equal to A because the two are ~ "° 7 Prpinhowyougetyomranee

connected in series. They were to be a bit dimmer than bulb
A'if they were connected in parallel. The only problem is that
the battery for the two bulbs connected in series will only
last a shorter time than A's.”

Although this response is not correct, the correct idea that
putting more bulbs in the circuit must somehow make a dif-
ference is evident. This response is an example of how stu-
dents can give the wrong answer but have some right ideas
Conversely, students can give the right answer for the wrong
reason(which is a reason why multiple choice questions can
be problematic

Battery #1

B. How do the brightnesses of bulbs #1 and #2 in the circuit above compare to the brightness
of the bulb A in the circuit below? Explain how you get your answer.

B. First remediation sequence

After the students completed their written predictions, a
circuit was shown consisting of a battery in series with three A
bulbs, with the switch left open. Students were asked to pre-
dict orally how the brightnesses of the bulbs would compare
with each other when the switch was closed and to justify
their predictions. A very lively debate ensued. As expected, a Battery A
significant fraction of the class argued that the bulb closest to
the end of the battery from which they thought the current ¢ II;IOW dozitlllse all'xlguntofcunentthroughthe battery #1 compare to the current through
flowed would be brightest, and the other bulbs would be less “**>* ="
and less bright because current would be used up as it passgg. 2. Pretest to further test for the presence of the idea that a battery is a
through successive bulbs. The circuit was then closed and thenstant current source.
students saw that the bulbs were equally bright.

The instructional strategy up to this point resembles what
Champagnet al!’ call “ideational confrontation.” Students when the newly substituted concept is formally developed at
predicted what they thought would happen and then oba later stage, students already have some feeling for it.
served a discrepant event. However, if instruction were to To confront the other incorrect idea, namely that the bat-
stop here, there is a risk that students would not actuallyery supplies a constant amount of current regardless of what
undergo conceptual change because they would not know in the circuit, three circuits were set up in the front of the
why their predictions were wrong. After all, batteries go flatroom: one with a battery and one bulb, one with two bulbs in
after a while, so surely current must be used up! Under suckeries, and one with three bulbs in series. The switches were
conditions it is possible for students to appear to accept thieft open. Students were asked to make verbal predictions of
new idea for a time but then revert back to their previousthe brightnesses of the bulbs in the different circuits, assum-
idea some time latéf To avoid this possibility it is impor- ing that the brightness of the bulb indicates the amount of
tant to help students understand why there is a differenceurrent flowing through it* After some debate and discus-
between their intuitive ideas and what they observed. sion, the switches were closed, and students observed that

At this point | told the students that they weterrectto  the more bulbs there are in the circuit, the dimmer they are,
say that something is “used up,” but that “something” is implying that the battery supplies different amounts of cur-
chemical energy, which gets converted to other forms of enrent depending upon what is in the circuit. There was not
ergy. That is why batteries go flat. By contrast, current justenough time in the period, however, to use concept substitu-
goes round and round the circtiftThis teaching strategy of tion again to help students begin to distinguish between the
building on correct student intuitions, but substituting thecurrent supplied by the battery, which is not constant in ev-
name of the appropriate physics concept for an inappropriatery circuit, and the quantity that is constdwbltage. Before
one is what | call concept substituti8hConcept substitution the next lecture students did a two and half hour laboratory
involves creating a situation in which it is likely that students session on series and parallel combinations of bulbs using
will associate a correct intuitive idea with an inappropriateammeters to measure currents and nichrome wires of differ-
physics concept. When this happens, the instructor reinforcemnt lengths instead of bulbs. The concept of resistance was
the students’ correct idea, but assigns it another label. Iimtroduced, and students determined experimentally that cur-
other words, the instructor substitutes the name of the corrent is inversely related to resistance.
cept with which the students’idea can be correctly associated
for the one used by the students. Some physicists may tal@
exception to introducing a new concept without a careful
lead-in. However, the research described in this paper sug- At the beginning of the next lecture, students wrote re-
gests that this disadvantage may be outweighed by the adponses to questions in Fig. 2. All but five of the students
vantage of providing students with a concept early on in theealized that both bulbs in Fig.(& would be the same
teaching sequence with which they can associate their intubrightness. In response to Questiofd)2 25 of the 35 stu-
tive ideas, in contrast to expecting them to relinquish theidents incorrectly said that bulb A would be brighter than
intuitions. In the process, the concept for which it was sub-bulbs Nos. 1 or 2. Once again, the notion that a battery
stituted (current in this cagecan be freed of some of the supplies a fixed amount of current was evident in the stu-
conceptual baggage that students load onto it. Furthermorédents’ responses.

Second identification of student conceptions
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In response to Questiond, 26 of the 35 students said the bulb A whereas the energy from the battery No. 1 in diagram
current flowing through the two batteries would be the sameabove is shared by both bulbs, Nos. 1 and 2.” “Bulb A will
regardless of the number of bulbs in the circuit. Although atbe more brighter than bulbs Nos. 1 and 2, because all of the
the end of the previous lecture students had seen that theurrent goes to one bulb, A whereas in the abfseries
brightness of bulbs in series differs when there are differinggircuit] the current is shared amongst two bulbs, Nos. 1 and
numbers of bulbs in the circuitwe used brightness as an 2.”
indication of the currenf this demonstration and the discus- In the second pretest the student has replaced “current”
sion of the results was not enough to shake students’ beligfith “energy” as the quantity that is used, but has not yet
that the battery is a constant current source. This belie¢learly separated out the concepts of energy and current. Al-
seems to be based on the students’ understanding of tiieough he uses the word “energy,” he still associated certain
“sameness” of the batteries, as illustrated by the followingaspects of current with the word. This association is an ex-
quote: “The current through battery No. 1 and A will be the ample of an intermediate conceptith The student has
same because it's the same battery therefore they are givirfgoved away from his original conception, but has not yet
the same amount of current.” moved all the way to the scientific concept. As shown in Ref.

However, as in the previous lecture, several students fe@3 while moving from an alternative conception to scientific
that something must be different about the two circuits. Inconcept, students do not necessarily undergo a discrete
the following response, the student uses the only other ele€hange from one concept to another. Students’ conceptions
trical concept she has encountered in the course so far, eAte not like two-state systems, which are either right or
ergy, to explain the difference: “The amount of current is theWrong. There are all sorts of intermediate conceptions along
same because there is one battery in each circuit thereforetfie path to conceptual change. Moreover, students may move
is the energy that will differ but not the electric current.”  back and forth between the “old” and “new” conceptions

As with the first pretest, correct ideas could be identifieddepending on the context, remaining for some time in a kind
in incorrect responses. In the following quotes students denff metastable conceptual state. It may take multiple passes at
onstrated correct thinking when they said that the battery thgtonfronting and resolving an alternative conception before a
supplies two bulbs will go flat first, even though they wereStudent finally relinquishes the conception and can be
not correct in saying that the amount of current supplied byhought of as being in a stable conceptual state. For this
both batteries was the same. “Current through battery No. 1€ason, one-shot efforts at conceptual change may not be
is the same as the current through battery A. The only diféffective.
ference is that battery No. 1 will go flat quicker than battery o
A because it supplies current to two bulbs.” “The amount of D- Second remediation strategy
current in battery No. 1 and battery A is the same, the chemi- A in the previous lecture, students handed in their predic-
cal energy of battery A will last longer than that of battery tions and then looked at two circuits with the switches open.
No. 1 because battery No. 1 is supplying current o tWopne circuit had two bulbs in parallel with a battery and the
bulbs, whereas battery A to a single bulb.” . other consisted of a single bulb and a battery. Students de-

Although many students still believed that the batteriesyated their predictions in class. When the switches were
supplied the same amount of current, these quotes show th@sed, students saw that the bulbs were all the same bright-
students were beginning to distinguish current and energy afess, demonstrating that branches of a parallel circuit are
two different concepts. There also was evidence in some Qdssentially independeftitvhen internal resistance can be ig-
the responses that the concept substitution employed in thesreg. Thus each bulb in each branch glows with the same
last lecture helped students accept the idea that the “somgyightness as the bulb in a single bulb circuit. It can then be
thing” that gets “used up” in a circuit is not current but deduced that the current through the battery in the circuit
energy(even if the overall responses were not coretthe  with two bulbs in parallel must be twice that in a single
amount of current through battery No. 1 is the same as thgranch circuit.
amount of current through battery No. 2 because there is no At this point concept substitution again was used. The
current used up by bulbs. So the current $glnalill be equal  students were told that they weright to say that something
to the current received.” “The brightness also will be the ahout the batteries is the same, but the “something” is called
same because above buli¢os. 1 and 2 were parallel to  yoltage. The same kind of batteries provide the same voltage.
each other and to the battery. Current will never be used uprhe battery is not a source of constant current. Current de-
Current will be the same. The difference might be time ofpends on what is in a circuit. Adding bulbs in series provides
light of bulbs Nos. 1, 2, and A. Bulb A would light long time more of an obstacle to flow, so there will be less current;
because there is 1 bulb to 1 battery.” adding bulbs in parallel provides more paths so more current

An interesting aspect of these quotes is that it seems as #fan flow.
the students are using their new knowledge that current is not Students were shown two more demonstrations to rein-
used up as a justification for their belief that the current inforce this concept. In the first demonstration, they saw a
the two batteries must be the same. If teaching had ended pérallel circuit in which one branch had one bulb and the
this point this misconception might have been reinforcedother branch had two bulbs. Students made oral predictions
rather than remediated by the teaching strategy. of the brightness of the bulbs and the current through the

Sometimes students seem to be in a transition state béatteries. In the second demonstration they saw a parallel
tween their old conception and the new scientific conceptcircuit consisting of one branch with 30 cm of nichrome wire
The two following quotes give an illustration. The first quote and one branch with 15 cm of nichrome wire. An ammeter
is a student’s response to Fig(b2 on the second pretest, was inserted in each branch and the current was measured.
while the second quote is his response to Fig) dn the first  The current through the battery was also measured. From
pretest. “Bulb A will have more brightness than Nos. 1 and 2these demonstrations it was concluded that current depends
because all the energy that the battery sends out is used all lon the resistance in a branébr path and the number of
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A. Place the following circuits in order according to the amount current through the battery. In this exercise, four students give explanations for the observation that the identical bulbs B
Explain your reasoning. and C are dimmer than A. Say whether each student’s reasoning is correct or not. If it is not
correct, explain why.

@ ® © Student #1: B and C are equally bright but dimmer than A. B and C have to share the current

whereas A gets all of it. Therefore A is brighter than B or C.

B. Consider the following dispute bet: two students.
onsider the tolowing dispute between two stadents Student #2: Bulb A has more resistance than the B-and-C network so bulb A has more voltage

across it. Therefore A is brighter than B or C.

Student #3: Bulb A uses up most of the current so less is left for B and C. A is therefore

brighter than B or C.
(a) (b

Student #4: After bulb A, the voltage divides into two paths with the result that B and C each
get less voltage than A. Therefore A is brighter than B or C.

Student #1: The current through the battery in each circuit is the same. In circuit (b) the
current from the battery is divided between the two bulbs - so each bulb has half the current Fig. 5. Assignment given 20 days after instruction designed to test for the
through it that the bulb in circuit (=) has through it presence of the idea that current is used up in a circuit.

Student #2: We know the current through each of the bulbs in circuit (b) is the same as through
the bulb in circuit (a). That’s because the bulbs are all about the same brightness - and bulbs
that are equally bright have the same current through them. So the flow through the battery in
circuit (b) is more than that through the battery in circuit (a).

battery depends on what is in the circuit thus the circuit with
bulb B and C will[havd twice current as circuit with bulb A
Fig. 3. Assignment given six days after instruction designed to test for thednd thus bulb B and C share the current which then each get
presence of the idea that a battery is a constant current source. current equal to current through bulb A thus they light with
the same brightness.” “Student No. 1 is incorrect because we
can'’t say something in the circuit gets all the current because
paths. A summary of the teaching sequence for the rest of thiaere is no fixed amount of current in the first place. To
section on electricity is given in the Appendix. correct No 1 | would say that A=B=C because since A and
B and C have the same resistance and B and C are connected
directly to the battery, they demand more current from the
Six days after the class period described in Sec. Il Dbattery to keep them burning like bulb(depending on their
students handed in their answers to the homework questiori€sistance”
in Fig. 3. In response to QuestioriaB only 9% of the stu- Any student who still thought that current gets used up in
dents(3/34) incorrectly said the current was the same in alla circuit should agree with student No. 3 in Fig. 5. Only 18%
three circuits. In response to Questiofb)3 these three stu- 0f the clasg6/34) agreed with student No. 3 and thought that
dents and one other student, 4/34 in all, agreed with studelgurrent gets used up; the rest disagréeatrec). Of those
No. 1’s incorrect reasoning. who disagreed, 70% used the words “current is never used
Twenty days after instruction students handed in response#” in their responses. The extent to which students seemed
to the questions in Figs. 4 and 5. A student who thought thato have incorporated the notion that current does not get used
the battery supplied a fixed amount of current should agregp into their understanding is suggested by the following
with student No. 1 in Fig. 4. Only 4/34 incorrectly said stu- responses in which students were able to modify and elabo-
dent No. 1 is right; the rest gave the correct ans\éris  rate the answers of the “student” in the question. The first
interesting that three of these four students were differenguote suggests that the use of concept substitution helped
from those who gave the incorrect answer in Questi@n.B  him to distinguish between current and energy. The quality
An indication of the degree of understanding most studentof these explanations is particularly impressive considering
seemed to have acquired by this stage is given by the followthe fact that for these students English is their second or third
ing responses: “Student No. 1 is not correct as the bulbs A, Banguage. “Student No. 3 is incorrect because current isn’t
and C will be equally bright since the current through theused up, energy is. The current through A will be the same as
that in B and C except that before B and C current divides.
Some of it goes to C whilst some of it goes to B.” “Student

Do you agree with Student #1 or Student #2? Explain.

E. Time-delayed effects of the instructional strategies

In this exercise, three students give predictions and explanations for the relative brightness of
bulbs A, B and C. Say whether each student’s reasoning is correct or not. If it is incorrect, say

why.
The circuits below contain identical bulbs and batteries.
@ @
li o | o ‘
u
Student #1: B and C will be dimmer than A. Bulb A gets all of the current from the battery s -_-—t _—l—_ —_—w —_—x
but B and C have to share it. v
C E G
Student #2: A, B and C will all be equally bright. They each have the same voltage across —‘7 —‘V
them.
#1 #2 #3 #4
Student #3: A, B and C will all be equally bright. Each has the same resistance, and each is Suppose that the current through Battery s in circuit #1 is i. Write an expression for the
connected directly across the battery, so each bulb has the same amount of current through it. current through each of the other batteries (t, u, v, w, and x) in terms of i. Explain how you
So they are equally bright. get your answers.

Fig. 4. Assignment given 20 days after instruction designed to test whethefFig. 6. Test question given 25 days after instruction designed to test for the
students think the battery is a constant current source. presence of the idea that a battery is a constant current source.
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The circuit§ below contain identical batteries. All resistors, labelled A, B,ACA, D, E F, G, and |dent|fy|ng a correct student intuition that has been linked to
H have resistance R. Suppose each battery has an emf of V volts and negligible internal . . . .
resistance. Let the current in circuit #1 be i. an inappropriate physics concept and helping students asso-
ciate their intuitive idea with the appropriate concept. There
are several possible advantages to using this strategy. First,
students may find it encouraging to hear that they have some
correct ideas. Second, because students are not asked to give
up their intuitive ideas, they may feel that physics makes
more sense to them than often happens when traditional
teaching approaches are used. Third, when the concept that
For each batery, express the current through it in terms of i (the current through battery p). has been substituted by the instructor is encountered later on
Explain how you get your answers. in the course, students already have some intuition about that
Fig. 7. Final examination question given 111 days after instruction designe&oncept' Fourth, the approach encourages StUdGﬂtS to _dlStm'
to test for the idea that a battery is a constant current source. guish among related concepts that may otherwise remain un-
differentiated in their minds. As a result, certain apparent
misconceptions may be remediated.

3 is incorrect because current is never used up but the current! have shown that the percentage of students in a Founda-
which was gotten by A is now divided between B and C thustion Physics course who held two prevalent misconceptions,
they will have less brightness than A.” namely the notion that current is L_ised up in a circuit and the

Twenty-five days after instruction students were given ahotion that a battery supplies a fixed amount of current re-
test that included the question in Fig. 6. 26% of the student§ardless of what is in the circuit, was substantially reduced
(9/35 thought that the current through batteriesand t during the course. | suggest that this reduction was, at least
would be the same, of whom only two had given answers tdn part, a result of using concept substitution to help students
the questions in Figs. 3, 4, or 5 that indicated that theydistinguish between current and energy and between current
thought that batteries supplied a fixed amount of currentand voltage. By distinguishing between current and energy,
Whether it was the format of the question, the stress of a tegtudents were able to hold onto their correct intuition that
situation, or both that led these students to revert to constasomething gets used up because batteries go flat, but separate
current notions[revealed in Question (2)] is not known. it from the concept of current. By distinguishing between
However, these results show that conceptual change may Iséirrent and voltage, students were able to hold onto their
less stable than instructors may think. correct intuition that the batteries are the same in some way,

At the end of the semestdfill days after instruction but do not supply the same amount of current. It is likely that
students wrote the final physics examination, which includedoth applications of concept substitution also helped students
the question in Fig. 7. Only two students thought that thedevelop an understanding of current as something that flows
current would be the same in all cases where the number ¢fnattenuated through a circuit and that depends on the com-
batteries was the same. ponents and configuration of the circuit.

The sound understanding of the targeted physics concepts
that most of the students were able to demonstrate strongly
IV. DISCUSSION suggests that the new ideas made sense to them. The process

Many researchers have drawn attention to the need t8f sense-making was almost certainly aided by allowing stu-

identify and address students’ incorrect conceptférigow- dents to re_tair_i t_heir correct intuitions and bu_ild on them
ever, it also is important to identify and exploit students’_rather than'|n5|st|ng that these ideas be cast aside. There also
correct conceptions and intuitioAs] have given several il- IS an affective dimension to the process—when students are
lustrations of student responses that contained correct ided8!d that their ideas are right, it probably boosts their confi-
even though the overall response may not have been correétence. Given the widespread perception that physics is diffi-
There are a number of ways of characterizing these ideagult, this point is not trivial.
For example, they may be thought of as naive conceptions or There are indications that concept substitution also has
intuitions. Some of the students’ responses can be explaindteen a useful teaching approach in other areas of physics. In
in terms of diSessa’s p-prin?fg_por example, the misconcep- Mechanics many students think that if an object is thrown
tion that batteries of the same type always supply the samito the air, it will have a “force of the thrower” acting on it
amount of current may stem from a p-prim that might beéven when it is in mid aif® Concept substitution has been
stated as “the same kind of objects behave in the same wayused to help students associate their correct intuitive idea that
In the case of batteries, an implication of such a p-prim isthe thrower imparts something that travels with the object
that “the same kind of batteries supply the same amount oWith the concept of momentum rather than force. In the pro-
electricity.” For the novice physics student the problem iscess the apparent misconception that a “force of the
not with the p-prim, because this assertion is reasonable. THErower” acts on a moving object may largely disapp@dn
problem lies in deciding how to map the everyday termthe area of heat and temperature, students know that objects
“electricity” onto the appropriate physics term. For studentsmade of different materials feel different, even though they
who have not yet learned basic electrical concepts, electricitpnay have been in the same environment for a long time.
could mean current, voltage, energy, power, or even somttroducing the concept of rate of heat transfer allows stu-
combination of these concepts. The challenge to instructordents to relate the sensation of feeling different to this new
is to use students’ correct ideas, whether they are conceivembncept, and separate out the concept of temperature. As a
of as p-prims or intuitions, as a resouitéo help students result, most students can make sense of the fact that objects
develop a sound understanding of the physics concepts. can be at the same temperature and yet feel different to the
Concept substitution is one teaching strategy for exploittouch. They also learn that temperature cannot be reliably
ing students’ correct ideas in a particular context. It involvesdetermined by feel®

#1 #2 #3
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Concept substitution, however, is no magic pill. As | haveAPPENDIX: SUMMARY OF THE TEACHING
shown, conceptual change is not a quick or simple procesSEQUENCE AFTER THE SECOND USE
Students may spend some time in an unstable conceptuglr CONCEPT SUBSTITUTION
state, oscillating between their original conception and the
target scientific concept. For example, in response to Ques- The day number refers to the number of days after the
tion 3(b), one student wrote: “I agree with student No. 2 second use of concept substitution
because when bulbs are connected in parallel they each re'Day 1: Pretest on how studenté think current varies in
ceive current from the battery as if the others are not presenfitrerent parts of a series-parallel circuit. Discussion of ex-

:Eergf?k;e_ the tw_ct)( t;“,,l?j in cwcu(_b)hdraw more cm:rrent th?n periments students conducted in the laboratory related to
e bulb in circuit(a).” However, in her response to QUestion 1\, \rrent changes according to the resistance in a circuit

4 2 weeks later, she incorrectly S"’."d that student No. 1 Wa3nd the configuration of circuit elements. Introduction to Kir-
correct. Students also may combine elements of both COMhoff's First Law.

cepts into a sort of intermediate conceptiors a resutt Day 4: Pretest on how students think voltages will com-

fﬁzdggﬁ g%{gefgéseig?ftri%netsthaerzr doilg (;chﬁgtlogfaggn?gﬂéare across bulbs and across batteries in series and parallel
P y ircuits. Examples of Kirchoff’s first law problems.

before an instructor can be reasonably confident that the stu- Day 6: Laboratory session on measuring voltage across

dents have really embraced the scientific concept and. A :
reached a stable conceptual state. Nonetheless, concept Sggf:sreir?ts%&;iréss %fn% (;;;L;ﬁ,elrelatmg voltage and current, volt

stitution seems to provide the conditions proposed in Ref. 3% i . o
Day 7: Lecture on voltage, using gravitational analogy.

that are required for conceptual change to occur, namely th"\l}olta es are the same between any points that are electricall
the new concept should be intelligible, fruitful, and plausible 9 yp y

and should not be a source of dissatisfaction. Concept su%be.dsame' Total voltage determined by the battery. Voltage
stitution may be particularly helpful in meeting the fourth vides |r.1 proportion to resistance. .
requirement, because allowing students to hold onto their D3y 8: Demonstrations and discussion of effect of un-
intuitive ideas means that there is less likelihood that the’réWing & bulb in a parallel circuit and in a series-parallel
target scientific concept will be a source of dissatisfaction ggireult in terms of.voltage and resistance. Example; of cal-
them. cu!atlng voltages in ser|e§-parallel circuits given resistances
using proportional reasonin@o current calculationsCom-
parison of voltage and current.
Day 11: Introduction of Ohm’s law for a linear resistor.
Introduction and examples of Kirchoff's second law.
V. IMPLICATIONS Day 13: Laboratory session on Kirchoff's second law,
) ) Ohm’s Law and real batteriggffect of internal resistange
_ I'suggested in Sec. | that physics teachers need more thanpgay 14: Derivation of equivalent resistance for parallel
just content knowledge—they also need pedagogical contedrcyits. Discussion of internal resistance. Problems on inter-
knowledge. One component of pedagogical content knowlny) resistance and equivalent resistance.
edge is knowledge of likely student difficulties. However, pay 15: Students work on problems involving Kirchoff’s
another, perhaps even more important component, is know|aws, equivalent resistance, internal resistance.
edge of how to help students overcome these difficulties. In pay 18: Definition of current as rate of flow of charge,
the physics education research community, much more atteRptage as difference in electrical potential energy per unit

knowledge than to the second. There are notable exceptiongppjiances, circuit breakers.

Arons made an enormous contribution to our knowledge of 'pay 20: Students work on more complex problems on
how to teach physics effectl\_/e‘??,and the curriculum mate-  equivalent resistance, Kirchoff's laws, power, conversion
rials developed by the Physics Education Group at the Unirom electrical to thermal energy.

versity of Washingtot? have applied and further developed

the teaching approaches he advocated. Mindtralbo has  agjectronic mail: graysdj@unisa.ac.za
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