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This is the first of two closely related articles that together describe how results from research
can be used as a guide for curriculum development. This first article shows how the investigation
of student understanding of electric circuits by the Physics Education Group has contributed to
the building of a research base. The second article describes how the group has drawn on this
resource both in developing a curriculum for laboratory-based instruction and in adapting this
curriculum to fit the constraints of a traditional introductory course. Also discussed is how, in
turn, development and implementation of the curriculum have enriched the research base.

1. INTRODUCTION

The Physics Education Group at the University of
Washington has for many years been engaged in a coordi-
nated program of research, curriculum development, and
instruction. We have examined student difficulties in vari-
ous domains of physics and have used the results from this
research to design instructional strategies that address
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these difficulties. This is the first of two closely related
articles that together demonstrate how research and cur-
riculum development are conducted by our group as inter-
active components of a single iterative process.! In this
article, we show how our investigation of student under-
standing has contributed to the building of a research base
that can be used to guide the development of curriculum
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that matches the needs and abilities of students.? In the
second article, we describe how we have drawn on this
resource both in developing a curriculum for laboratory-
based instruction and in adapting this curriculum to fit the
constraints of a traditional introductory course. We also
discuss how, in turn, development and implementation of
the curriculum have enriched the research base. The sub-
ject matter context is simple electric circuits that consist
only of batteries and resistive elements.

There is ample evidence from our own research and
from other investigations that some serious misconceptions
about electric circuits are common among students who
have had formal instruction in the relevant material>™
Results from cross-cultural studies indicate that similar
incorrect ideas ﬂounsh in countries with very different sys-
tems of education.’ It is also becoming mcreasmgly appar-
ent that success in solving quantitative problems is not a
reliable measure of conceptual understanding. Instructors
at secondary and university levels corroborate our experi-
ence that students who can solve standard quantitative
problems often cannot answer simple %uahtative questions
based on the same physical concepts.”” This fact suggests
the presence of underlying difficulties that apparently are
not adequately addressed by traditional physics instruc-
tion.

II. METHODS OF INVESTIGATION

The design of instructional materials that match the
needs and abilities of students requires detailed knowledge
about the conceptual and reasoning difficulties encountered
in the study of a particular topic. To obtain such informa-
tion, the Physics Education Group conducts systematic
investigations of student understanding of specific subject
matter. The methods used in this research range from in-
dividual demonstration interviews conducted in a formal
setting to descriptive studies carried out during instruction
in the classroom.

In an individual demonstration interview, a simple dem-
onstration serves as the basis of a dialogue between an
investigator and a student. The demonstration usually in-
volves real equlpment but sometimes a computer simula-
tion may be used.!®!! Through careful analysis of the au-
diotaped transcripts, we try to identify and characterize
specific conceptual and reasoning difficulties. We supple-
ment this information by monitoring student participation
in laboratory activities and class discussions. Homework
assignments and examinations provide additional data.

By extending our research to include descriptive studies
in the classroom, we can examine student progress on a
continuous basis over an extended period of time.!? In-
sights gained from these sources guide us in formulating
written questions that we administer on tests and course
examinations to large groups: before, during, and after in-
struction. Analysis of the responses has not only deepened
our understanding of known difficulties but has also ex-
tended the scope of our investigation to other aspects of the
subject matter. In addition, large-scale testing allows us to
estimate the prevalence and persistence of specific difficul-
ties.

In conducting the research reported in this paper, our
methods of investigation followed the pattern outlined
above. Our early studies consisted primarily of individual
interviews in which we asked students to predict the rela-
tive brightness of bulbs in real circuits. At first the config-
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urations were somewhat complicated, but it soon became
apparent that many students had difficulty with tasks
based on very simple circuits. Consequently, we decided to
concentrate initially on circuits with only a single ideal
battery and two or three bulbs. Later we included more
complex resistive circuits. As our knowledge of student
difficulties grew, our mode of questioning shifted from in-
terviews toward written tests.

The students involved in this ongoing, long-term inves-
tigation have had a wide variation in physics background.
At one end of the spectrum are students who have had no
prior formal study in physics. At the other end are students
who have completed a major or minor in the subject. By
far, the largest single population consists of students en-
rolled in the calculus-based introductory course. Students
taking the algebra-based course comprise the second larg-
est group. Other participants in our research have been
prospective and practicing teachers in the special physics
courses we conduct for teachers of all grade levels.

II1. IDENTIFICATION OF SPECIFIC STUDENT
DIFFICULTIES

The conceptual and reasoning difficulties encountered by
students in analyzing simple circuits vary in severity and
frequency. Some difficulties tend to disappear as instruc-
tion progresses, but others may persist indefinitely and in-
terfere with the learning of more advanced material. From
a detailed examination of the errors made by students dur-
ing the study of dc circuits, we have identified a number of
underlying specific difficulties. We have grouped these into
three general categories: an inability to apply formal con-
cepts to an electric circuit, an inability to use and interpret
formal representations of an electric circuit, and an inabil-
ity to reason qualitatively about the behavior of an electric
circuit. Although this classification is convenient as an or-
ganizational framework, the categories are not mutually
exclusive. A concept cannot be isolated from the reasoning
process inherent in its definition and application, nor is the
ability to use and interpret formal representations (e.g.,
diagrams, graphs and equations) devoid of conceptual el-
ements. Furthermore, there is inevitably some degree of
ambiguity in categorizing errors made by individual stu-
dents.

In all interviews and tests, we require that students ex-
plain their answers. The design of effective instructional
strategies for addressing specific difficulties requires knowl-
edge of the reasoning used. An error may be a symptom of
a conceptual or a reasomng difficulty or of a combination
of both. If faulty reasoning is at the core of difficulty with
a concept, focusing attention on the concept alone does not
provide students with the assistance they need. Moreover,
students may make the same apparent error for different
reasons. Although short-answer responses can give an in-
dication of how pervasive a particular error may be, they
do not provide sufficiently detailed information to be help-
ful in curriculum development. Attention must be directed
to the underlying cause, not merely to the symptoms.

A. Inability to apply formal concepts to electric circuits

The meaning that students associate with a formal con-
cept in physics is often very different from that which a
physicist ascribes to that same concept. In this section, we
examine student understanding of the basic concepts used
to characterize simple dc circuits. Before discussing spe-
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cific difficulties with these concepts, we consider three of a
more general nature.

1. Difficulties of a general nature

Operational definitions insure that technical terms have
a precise, unambiguous meaning shared by all physicists.
In contrast, the students involved in our investigation often
referred to current, voltage, energy, and power inappropri-
ately and sometimes. interchangeably. Although many stu-
dents were able to state definitions for the concepts and
manipulate the algebraic symbols used to represent them,
they often could not relate the concepts to one another or
apply them to a real circuit.

a. Failure to distinguish among related concepts. When
an actual circuit containing two identical bulbs in series
was shown to students enrolled in the calculus-based phys-
ics course, many predicted that one bulb would be brighter
than the other. The following excerpts have been taken
from interviews with different students. [The letter “I”” re-
fers to the investigator and the letter “S” to the student.]

I: ..How would the bulbs within the series circuit

compare?

S;: You have “X” current coming through here and
you think this bulb uses up some and so there’s not
enough here...there’s not as much current left for
Bulb No. 2.

S,:  Bulb No. 2 would be less bright because you always
lose some energy as you go through the wires.

S;:  Maybe this bulb in the first position is gobbling up
the power.

As the quotes above illustrate, different students identi-
fied different concepts as the quantity “used up” in an
electric circuit. Some students named more than one con-
cept. The indiscriminate use of language reflected the frag-
mentary nature of their understanding. The lack of consis-
tency often made it impossible to interpret unambiguously
the meaning a student ascribed to a particular technical
term.

b. Lack of concrete experience with real circuits. Many
students have no observational or experiential base that
they can use as a foundation for constructing the formal
concepts of introductory electricity. This deficiency in
background can be a serious handicap when students at-
tempt to relate electrical concepts to real circuits. In a
survey of a large calculus-based physics class, we found
that 60% of the students lacked previous experience with
simple circuits. Only about 15% indicated that they had
some familiarity with batteries and bulbs.

c. Failure to understand and apply the concept of a com-
plete circuit. To most physics instructors, the concept of a
complete circuit is so simple that it is usually given only
perfunctory attention in an introductory course. Most stu-
dents quickly learn the definition but do not necessarily
develop the ability to apply the concept.

During an interview, a student from the algebra-based
course drew the diagram shown in Fig. 1(a) to show a
light bulb connected to a battery. Although she remarked
that a complete circuit was necessary, the wire in her
sketch touched only the cylindrical base of the bulb. In a
test administered in the calculus-based course after the stu-
dents had studied the topic of dc circuits, approximately
55% of the students did not draw complete circuits when
asked to illustrate how to light a bulb with a single wire
and a battery. A common error was to show the bottom tip

996 Am. J. Phys. 60 (11), November 1992

oo e

4 ¥
@) ®)

Fig. 1. Diagrams drawn by students to show how to light a bulb given a
battery, a bulb, and a single piece of wire.

of the bulb in contact with a wire connected between the
terminals of the battery, as shown in Fig. 1(b). Such mis-
takes indicate a failure to recognize that for a bulb to be
part of a complete circuit, its two terminals must be con-
nected externally to different terminals of the battery and
internally to each other through the filament.

2. Difficulties with concepts related to electric current

Many difficulties that students have with electric circuits
seem to be due to an inadequate understanding of the con-
cept of current. We examine one of these difficulties below
in the context of a single question, in which students are
asked to rank the five identical bulbs in Fig. 2 according to
relative brightness and to explain their reasoning. They are
to assume that all the batteries are ideal (i.e., that the
internal resistance is negligible).

This question has been administered to more than 500
university students and has proved fruitful for eliciting
some common misconceptions. Almost every possible bulb
order has appeared. When the question has been asked on
course examinations approximately 10% of the students in
algebra-based courses, and 15% of the students in calculus-
based courses are able to correctly rank the bulbs. Whether
the question is administered before or after instruction
does not seem to affect the outcome. We have found the
same success rate among university graduates. A recent
administration of this question to more than 100 science
and science education faculty yielded similar results.

The problem may be solved either quantitatively or qual-
itatively. Although not strictly appropriate, use of Ohm’s
law yields the proper ranking. However, to compare rela-
tive brightness, no calculations are required. It is sufficient
to reason from a simple qualitative model, in which bulb
brightness is related to current or potential difference. In
the companion article, we outline the development of such
a model and show how it can be used to determine that
Bulb A, Bulb D, and Bulb E will be equally bright and

Fig. 2. Students were asked to rank by brightness the five identical bulbs
in the circuits shown and to explain their reasoning. They were told to
assume that the batteries are ideal. The correct response is A=D=E>B
=C,
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Fig. 3. Variant of the circuit diagrams shown in Fig. 2. In this case, the
relative ranking of bulbs by brightness does not depend on whether or not
the battery is ideal.

brighter than the other two bulbs, which will be equal in
brightness to each other (i.e., A=D=E>B=C).

For real batteries the relative ranking of the bulbs would
be different (i.e., A>D=E>B=C). To determine
whether a significant number of incorrect responses may
have been due to a failure to notice that the batteries are
ideal, we asked a similar question for the circuit in Fig. 3.
Although in Fig. 2, the relative ranking of the bulbs de-
pends on whether the batteries are ideal or real, this is not
the case in Fig. 3. If the battery in Fig. 3 were real, all the
bulbs would be dimmer, but the relative ranking would be
the same as for an ideal battery (i.e.,, A=D=E>B=C).
If students had responded incorrectly to the question based
on Fig. 2 because they treated the batteries as real, an
increase in the percentage of correct responses might have
been expected for Fig. 3. However, this percentage was the
same for the two cases.

d. Belief that direction of current and order of elements
matter. In ranking the bulbs for the circuits shown in Fig.
2, some students indicated a belief that the direction of the
current and the order of the elements make a difference.
One student explained that Bulbs A, B, D, and E are
equally bright “because current is free to flow through
these bulbs without having to flow through any other
[bulb] first.” This student reasoned that “Bulb C is less
bright than Bulb B because the current will meet some
resistance as it flows through Bulb B.” Others used similar
reasoning to predict that Bulb C would be brighter than
Bulb B. The choice for the brighter bulb depended on
whether the student was thinking of conventional or elec-
tron current.

e. Belief that current is “used up” in a circuit. The belief
that current is “used up” is a common misconception. As
mentioned earlier, it is not necessarily a sharply differen-
tiated concept of current that students have in mind. The
language many use, however, strongly suggests that they
think of current as constantly being produced by the bat-
tery and “used up” by the elements in a circuit.

In predicting the relative brightness of the bulbs in Fig,
2, many students claimed that one bulb in the series circuit
would be brighter than the other. The most common in-
correct explanation was that “Bulb B is brighter than Bulb
C because Bulb B ‘uses up’ the current first and Bulb C gets
‘left over’ current.” To solve quantitative problems, these
students may assume that the current is the same at all
points in a circuit or branch when elements are connected
in series. However, we have found that for many students
the statement that current is conserved remains an abstrac-
tion that they cannot apply to qualitative questions.

[ Belief that the battery is a constant current source.
Perhaps the most pervasive and persistent difficulty that
students have with dc circuits is the belief that the battery
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Student: ...I just don’t see how I'd see that
much difference whether the light
bulb is there or not - isn’t the

current the same all of the time?

Interviewer: ...What would you predict?

0

Fig. 4. The student in the dialogue above expresses the belief that the
current through the battery is independent of the circuit to which it is
attached.

Student: ...That the ammeter would read the

same in all three circuits.

is a constant current source (i.e., the current through a

battery always has the same value). They often overlook

the critical role played by the resistance in determining the

current. The following ranking by a student in the

calculus-based course for the bulbs in Fig. 2 reflects the

belief that the current in all three circuits is the same.
“A, B and C [are] all equal [in brightness] and brighter
than D and E, which are equal to each other. The same
current i goes through A, but in the third circuit the
current is divided between D and E.”

The belief that the current through the battery is inde-
pendent of the rest of the circuit often emerges when
changes are proposed. The student who drew the circuits
in Fig. 4 made the comments below about how the pres-
ence or absence of a bulb would affect the ammeter.

S: ...I just don’t see how I'd see that much difference
whether the light bulb is there or not—isn’t the cur-
rent the same all of the time?

I: What would you predict?

S: That the ammeter would read the same in all three
circuits.

According to this student, who received a grade of 3.8
out of a possible 4.0 in the algebra-based course, the bulb
would have no effect. Although she indicated that she had
heard that a meter could be damaged if connected incor-
rectly, she did not seem to recognize the relevance of the
warning. Even for good students, traditional instruction
appears to be ineffective in altering the apparently intuitive
idea that a battery produces a constant current.

The idea of a constant current source was not evoked for
the single battery in Fig. 3. The specific difficulties elicited
in a particular instance depend on the details. Two situa-
tions that appear identical to physicists may seem very
different to students. Thus the reasoning that students
bring to bear in the two situations may be different. Of
course, the converse is also true; students may treat situa-
tions as similar that physicists consider quite different.

3. Difficulties with concepts related to potential difference

Students often do not distinguish sharply between cur-
rent and potential difference. Usually underlying this lack
of conceptual clarity is uncertainty about the role of the
battery.

a. Failure to recognize that an ideal battery maintains a
constant potential difference between its terminals. Many
students do not think of a battery as a device that, if ideal,
maintains a constant potential difference between its termi-
nals that is independent of the network to which it is at-
tached. (The term “network” is used here to denote a
portion of a circuit with two identifiable terminals that
connect it to the rest of the circuit.) Instead, they think of
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Fig. 5. For the circuit shown, students were asked to predict: (1) the
relative brightness of the identical bulbs while the switch is closed, and
(2) how opening the switch will affect the brightness of each bulb.

the battery primarily as a constant current source. In re-
sponse to the question on the relative brightness of the
bulbs in Fig. 2, a student in the calculus-based course
stated that “Bulbs D and E are equal [in] brightness but
dimmer than A...[the] potential across each bulb is equal
but not as much as A.” This student did not associate the
rated battery voltage with the potential difference across
the branches connected to the terminals of that (ideal)
battery.

b. Failure to distinguish between branches connected in
parallel across a battery and connected in parallel else-
where. In a written examination, students were asked to
predict how opening the switch in Fig. 5 would affect the
brightness of Bulb B. Because the potential difference
across Bulb B would increase, it would get brighter. How-
ever, many students claimed that the brightness would re-
main the same since Bulb B was part of a parallel connec-
tion. These students failed to recognize the conditions
under which parallel branches are independent of one an-
other.

If two parallel branches are connected directly across an
ideal battery, a change made in one has no effect on the
other. However, if the two parallel branches are not con-
nected directly across the battery, a change in one branch
affects the other. The ability to distinguish between these
two types of parallel connections becomes important when
real, instead of ideal, batteries are introduced. It is custom-
ary to represent a real battery by an ideal battery in series
with a resistance. The portion of the circuit diagram in Fig.
5 that contains the battery, Bulb A and Bulb D is equiva-
lent to this approximation. Thus Bulb B and Bulb C can be
thought of as a parallel network connected between the
terminals of a real battery. To understand the effect of
replacing an ideal battery by a real battery, students must
understand how a resistance in series with a network af-
fects that network.

¢. Failure to distinguish between potential and potential
difference. On a course examination in calculus-based
physics, students were shown the circuit diagram in Fig. 5
with the switch in the closed position and asked to rank the
bulbs according to brightness. The correct ranking (A=D
> B=C) can be arrived at either by recognizing that the
current through Bulbs A and D is greater than through
either Bulb B or C, or by reasoning that the potential
difference across both Bulbs A and D is greater than across
the parallel combination of Bulbs B and C.

More than half of the students in the class did not rank
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the bulbs correctly. One of the most frequent incorrect

answers, given by 35% of the students, was A >B=C>D.

Usually this prediction was supported by one of two incor-

rect explanations. Some of the students claimed that since

current was “used up” by A, B, and C, there was less left
for D. This difficulty has already been discussed. About an
equal number of students used an argument based on the
faulty reasoning given below.

“Bulb A is the brightest because the potential is highest.

. Bulb B and Bulb C are next because they’re on the same
potential. Bulb D is the dullest due to the lowest poten-
tial.”

The explanation offered by this student indicates a fail-
ure to discriminate between the concepts of potential and
potential difference. The student did not realize that the
brightness of identical bulbs depends on how they are con-
nected in the circuit, not on where they are connected. He
mistakenly associated the brightness of a bulb with the
value of the potential at one of its terminals, rather than
with the potential difference between the terminals.

This same difficulty has also appeared when some stu-
dents rank the bulbs in the series branch in Fig. 2. They
explain that Bulb B is brighter than Bulb C because Bulb B
is at a higher potential. Students often do not understand
that the value assigned to the potential at a point in a
circuit is merely a number that is determined by the con-
vention of taking the negative terminal of the battery as a
reference. The numerical value has no other significance.

4. Difficulties with concepts related to resistance

In addition to current and potential difference, the con-
cept of resistance is essential for the analysis of an electric
circuit. We have found that students often do not under-
stand the meaning of this concept sufficiently well to apply
it in other than a rote fashion.

a. Tendency to focus on number of elements or branches.

A very basic error that we found even among good
students early in the calculus-based course was an initial
tendency to focus on the number of circuit elements rather
than on the configuration. One example is provided by the
following explanation given by a student who was a pro-
spective teacher. After stating that Bulbs B, C, D, and E in
Fig. 2 would be equally bright but dimmer than Bulb A,
the student explained that these four bulbs “would each be
half as bright [as Bulb A] because the same strength bat-
tery [is being] used on two bulbs.” In other words, the
student reasoned that if two identical bulbs are connected
in a circuit with a battery, the results should be the same
regardless of how they are connected.

In determining how the current divides through parallel
branches, some students considered only the number and
not the relative resistances of the branches. The following
prediction and explanation for the relative ranking of the
bulbs in Fig. 3 illustrates this error.

“A=B=C>D=E. The current..is equally divided
among the [three] paths. B and C are equal to A because
the current travels through each bulb one at a time.
Bulb D and Bulb E are less because the current splits
between them.”

The failure to take into account the relative resistances
of parallel branches was also evident when students were
asked to rank the bulbs in the three circuits in Fig. 2. In
that case, however, the ranking A=B=C> D=E can also
be attributed to a belief that the current through the bat-
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tery is a constant, independent of the circuit to which it is
attached. Whether the students reasoned that the current
through the three batteries was the same (as they did for
Fig. 2) or that the current in all three branches was the
same (as they did for Fig. 3), it was possible for them to
arrive at the identical incorrect ranking. The fact that dif-
ferent kinds of faulty reasoning may produce similar an-
swers to a question demonstrates the difficulty of trying to
classify unambiguously the errors made by students.

b. Failure to distinguish between the equivalent resistance
of a network and the resistance of an individual element.
Students who concentrate on the number of elements and
ignore the configuration often think of the resistance of a
network as an increasing function of the number. of ele-
ments. Although they can use a formula to calculate the
effect on the resistance of adding an element in parallel to
a network, these students often have not explicitly con-
fronted the fact that the equivalent resistance decreases
with the addition of the element.

At a more sophisticated level, we have found that a
difficulty in distinguishing between the equivalent resis-
tance of a network and the resistance of an individual ele-
ment is quite common. When asked to predict the relative
brightness of the five bulbs in Fig. 2 on a course examina-
tion, virtually none of the students in the calculus-based
class tried to solve the problem by using the concept of the
equivalent resistance qualitatively. About 40% of the stu-
dents immediately began to use algebra to find the equiv-
alent resistance of the series and parallel circuits. They
then substituted their answers (R, 2R, or R/2) into the
formula for the power and associated the result they ob-
tained with the brightness of each of the bulbs in the net-
work. Thus their ranking depended on which form of the
formula they had used (P=I’R or ¥V2/R). For example,
when values for the equivalent resistance are substituted in
P=V?/R, the resulting bulb order is D=E>A>B=C.

We have found that students often do not seem to dis-
tinguish between the resistance of a single element and the
equivalent resistance of a network containing that element.
Many students did not realize that to determine the bright-
ness of an individual bulb, the values of current, potential
difference, and resistance used must pertain directly to that
bulb. They did not seem to regard the equivalent resistance
as an abstraction that is primarily useful for finding the
total current or potential difference in a branch, network,
or circuit. Often it appeared that the students were think-
ing of the equivalent resistance in the circuit as if it were a
property of an individual bulb within the circuit. It should
be noted that many of the students who were unable to
arrive at a correct qualitative solution had earlier success-
fully solved more complicated circuit problems by using
Ohm’s law and Kirchhoff’s rules.

c. Difficulty in identifying series and parallel connections.

To find the equivalent resistance of a network, students
must be able to identify series and parallel combinations of
elements. They usually can recognize these connections be-
tween two elements but often cannot do so when several
are involved. For example, when a single element is in
series with two elements connected in parallel, students
often claim that the single element is in series with one of
the elements in the parallel combination.

Many students cannot decompose circuits with four or
five resistances into series and parallel connections, espe-
cially when the circuits are drawn in an unconventional
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Fig. 6. Students were asked to identify the corresponding standard circuit
diagram for each of the sketches of a real circuit shown in (a). The
correct answer is that both circuits correspond to circuit (ii).

manner, as are the two in Fig. 6(a). When we asked stu-
dents to determine which standard circuit diagram in Fig.
6(b) corresponds to each of the circuits in Fig. 6(a), we
found that they tended to focus on the physical lines con-
necting the elements rather than on the electrical connec-
tions represented by the lines. Lacking an adequate proce-
dure for determining the types of connections between the
bulbs, the students would often fail to recognize that the
second circuit in Fig. 6(b) is the correct diagram for both
circuits in Fig. 6(a). Some students would obtain a differ-
ent answer each time they attempted to solve the problem.

Students often fail to extract the critical features of a
series or parallel connection that would enable them to
identify such connections in complicated circuits. The term
series often evokes the idea of sequentiality, rather than a
specific type of connection. The term parallel often retains
a geometrical rather than electrical interpretation.

B. Inability to relate formal representations and
numerical measurements to electrical circuits

As has already been illustrated, students often manipu-
late formulas without relating the algebraic symbols to
concepts. They also have difficulty in interpreting diagram-
matic representations of a circuit and numerical measure-
ments of electrical quantities.

a. Failure to recognize that a circuit diagram represents
only electrical elements and connections, not physical or spa-
tial relationships. A real circuit is often represented by a
diagram that bears little resemblance to the circuit itself.
Students may not be able to recognize the relationship be-
tween the features of a diagram and the electrical elements
and wires that comprise the physical system. In the dia-
gram, the layout of elements may differ greatly from their
actual physical arrangement, and the electrical connections
may seem very different from the connecting wires in the
physical system. In such cases, many students are unable to
make the proper correspondence between the circuit dia-
gram and a real circuit represented by the diagram. More-
over, a given circuit can be represented by several diagrams
that appear to be superficially quite different but that are,
in reality, identical. Students often fail to recognize that all
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Fig. 7. Not all students recognize that the same circuit diagram (b) can
represent each of the circuits shown in (a).

diagrams that indicate the same electrical connections rep-
resent equivalent real circuits that are electrically identical
to one another.

Students have a strong tendency to focus attention on
physical characteristics rather than on electrical connec-
tions. For example, we have observed that inexperienced
students are often unaware that all three circuits in Fig.
7(a) are electrically equivalent to the circuit diagram in
Fig. 7(b). We have also found similar difficulty among
more experienced students, especially in situations involv-
ing more complicated circuits in which either the diagram-
matic representation or the actual circuit has extra junc-
tion points that have no essential electrical significance. In
addition to not being able to make the proper correspon-
dence between a circuit diagram and a real circuit, students
often cannot determine the relationships that may exist
among circuit diagrams of very different appearance. For
example, they may not realize that two diagrams that ap-
pear dissimilar, such as those in Fig. 8, are electrically
identical and represent the same circuit.®

b. Failure to treat meters as circuit elements and to rec-
ognize the implications for their construction and external
connections. Students in two concurrent calculus-based
physics classes with different instructors were given a pre-
test consisting of two questions on the use of an ammeter

(a) (b)

Fig. 8. Many students have difficulty recognizing that the circuit dia-
grams (a) and (b) are electrically equivalent.
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Fig. 9. Students were shown a circuit diagram in which a resistor and
bulb are connected in series across a battery. They were asked to draw a
circuit diagram to show how to connect an ammeter to measure the
current through the bulb and a diagram to show how to connect a volt-
meter to measure the potential difference across the bulb. Some common
errors are illustrated above.

and a voltmeter. There is no reason to believe that the
student populations in the two classes were different.
About half of each class had completed a standard exper-
iment on Ohm’s law in the associated laboratory course.
The other half of each class was not enrolled in the labo-
ratory course. The pretest was given shortly after the lab-
oratory experiment to the large class ( ~200 students) but
before resistive circuits had been discussed in the lecture.
The pretest was also administered to the second, smaller
class ( ~40 students) after the relevant material had been
covered in lecture. In the interim, the students taking the
laboratory course performed other experiments involving
the use of the meters.

In the first question, the students were shown a circuit
diagram of a light bulb in series with a battery. They were
asked to draw a diagram to show how they would connect
an ammeter to measure the current through the bulb and a
separate diagram to show how they would connect the
voltmeter to measure the voltage across the bulb. In the
larger class, about 50% of the students were able to draw
correct diagrams. In the class in which the question was
given after the topic of dc circuits had been completed, the
results were the same. Some of the incorrect diagrams
drawn by the students are illustrated in Fig. 9. This same
question was also asked on a final examination in another
large class at the end of a subsequent quarter. Again, only
50% of the students gave a correct response. In this case,
all of the students were enrolled in the laboratory course.

The second question on the pretest was assigned to de-
termine if the students understood why the ammeter must
be connected in series with an element and the voltmeter in
parallel. This question was altered slightly before it was
administered to the smaller class. The second version is
illustrated in Fig. 10, in which circuit E contains a resistor
and a single bulb connected in series to a battery, while
each of the other diagrams also includes either an ammeter
or a voltmeter. The students were asked to predict the
relative brightness of the bulbs in the five circuits and to
explain the reasoning they used.

We expected the students to state that the brightness of
the bulb in circuits A and D, in which the meter is properly
connected to the bulb, would be about the same as in cir-
cuit E. For the two circuits B and C, in which the meter is
improperly connected, we were willing to accept a variety
of answers, depending on the explanation given. The re-
sults from the administration of the second question in
both classes were the same. Only 15% of the students
ranked the bulbs correctly.

Almost every possible ranking of bulbs appeared. Many
of the students ranked the bulb in the circuit without the
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Fig. 10. Students were asked to rank the brightness of the bulbs in the five
circuits shown above and to explain their reasoning.

meters as brighter than the bulbs in the circuits in which
the meters were correctly connected. Other students pre-
dicted that the bulbs would be equally bright in all five
circuits. Some explicitly said that the meters had no effect.

The most common type of incorrect response was based
mainly on consideration of the external connections of the
meters. For example, students would rank the bulbs in
circuits A and B as approximately equal in brightness be-
cause both meters are in series with the bulbs. They would
also use similar reasoning to reach the same conclusion for
the bulbs in circuits C and D, in which the meters are in
parallel with the bulbs. Sometimes the bulbs connected in
series with the meters were ranked brighter than the bulbs
connected in parallel. The reverse order also occurred. If
students considered the internal resistance of the meters, it
was in a subordinate manner. They might refer to the re-
sistance of the meters to make fine distinctions between the
brightness of the bulbs in circuits A and B, or in circuits C
and D.

Although some students stated that the resistance of an
ammeter is very small and that of a voltmeter is very large,
they apparently did not relate this information to the func-
tion of the meters, nor did they recognize the implications
for the external connections. Many students did not seem
to regard the ammeter and voltmeter as instruments that
should be connected so that they do not affect the current
or potential difference to be measured.

The fact that the pretest, administered in one class be-
fore the material was covered in lecture and in the other
class afterward, yielded similar results in both classes sug-
gests that many students do not learn this material from
the standard presentation in lecture and textbook. Overall,
there was essentially no difference in the percentage of cor-
rect responses to either of the two questions for students
enrolled in the laboratory course and for those who were
not. In doing the prescribed experiments, the former were
able to make the proper measurements, record the values
and calculate resistances. Yet, the performance of these
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students on simple qualitative questions designed to test
their functional understanding of the meters was no better
than that of those who had not taken the laboratory
course.

C. Inability to reason qualitatively about the behavior of
electric circuits

Many difficulties that students have with electric circuits
are not purely conceptual in nature but also reflect an in-
ability to do the qualitative reasoning involved in the de-
velopment and application of concepts. It is often impos-
sible to separate difficulties with concepts from difficulties
with reasoning.

a. Tendency to reason sequentially and locally, rather
than holisticallp. When a change is made in a circuit,
students often focus attention only at the point where the
change occurs, not recognizing that a change made at one
point in a circuit may result in changes at other points.
There is a tendency to think locally or sequentially, rather
than to reason holistically. Students may think of a circuit
either as consisting of isolated components that can be
analyzed independently of one another, or as consisting of
components that can be analyzed one after another in se-
quence around the circuit.

In a written question based on the circuit in Fig. §,
students were asked how opening the switch would affect
the brightness of Bulb A. Since the total resistance of the
circuit would increase, the current through Bulb A would
decrease and it would becobr,ne dimmer. Many students pre-
dicted that the brightness'of Bulb A would not change,
arguing that “the current goes through Bulb A first.” We
have found that local reasoning of a sequential nature is
especially common when students are asked to predict
changes at points that are at a lower potential than the one
at which the change is made.

Sequential reasoning about current underlies the belief
that the direction of the current and order of the bulbs
affect bulb brightness. The error of associating the value of
the potential at a terminal of the bulb with bulb brightness
can also lead to an inappropriate use of sequential reason-
ing when students rank the brightness of bulbs according
to their sequence in the circuit, rather than the potential
difference between their terminals. The students who did
not consider the effect on the circuit as a whole of connect-
ing an ammeter or voltmeter in different ways were think-
ing only in local terms. Still another example of a failure to
think globally involves the difference between parallel
branches connected across a battery and parallel branches
connected elsewhere in the circuit. The students who
claimed that the brightness of Bulb B in Fig. 5 would not
change when the switch was opened because Bulb B was
part of a parallel connection were not considering how the
relationship with the battery differs for these two types of
parallel connections.

b. Lack of a conceptual model for predicting and explain-
ing the behavior of simple dc circuits. The performance of
students on several of the tasks that have been described in
this article indicated that most had not synthesized the
basic electrical concepts into a coherent framework. Lack-
ing a conceptual model that they could use as a basis for
predicting the relative brightness of the five bulbs in Fig. 2,
the students resorted to formulas, relied on intuition, or
attempted to do both. Many students immediately tried to
use Ohm’s law but could not apply it properly. Some, who
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may have had difficulty with the algebra, tried to solve the
problem by arbitrarily assigning numerical values to the
variables, often choosing inconsistent values for the cur-
rent, potential difference and resistance.

In the absence of numerical values, students are likely to
rely on intuition. Many of the student responses used as
illustrations in this paper were the consequence of an in-
tuitive approach. We found that, even when they used for-
mulas, some students were reluctant to abandon their in-
tuition. They might perform a calculation, but if the result
contradicted their expectations, they would ignore or mod-
ify the mathematics. Below, a student who followed this
pattern explained how he had arrived at his unusual rank-
ing for the bulbs in Fig. 2.

“I assigned an arbitrary resistance to each bulb, then

applied the series and parallel rules, assuming that the

bulb the current flows through first will be brightest.”

The student used Ohm’s law to calculate the equivalent
resistance for the network of bulbs in each circuit. He then
associated the brightness of each bulb with the current
through the network of bulbs, an error that was discussed
in the section on equivalent resistance. Most of the stu-
dents who made this error gave their ranking as D=E> A
> B=C. This student, however, was not willing to base his
response on mathematical formalism alone. His final or-
dering of the bulbs was D>E>A>B>C. Lacking a
proper model on which to base his reasoning, he revised
the ranking he calculated to incorporate his intuitive belief
that the “bulb the current flows through first will be bright-
est.” Since he thought of Bulbs D and B as ahead of Bulbs
E and C, respectively, he replaced the “=" signs by “>”
signs.

As has been discussed earlier, the prediction that the
first bulb in a series arrangement is the brightest is a com-
mon error that may be a symptom of more than one un-
derlying difficulty. Whatever the origin, it is clear that the
student quoted above had not overcome a serious miscon-
ception. Faced with an unfamiliar situation, he modified
the physics involved to reconcile what he had learned with
what he believed:

IV. CONCLUSION

As the research described in this paper indicates, most
students in an introductory physics course do not develop
the type of functional understanding that enables them to
apply the basic electrical concepts.'* We found some seri-
ous conceptual and reasoning difficulties present at the be-
ginning of instruction that were just as prevalent at the
end. Apparently, these difficulties were not successfully ad-
dressed by the standard presentation of material in the
traditional lecture and laboratory format.

To bring about a significant conceptual change, it is nec-
essary to engage students at a sufficiently deep intellectual
level. However, the typical introductory physics course is a
passive learning experience for many students. The crite-
rion most often used as a measure of academic mastery is
the ability to solve standard quantitative problems. In the
study of dc circuits, the attention of students is primarily
directed toward the solution of quantitative circuit prob-
lems through the use of Ohm’s law and Kirchhoff’s rules.
The type of questions that might strengthen concept devel-
opment and scientific reasoning ability are generally not
posed. However, providing students with physical ‘“hands-
on” experience by having them perform standard experi-
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ments does not insure that concept development will take
place as laboratory skills are learned. It is unrealistic to
expect laboratory instruction that does not take student
difficulties into account to accomplish what lectures fail to
do.

There is a need for instructional materials that foster the
active mental participation of students in the learning pro-
cess. The development of curriculum that fulfills this need
should be guided by knowledge of what students know and
can do, rather than by assumptions about what they should
know and should be able to do. In this article, we have
illustrated how our investigation of student understanding
in the limited domain of simple dc circuits has contributed
to the building of a research base for curriculum develop-
ment. In a companion article, we describe how we have
used results from this investigation to guide the develop-
ment of curriculum that more closely matches the needs
and abilities of students than does traditional instruction
on this topic.!>16
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This is the second of two closely related articles that together describe how results from research
can be used as a guide for curriculum development. The first article shows how the investigation
of student understanding of electric circuits by the Physics Education Group has contributed to
the building of a research base. This second article describes how the group has drawn on this
resource both in developing a curriculum for laboratory-based instruction and in adapting this
curriculum to fit the constraints of a traditional introductory course. Also discussed is how, in
turn, development and implementation of the curriculum have enriched the research base.

L. INTRODUCTION

During the past several years, investigations of student
understanding in physics have contributed to a steadily
growing research base. This is the second of two closely
related articles that together describe how this resource can
be used to guide the development of curriculum.’ The sub-
ject matter context is dc circuits.

As implemented by the Physics Education Group, the
process of using research to guide curriculum development
has three parts: (1) conducting systematic investigations of
student understanding; (2) applying the results in the de-
velopment of specific instructional strategies to address
specific difficulties; and (3) designing, testing, modifying,
and revising the materials in a continuous cycle on the

1003 Am. J. Phys. 60 (11), November 1992

basis of classroom experience with the target population.
In the first article, we examine part (1) of this process by
summarizing results from our long-term investigation of
student difficulties with simple electric circuits. In the
present article, we illustrate parts (2) and (3) of the pro-
cess with examples from two types of curriculum devel-
oped by our group. The first is a set of laboratory-based
1nstruct10nal modules, collectively entitled Physics by In-
quiry.? These modules have been specially dcs1gned for the
preparation of teachers of physics and physical science, but
they have also been used successfully with other student
populations. The second type of curriculum consists of tu-
torial materials intended for use in conjunction with the
lectures and textbooks that form the core of the typical
introductory course.’
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