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ASSESSING COLLEGE STUDENTS’ CONCEPTUAL UNDERSTANDING OF SHORT CIRCUITS
David Henry, Buffalo State College

Michael Jabot, Fredonia State College
Abstract:  The purpose of this study was to examine college students’ ideas about current electricity before and after instruction in a second semester calculus-based physics course.  The Path of Electric Current Assessment (PECA) revealed that the majority of students were not able to consistently predict how electricity would flow through a simple battery and bulb circuit that included a short circuit.
Introduction

The overarching goal of science education is to develop scientific literacy.  It is crucial that in the process of developing scientific literacy we also work to develop conceptual understanding of the content presented. To this end, there is a large body of research on students’ conceptual understanding which has focused on students’ alternative conceptions of specific scientific concepts (Osborne 1981; McDermott and van Zee 1984; Shipstone 1984; Arnold and Millar 1987; Kärrqvist 1987).  This large body of knowledge on students’ alternative conceptions has become a driving force for reforming science education in all aspects including curriculum and instruction, teacher education, and assessment. 
Physics educators at all levels have begun to look more closely at the conceptual understanding their students demonstrate in explaining a given phenomena or making predictions. A variety of new curricular materials have been developed as a result of these investigations. In addition, widespread use of test instruments such as the Force Concept Inventory (FCI) (Hestenes, Wells et al. 1992) the Test of Understanding Graphs in Kinematics (Beichner 1994) and the Electric Circuit Conceptual Assessment (ECCE) (Hieggelke, Maloney, Van Heuvelen, & O'Kuma (2001);  have allowed instructors the ability to evaluate students conceptual understanding and the use of these conceptual instruments has become quite widespread. 

We have been examining the mental models used by learners at all ages when they are asked to fill in details about electric circuits.  Our research questions are: 

1. What mental models do students use in explaining how electricity flows through simple battery and bulbs circuits? Specifically, we categorize the mental models that student use in making sense of how a resistive load or low-resistance path in a simple circuit will affect how electric current flows through the circuit.

2. Do students apply their mental models consistently to different, but similar circuits.

3. How do these mental models vary before and after traditional college physics instruction.

Theoretical Background

The body of knowledge regarding students’ understanding of DC electric circuits is quite extensive. The literature indicates that students have two prominent misconceptions regarding DC electrical circuits: (a) current is consumed (Fredette and Lochhead 1980; Osborne 1981; McDermott and van Zee 1984; Shipstone 1984; Arnold and Millar 1987; Kärrqvist 1987) and (b) the battery is a source of constant current (Cohen, Eylon et al. 1983; Dupin and Johsua 1987; Licht and Thijs 1990).  Several investigations have been done to examine student understanding and thinking concerning electricity over time (Tiberghien and Delacote 1976; Osborne 1981; Osborne 1983).  These investigations have found that often the understanding of students is unchanged over time, even after receiving formal instruction.  

In analyzing circuits, students tend to view them in a piece-meal fashion as opposed to holistically. There is some evidence to indicate that students change their reasoning patterns depending on characteristics of the circuit.  For example, a student may view a light bulb close to the battery differently than they view a light bulb farther away from the battery.  Students often do not appear to use a single, consistent model to analyze circuit phenomena.  
Concept of a Complete Circuit 

The concept of a complete circuit is quite simple and its definition is often quickly learned by the students. Because of this, it is often given little time in instruction (Osborne 1983).  When asked to use a battery, a bulb, and wires to make the bulb light, students will often display an understanding which is markedly different from the accepted view.  While students may in fact develop a mental model of electric current that includes a scientifically valid idea of a complete circuit, their predictions of how electric current flows is often quite different from the scientific explanation.  Because students’ lack an understanding of how a bulb is constructed, it appears that they fail to recognize the role that insulators play in how a bulb works. They will draw a circuit, which has wires coming to the metal base of the bulb as well as exiting from the metal base.  In this case they have a model of complete circuit which does not take into account the concept of resistance.  Figure 1 shows a common description of how electricity flows in a simple one-battery, one-bulb circuit.  
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Models for Electric Current Flow

Many of the difficulties that students have concerning electric circuits can be traced back to difficulties concerning the concept of current.  Past studies of how students think about electric current flow use the same basic structure. Students are given a battery, some wires and a bulb and then are asked to light the bulb. While they are involved in the task, their actions and behavior are recorded or observed (Tiberghien 1983, Osborne and Freyberg 1985). They are then interviewed and asked to explain what they have done and what they were thinking while they were doing it. From the protocols generated, researchers were able to infer the students’ underlying ideas about simple circuits.  This type of task has been used with individuals from primary school up through the university level to elicit their understandings of electricity. For instance, Fredette and Lochhead (1980) used it to assess university students’ conceptions of simple circuits, and Osborne used it in a number of studies invol​ving secondary school students in New Zealand and in the UK (Osborne 1983, Osborne and Freyberg 1985).

Emerging from this research base have been several mental models that do not align with accepted scientific thought, but yet are used by novices to explain electric current flow.  These models are:

1. Consumption Model:  The battery is seen as the “giver” of the electricity, juice, voltage, power; whatever term was used to describe what the battery did and the bulb is seen as consuming the electricity  (Maichle 1981). 
2. Unipolar Model: Students report that no current exists in the return path. In this model, the student often does not include a wire returning from the bulb back to the battery (Osborne, 1983).

3. Clashing Current Model:  The flow of electricity is described as coming to the bulb from both ends of the battery and getting “used up.”  
4. Attenuation Model:  The electric current is viewed as flowing in only one direction, but some of the electricity is used up by the bulb. 
5. Closed circuit model: All the circuit elements are viewed as having two connections. Current circulates around the circuit in a given direction and the circuit only functions when the switch is closed. Current flow through a resistive circuit element liberates energy (Karrqvist (1985). 
6. Constant current source model: This model properly encompasses bipolar circuit elements, the circulation of current in a cycle and the need for a closed circuit. However, the battery is seen as a source of constant current, that is, the current supplied by the battery is always viewed as the same regardless of the circuit features. It is recognized that the battery “wears out” with time and that this is the only source of current variation. According to this model, two bulbs share the current, whether they are connected in series or parallel. A similar model is described by Cohen et al. (1983) and it shows most of the features of Shipstone’s (1984) ’sharing model’. According to Shipstone (1984) this model results from the assimilation of some rules about circuit functioning into children’s models, for instance, the rule that identical bulbs connected in series (or parallel) shine equally brightly.

7. Ohm’s model: A current flows around the circuit transmitting energy. Current is conserved and well differentiated from energy. The circuit is seen as a whole interacting system, such that a change introduced at one point of the circuit affects the entire system. This corresponds to the ’scien​tific view’ and has also been found by Osborne (1983) and Shipstone (1984). This model becomes increasingly popular as students grow older, perhaps as a result of instruction.
Resistance

The research on the mental models that students use to explain how a resistive load in a circuit affects the electric current flow is sparse.   In their work with elementary and middle school teachers, Heller and Finley (1992) explored the mental models that the teachers used to explain how electricity flowed through simple series and parallel circuits.  In additional to confirming the models of thinking described above, they found that one mental model is that “wires use up electricity.”  So in this model, the farther the bulb is from the battery, the dimmer it is.  For parallel circuits, this mental model leads to a prediction that the bulb farthest from the battery will be dimmer.  When they showed the teachers a circuit with a short circuit (an extra wire from one side of the bulb to the other side) around one of the bulbs in the circuit, the responses of the teachers included that the shorted bulb would “dim because some of the electricity is used up traveling the extra distance through the copper wire” and the bulb “gets brighter because copper is an excellent conductor of electricity, so it increases the flow of current.”   These responses are evidence of mental models that do not incorporate a correct conception of resistance.

Methodology

Sample 

This study was conducted at a large, public university.  The course studied was a second-semester, calculus-based physics course.  The course covered electromagnetism, starting with electric fields, and ending with Maxwell’s Equations.  There were 208 students enrolled in the class.  The majority of the students were in various engineering programs, and this course is a requirement of their program.  The instructor of the course has taught this course on several occasions and is an assistant professor in the physics department.
Measures
Six items from a 20-item instrument were used in this study.  Each item was a simple circuit with one battery and one light bulb.  The circuits were shown using “real-life” diagrams as opposed to schematic diagrams.  The items were part of a larger set of items that make up the Path of Electric Current Assessment (PECA).  The six items used in this study are shown in Figure 2.  
Procedures

The students enrolled in this class were asked to complete the PECA during class early in the semester.  On this class day, 95 of the 208 enrolled students attended class and completed the PECA. The contents of the assessment were not shared with the college professor.  The college professor continued instruction as originally planned his course as usual, and at the end of the semester, the students were again asked to complete the PECA during a regularly scheduled class.  On the day of the administration of the post-test, 58 students attended class and completed the PECA.  Across the two administrations, 31 students completed both the pretest and the post-test.  In the findings section, data will be presented for both the entire group present for either the pretest or post-test as well as for the 31 students who completed both tests. 
Responses to the six items were analyzed based on the density of arrows representing the electric current in different parts of the circuit and on whether the student indicated that the bulb would light or not light.  Items 1 and 2 were analyzed together, as one score.  Items 3, 12, 13 and 20 were analyzed individually.  Together, these yielded  five scores for each student.  Each response was classified as representing one of the following models:
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Model 1: (correct model) Bulbs Have More Resistance than Wires

These responses reveal an understanding that the bulb has more resistance than a wire.  When comparing items 1 and 2, respondents correctly predict that more electricity will flow in 2 because the resistance is less.  In items 3, 12, 13 and 20, the responses reveal an understanding that the bulb won’t light because the electricity can get around the bulb easily (through a wire) without going through the light bulb.  Some electricity may go through the bulb, but probably not enough to light it.  Students had “Won’t Light” circled and drew more arrows going through the short circuit than through the bulb.  They may also have no arrows going through the bulb portion of the circuit.

Model 2:  Equal Current 
These responses demonstrate the idea that the bulb doesn’t change the circuit any differently than a wire and predict that electricity will travel equally through a bulb or a wire.  A student using this model drew equal arrows in items 1&2.  In items 3, 12, 13 and 20, they drew equal arrows in both paths - through the bulb and through the short circuit.  “Will Light” was circled.  Responses that fit this model can be interpreted two ways: as a belief that the bulb and the wire have the same electrical resistance, or that electricity will always split equally, regardless of characteristics of the paths.
Model 3:  Electricity is “Drawn to the Bulb”
These responses reveal a belief that electricity is always drawn to the bulb.  Given two paths, all or most of the electricity will go in the path that includes the bulb.  Students using this model drew more arrows in item 1 than in item 2.  This student may have written “no” electricity in item 2.  In items 3, 12, 13 and 20, “Will Light” was circled, and there were noticeably more arrows in the bulb path than in the short circuit path.  
Model 4:  Alternative Paths “Block” Electricity

This model reflects a misconception that an alternative path or crossing wires will block the electricity from moving through a circuit.  A student using this model drew arrows in items 1, and has “no” written on the wires in item 2.  In items 3, 12, 13 and 20, there is “no” written on all the wires, or on the wires after the short circuit.  “Won’t Light” was circled. 
Null Model:  Items were categorized as Null if there was not enough evidence to categorize the response as reflecting one of the four models described above.

Papers were analyzed by both researchers.  The responses that were not classified the same by each researcher were discussed and a final classification was decided upon. The number and percentages of responses that fit each category before and after instruction and the number and percentages of students who demonstrated a preference for a particular model before and after instruction are presented in the next section.

Findings
Our first research question asked:  What mental models do students use in explaining how electricity flows through simple battery and bulbs circuits? Specifically, we categorized the mental models that students used to show the effect of a resistive load or low-resistance path in a simple circuit. 
Table 1 gives the results by model before and after instruction.   These results represent the percentages of total items classified for each model.  Any one student may have items classifies in several models, or all in one model.  Figure 1 represents this same data graphically.
	Table 1
	
	
	
	
	
	
	

	Number of responses by model, all students in attendance

	 
	 
	 
	Model 1
	Model 2
	Model 3
	Model 4
	Null

Model

	Before Instruction (n=95)
	21.5%
	52.8%
	15.6%
	3.8%
	6.3%

	After Instruction (n=58)
	30.7%
	53.1%
	10.7%
	1.0%
	4.5%


Our second research question asked:  How consistent are students in applying their mental models?  In order to answer this question, we classified each student as inconsistent or consistent in one model.  If a student used the same model for 4 or 5 of the five items, the student was classified as consistently using that model.  Otherwise, the student was classified as inconsistent.  Table 2 gives the percent of student falling into each category, before and after instruction.  Figure 3 shows this data graphically.
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Before instruction, 52% of the students were inconsistent in the model they used. 7%  consistently used Model 1 (correct model), 40% were consistently using Model 2, and 1% were consistently using Model 4.  After instruction, 36% were inconsistent in the model they used.  22% were consistently using Model 1, 40% were consistently using Model 2, and 1.7% were consistently using Model 3.. 
Our third research question asked:  How do these mental models vary before and after college instruction?  We found that the correct model did show an increase.  Before instruction, only 7% of the responses used Model 1 consistently.  After instruction, 22% of the responses consistently used this correct model to describe the current flow in the circuits.  Consistency also increased between the pretest and post-test.  48% used a model consistently before instruction.  After instruction this increased to 64%.
	Table 2
	
	
	
	
	
	
	

	Resistance models used by students, all student in attendance

	 
	 
	 
	Mixed Model 
	Consistent Model 1
	Consistent Model 2
	Consistent Model 3
	Consistent Model 4

	Before Instruction (n=95)
	51.6%
	7.4%
	40.0%
	0.0%
	1.1%

	After Instruction (n=58)
	36.2%
	22.4%
	39.7%
	1.7%
	0.0%
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As can be seen in Tables 3 and 4, when looking at the 31 students who took both the before instruction and after instruction assessments, the results are similar.  

	Table 3
	
	
	
	
	
	
	

	Number of responses by model, only students who attended both classes when pre and post assessment was given

	 
	 
	 
	Model 1
	Model 2
	Model 3
	Model 4
	Null

Model

	Before Instruction (n=31)
	15.6%
	62.5%
	14.4%
	2.5%
	5.0%

	After Instruction (n=31)
	29.7%
	60.6%
	7.7%
	0.6%
	1.3%


	Table 4
	
	
	
	
	
	
	

	Resistance models used by students, only students who attended both classes when pre and post assessment was given

	 
	 
	 
	Mixed Model 
	Consistent Model 1
	Consistent Model 2
	Consistent Model 3
	Consistent Model 4

	Before Instruction (n=31)
	41.9%
	9.7%
	48.4%
	0.0%
	0.0%

	After Instruction (n=31)
	25.8%
	22.6%
	51.6%
	0.0%
	0.0%


Table 5 reports the results of each item by model.  These data show that the models were not applied consistently across the items.  For example, item 13 and 20 were more likely to have Model 3 applied to them than the other items.  Item 1 &2 has a much higher Model 2 response than any other item.
	Table 5.  
Models by items, after instruction

	Item
	1&2
	3
	12
	13
	20

	Model 1
	13.6%
	35.6%
	30.5%
	27.1%
	22.0%

	Model 2
	69.5%
	37.3%
	49.2%
	44.1%
	44.1%

	Model 3
	15.3%
	8.5%
	1.7%
	10.2%
	16.9%

	Model 4
	0.0%
	1.7%
	1.7%
	0.0%
	1.7%

	Null
	1.7%
	16.9%
	16.9%
	18.6%
	15.3%


Discussion 

We would like to emphasize in this discussion that the population we studied was a set of students in a calculus-based, second semester university physics course.  Our findings show that after instruction, fewer than one-third of the students consistently used a scientifically valid model to describe how electric current flows in a simple one-bulb, one- battery circuit, and over half of the students used an equal current model (our Model 2).  In this model, electricity is perceived as flowing equally through the different branches of the circuit.

One possible explanation for these results is that, since the numerical value of the bulb resistance wasn’t given, the students assumed that the resistance was equal to that of a wire.  A few of the student wrote equations on their paper, such a “V=IR” or “I=V/R.”  This indicates that these students were attempting to quantitatively solve the circuit before drawing their arrows.  Without the values, the students may have assumed equal currents for the branches.  If this is the case, it shows a lack of conceptual understanding of the nature of a light bulb.

Even though the number of responses were low for Model 3, Current Drawn to Bulb, we find it interesting that any students at this level would be using this model.  Indeed, 16 % of the items were solved using this model before instruction, and 11% after instruction. 3% of the students used this model consistently before instruction and 1% consistently used this model after instruction.  These responses reveal that the students perceived the electric current as flowing though the bulb rather than the short circuit.  Students using this model may explain that something using the electricity (such as a bulb) attracts the current and keeps it from flowing through other paths.  Some items particularly uncovered this kind of thinking., particularly item 20.  After instruction, item 20 had the most responses categorized as Model 3  at 17%.  Item 13 had 10% categorized as Model 3.  This compared to 2% categorized as Model 3 for item 12.  This is an example of how the mental model that the student used to evaluate the circuit depended on the layout of the circuit.  In item 13 and 20, the short circuit path was above the light bulb, compared to between the bulb and the battery in item 12.  This may be an extension of the idea that the electric current will flow through the closest path to the bulb more easily.
In Table 5, the row for Model 2 shows that Item 1 & 2 have different patterns of responses than the remaining items.  Because these items used two separate circuits, each with only one path, a student using the constant current model (Osborne and Freyberg, 1985) of a battery, would show equal arrows in both circuits, yielding a Model 2 response.  However, equal currents in two different circuits, as in item 1 & 2, and equal current in two different branches of the same circuit, are quite different situations, and interpretation of these results should be done carefully.  Using an Equal Currents Model in different branches of a circuit is not associated with the Constant Current Model of a battery because the current splits after it leaves the battery.  Comparing the currents in two separate circuits, as in item 1&2, cannot be separated from the Constant Current Model of a battery.  Approximately 45% of the students used Model 2 in interpreting items 3, 12, 13, and 20 compared to 70% for item 1&2.  Hence, roughly 25% of the students may have used the Constant Current Model of a battery when interpreting items 1 and 2.  This is a large percentage and should be explored with future research.
Overall, students were not consistent in the models that they applied in examining circuits.  52% of students were inconsistent before instruction,  and 36% of students were inconsistent after instruction. One implication of this study is that we may need to encourage students to reflect on the consistent application of models as part of scientific thinking.

Our research shows the need for college physics instructors to assess student understanding of basic principles.  Using qualitative assessment tools such as the PECA may prove to be valuable in assessing the effectiveness of teaching and learning.  
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Figure 1.  Common model of how electricity flows through a simple circuit





For each picture, use arrows on the wires to show how much electric current you think is moving in each wire.  If you think no electric current is moving in the wires, write NO on the wire.  Draw more arrows if you think there is more electricity moving through the wire.





BARE wires connect a bulb and battery 
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One BARE wire connecting the two ends of a battery
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Won’t light
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Wire with no electric current moving in it.





Wire with some electric current moving  down the wire.





Wire with a lot of electric current moving up the wire.
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Directions: For each of the pictures below, a bulb is connected to a battery with BARE wires. The wires don’t have any plastic coating on them.  For each picture, circle if you think the light bulb will light or won’t light.  Then use arrows on the wires to show how you think the electric current is moving in the wires. If you think no electric current is moving in a wire, write “NO” on the wire.





Figure 2.  Selected items from the Path of Electric Current Assessment





Figure 2.  Responses by model





Figure 3.  Change in mixed and consistent models.








National Association for Research in Science Teaching (NARST) April 1-3, 2004


[image: image4.emf]0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

Before Instruction

(n=95)

After Instruction

(n=58)

Consistent Model 1

Consistent Model 2

Consistent Model 3

Consistent Model 4

#REF!

[image: image5.png]Inconsistent

Cansistent Madel 1
Consistent Model 2
Consistent Model 3
Consistent Model 4



[image: image6.jpg]


