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An energy process can be represented by verbal, pictorial, bar chart, and mathematical representations. This
multiple-representation technique has been introduced and used in the work-energy part of introductory
college physics courses. Assessment indicates that the work-energy bar charts, as a physical representation
of a work-energy process, play an important role in student problem solving: they help students 1) reason
about work-energy problems conceptually first, 2) set up the generalized work-energy equation correctly
and easily, and 3) make inferences and evaluate their problem solutions. One important goal of this
investigation is to provide a research base for the design of instruction to help students develop expertise in

solving work-energy problems.

In the past thirty years, substantial
progress in cognitive science, psychology,
and physics education has been made in
exploring and understanding differences in
problem solving between experts and
novices."* The central difference in physics
problem solving between experts and
novices, according to IJill Larkin,* is that
novices have much less ability than experts
to construct or use physical representations
(e.g., free-body force diagrams). Few
studies, however, investigate in depth what
functions physical representations play in
problem solving. This paper reports on a
study of the role of work-energy bar charts’
as a physical representation in solving work-
energy problems by introductory physics
students.

I. OVERVIEW OF THE RESEARCH

The study was conducted through the
analysis of responses to written questions
from a large number of students and the
analysis  of  think-aloud  individual
interviews'' with a small number of
students. Subjects involved regular students,
honors engineering freshmen, and honors
physics majors from introductory calculus-
based mechanics classes at The Ohio State
University (OSU). Research results reported
in this paper were primarily drawn from
student interviews; on a voluntary basis,
twelve  honors engineering freshmen
participated in pre-interviews and six honors

engineering freshmen (not selected in the
pre-interview) and four honors physics
majors participated in follow-up interviews.

By the time of the pre-interview, the
students had been exposed to the concepts of
kinematics and dynamics but not the
concepts of work and energy (but all twelve
students were exposed to the context of
work and energy in their high school physics
classes). Three problems (see Fig. 1) were
used for the pre-interview, each basically
including three small questions: Question 1
could be answered applying the
conservation of energy quantitatively and
Questions 2 and 3 were conceptual
reasoning ones. In addition, the first
interview problem (see Fig. 1) included a
question asking the student to complete
work-energy bar charts for the given
situation, but in the two other problems
completed work-energy bar charts were
given. (A short tutorial on work-energy bar
charts was given to the student at the
beginning of the pre-interview.) Also, in all
the three problems a picture was given to
illustrate each physical situation. The pre-
interview was used to investigate 1) how
students solved work-energy problems from
a perspective of problem representations,
and 2) how they were be able to use a
physical representation without formally
learning how to use it in problem solving.

In the follow-up interview three word
problems were given (see Fig. 2), each



including three small questions: Question 1
was a quantitative one, but Questions 2 and
3 were qualitative ones. No other problem
representations were given in the problems.
The follow-up interview was designed to
study 1) how students applied work-energy
bar charts in their problem solving, and 2)
what functions the work-energy bar charts
played as a physical representation.

II. PRE-INTERVIEW RESULTS

Student  solutions and interview
videotapes from nine students were analyzed
and transcribed. (Three other students did
not finish all the three problems within the

A woman skier of mass 60 kg
descends along the hill
indicated in the figure at right.
She starts from rest at the
point A at a height 40.0 m
above the bottom point B of
the hill, and jumps off at the

point B. (The effects of friction are neglected.)

Question 1.0: Complete the following work-energy
bar chart.

Initial Energy +Work = Final Energy
ALI(U +Up+ Uy, + W = {( + U, + Uy + AU (friction)
A

Question 1: What is the woman skier’s speed at B?
Question 2: A male skier of mass 100 kg descends
along the same hill. He starts from rest at point A as
well, and jumps off at the bottom point B. Would his
speed at point B be greater than, equal to, or less
than the woman skier’s speed at point B? Explain
your reasoning.

Question 3: If the woman skier
jumped off at point C that is
above point B (see the figure at
right), would her speed at point
C be greater than, equal to, or
less than her speed at point B?
Exolain vour reasonine.

Fig. 1: One of three problems used in individual
student pre-interviews.

one-hour pre-interview.) First, we found that
for the first problem (see Fig. 1) eight of
them correctly constructed work-energy bar
charts that were consistent with the initial
and final states that they chose. Second, only
one student used the given work-energy bar
charts to help himself answer the last
interview problem, which was more difficult
than the first two problems. But all the
students used the given pictures to
understand or infer the problems. Third, it
was observed that all of the nine students, to
some extent, just used numbers to answer
the quantitative question in each problem,
rather than setting up the generalized work-
energy  equations in a  symbolic
representation.

In summary, we found that it was not
difficult for students to understand the
format and the structure of work-energy bar
charts, but it was not natural for them to use
the bar charts in their problem solving,
compared to a sketch or picture. Beginning
students used a numerical-representation-

A spring of force constant 100 N/m is horizontally
fixed to a smooth table. The top of the table is 1.0 m
above the floor. The spring is initially compressed
0.2 m. After the spring is released, a HotWheel™
toy car of mass 0.05 kg is launched by the spring.
After the toy car moves 0.5 m away from the spring,
the car goes up a smooth ramp fixed to the same
table top. The ramp horizontally makes an angle of
30° with the table top, and the ramp top is 0.8 m
above the table top. After the toy car moves up the
ramp, it flies off the ramp top, and eventually lands
on the floor. (The effects of friction are neglected.

g =10 m/s?)

Question 1: What is the speed of the toy car just
before it hits the floor?

Question 2: If the angle that the ramp makes with
the table top is decreased, will the speed of the toy
car, just before it lands on the floor, be the same,
greater, or less than the speed in Question 1?
Explain your reasoning.

Question 3: If the height of the table is lowered,
will the speed of the toy car, just before it lands on
the floor, be the same, greater, or less than the speed
in Question 1? Explain your reasoning.

Fig. 2: One of three problems used in individual
student follow-up interviews.



centered strategy in problem solving:
represent related concepts in numbers first,
assemble these numbers together based on a
law or a principle, and calculate a number
for the unknown variable. Using this naive
approach, students met difficulty
conceptually understanding a physical
process—the meaning of each concept
became invisible or lost.

III. FOLLOW-UP INTERVIEW RESULTS

After the honors engineering freshmen
were exposed to two weeks of instruction on
the concepts of work and energy using a
multiple representation strategy—
representing a work-energy process in
verbal, pictorial, physical (work-energy bar
charts) and mathematical representations
(see Ref. 7 for details), six students from this
class were interviewed. For comparison, we
also interviewed four honors physics majors

who had learned the concepts of work and
energy in other approaches. The analysis of
a solution for the problem shown in Fig. 2
by an honors engineering freshman was
illustrated in Fig. 3.

Based on students’ performance on the
interview problems, we found that students
who learned the multiple-representation
strategy used this technique to solve the
work-energy problems. In particular, the
students used work-energy bar charts to help
them understand the problems conceptually
first, to set up the generalized work-energy
equations, and to reason about some
questions qualitatively.

Problem solutions produced by the four
honors physics majors, who learned the
concepts of work and energy using other
approaches, reflected some problem-solving
expertise, such as working forward and
recognizing the problems using the concepts
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Problem statement and questions
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Read the problem.
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Constructed a sketch and labeled related

Verbal Representation

Pictorial Representation
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the unknown quantity.

(He correctly answered the question.)

Constructed the work-energy bar chart.

Followed the bars in the chart to set up the generalized
work-energy equation. Plugged in numbers and solved for

Physical Representation

Q2: Qualitative Question

Used the generalized work-energy equation ‘
from question 1 to answer this question.
(He correctly answered this question.) ‘

Q3: Qualitative Question

about this question.

Used the work-energy bar chart to reason

(He correctly answer this question.)

F

Fig. 3. The analysis of a solution for the follow-up interview problem shown in Fig. 2 by an honors
engineering freshman who learned the multiple-representation strategy in solving work-energy problems.



of work and energy.' But these students
primarily  used the  numerical-
representation-centered approach. Also,
it was observed that the students went
back and forth between pictorial
representations  (e.g., sketches or
pictures) and numerical representations
to reason about the problems. Although
a picture or a sketch could help students
visualize and infer a physical process,® it
included real objects such as springs,
inclined planes, and others—often
triggering students’ responses based on
surface features. It appeared that without
being able to access a physical
representation, it is difficult for students
to understand and infer a problem
conceptually before they used equations.

IV. CONCLUSION

In summary, the study can show
that work-energy bar charts play an
important role in student problem
solving: 1) They help students use the
concepts of work and energy first to

qualitatively reason about the problem,
rather than identifying the problem
based on surface features. 2) They help
students set up the generalized work-
energy equations correctly and easily. A
completed work-energy bar chart
provides visual aid for students to
construct the mathematical equation—
there is one term in the equation for
each bar in the bar chart. 3) They direct
students to make inferences and allow
them to evaluate their problem
solutions. Being independent of surface
features of real objects and in a bar
graph format, work-energy bar charts
aid students in “seeing” the conservation
of energy easily and in assessing their
solutions effectively.
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