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Microcomputer-based laboratory (MBL) tools have been developed which interface to Apple 11
and Macintosh computers. Students use these tools to collect physical data that are graphed in
real time and then can be manipulated and analyzed. The MBL tools have made possible
discovery-based laboratory curricula that embody results from educational research. These
curricula allow students to take an active role in their learning and encourage them to construct
physical knowledge from observation of the physical world. The curricula encourage
collaborative learning by taking advantage of the fact that MBL tools present data in an
immediately understandable graphical form. This article describes one of the tools—the motion
detector (hardware and software)-—and the kinematics curriculum. The effectiveness of this
curriculum compared to traditional college and university methods for helping students learn
basic kinematics concepts has been evaluated by pre- and post-testing and by observation. There is
strong evidence for significantly improved learning and retention by students who used the MBL

materials, compared to those taught in lecture.

I. INTRODUCTION

Results from research in cognitive science and education
substantiate the importance of basing development of sci-
entific concepts and skills on concrete experience.” The
“Tools for Scientific Thinking” project®™ at the Center for
Science and Mathematics Teaching at Tufts University has
developed microcomputer-based laboratory (MBL) tools
and curricula that can help students make connections be-
tween the physical world and the underlying principles
that constitute scientific knowledge. These materials,
which are intended for use in introductory courses in high
school and college, provide a convenient and effective
means for collecting and displaying physical data in a form
that students can remember, manipulate, and think about.

MBL tools, of the style described in this article, were first
developed at the Technical Education Research Centers
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(TERC)® and are readily available.” They make use of in-

* expensive probes, connected to an Apple II 4, I1e, or IIGS

computer through an interface box (the “Red Box™), to
measure such physical quantities as temperature, position,
velocity, acceleration, and sound pressure. Additional Ap-
ple II MBL tools that are able to measure force and motion
simultaneously, current and voltage, and light intensity,
have been developed at the Center for Science and Math-
ematics Teaching at Tufts University. For the Macintosh
computer, MBL tools able to measure these physical prop-
erties and others (such as ionizing radiation) have been
developed at Tufts University and Dickinson College.®
Students are not required to know anything about com-
puters to use the MBL tools. Menu-driven, self-explana-
tory software is friendly, even for first-time users, and en-
courages underprepared and anxious students. With these
tools, students are in control of their learning since they
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select the measurements to be made and the way the data
are displayed. Data are displayed in digital and graphical
form on the computer monitor as the measurements are
taken. Students can transform and analyze the data, print
graphs or tables, or save data to disks for later analysis. The
tools do not simulate physical phenomena, but instead are
a means of changing inexpensive computers into instru-
ments for student-directed exploration of the physical
world.

The following characteristics of these tools are impor-
tant to student learning.

(1) The tools allow student-directed exploration but
free students from most of the time-consuming drudgery
associated with data collection and display.

(2) The data are plotted in graphical form in real time,
so that students get immediate feedback and see the data in
an understandable form.

(3) Because data are quickly taken and displayed, stu-
dents can easily examine the consequences of a large num-
ber of changes in experimental conditions during a single
laboratory period. The students spend a large portion of
their laboratory time observing physical phenomena and
interpreting, discussing, and analyzing data.

(4) The hardware and software tools are general—inde-
pendent of the experiments. The variety of probes use the
same interface box and the same software format. Students
are able to focus on the investigation of many different
physical phenomena without spending a large amount of
time learning to use complicated tools.

(5) The tools dictate neither the phenomena to be inves-
tigated, the steps of the investigation, nor the level or so-
phistication of the curriculum. Thus a wide range of stu-
dents from elementary school to university level are able to
use this same set of tools to investigate the physical world.

II. THE MOTION DETECTOR

The motion detector (hardware and software) is able to
measure, display, and record the position, velocity, and ac-
celeration of an object. The original motion detector was
developed by TERC using a sonic transducer designed for
Polaroid cameras. The motion probe (essentially a SO-
NAR unit) transmits short pulses of high-frequency sound
(50 kHz), then amplifies and detects the echo (much as a
bat is able to do). The computer is programmed to measure
the time between the transmitted and received pulses, and
to calculate the position, velocity, and acceleration of the
object causing the reflection. Any one of these quantities
may be graphed on the screen as data are taken, and any
one or more are available for display immediately after the
measurements are completed. The motion detector can ac-
curately detect objects between 0.5 and 6 m away. It detects
the closest object in a roughly 15° cone.

Figures 1 and 2 are examples of motion graphs produced
by the detector interfaced to an Apple II computer, while
Figs. 3 and 4 show Macintosh displays. The software en-
ables students to change the scales of the vertical and time
axes before or after the data are collected. Students who in
the past plotted graphs in the corner of a large sheet of
graph paper soon learn to make readable graphs—a gen-
eral purpose skill, useful in many disciplines. The software
allows one set of data to be displayed on the screen while a
new set of data are collected and graphed (perhaps after a
slight change in experimental conditions). Numerical data
are available in tablular form or can be read directly from

859 Am. J. Phys., Vol. 58, No. 9, September 1990

*
[ ]

NI =~pa
-

3] \ 1 I, ) 1

4
Time (sec)

Fig. 1. Distance (position) and velocity graphs recorded on an Apple II
computer for a student walking away from the motion detector slowly and
then moving towards it more quickly. The velocity variations due to the
students’ steps show clearly in the velocity graph.

the graph using the analysis software feature which pre-
sents digital values corresponding to the position of a mo-
vable cursor on the graph.

One of the most exciting features of the motion detector
is its ability to detect and display graphs of the motion of
any object. Thus, instead of using complex apparatus like
nearly frictionless air tracks, which are not common to stu-
dents’ everyday experiences, the motion probe may be used
to measure the motion of simple, common objects such as
toy cars and even the motion of the students themselves.
There is no other way of accurately displaying such graphs,
certainly not in real time.

| III. THE MOTION CURRICULUM

These tools have made possible the Tools for Scientific
Thinking curricula for university and secondary school
students developed by the Center for Science and Math-
ematics Teaching at Tufts University.” These discovery-
based laboratory curricula allow students to take an active
role in their learning and encourage them to construct
physical knowledge from actual observation. This article
will discuss only the kinematics curriculum. This curricu-
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Fig. 2. Student’s third attempt (solid line) to duplicte with the motion of
her body a velocity graph stored in an Apple II computer (dotted line).
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Fig. 3. Macintosh screen display of velocity and acceleration graphs for a
cart (with friction) given a push away from the motion detector and then
released. The surface is horizontal.

lum, in common with the others, makes substantial use of
the results of educational research.'®'*> The curriculum
uses a guided discovery approach and is intended for stu-
dent groups of two to four. It supports the peer learning

that is possible when data are immediately presented in an
understandable form. It also uses predictions to engage the
student and provide a vehicle for discussion. It pays atten-
tion to student alternative understandings that have been
documented in the research literature, and encourages stu-
dents to construct knowledge for themselves. The intro-
ductory parts of the curriculum make substantial use of the
students’ own body motions to teach kinematic concepts.
The kinematics curriculum is divided into two pieces:
Introduction to Motion, which covers concepts of position
(distance from the motion detector) and constant veloc-
ities, and Introduction to Motion—Changing Motion,
which covers changing velocities and acceleration. Figure
5 shows excerpts from the first page of Investigation 2—the

~
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Fig. 4. Macintosh screen display of velocity and acceleration graphs for a
cart (with friction) rolling up and back down an inclined ramp after a
short push. (The motion detector was at the top of the ramp.)
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INTRODUCTION TO MOTION
INVESTIGATION 2: VELOCITY-TIME GRAPHS OF YOUR MOTION

Introduction You have already plotied your distance (position) from the motion probe
as a function of ime. You can also plot how fast you are moving. How
fast you move is your speed or valocity. 1t is the rate of change of distance
with respect to time.

Activity 1 Making Velocity Graphs

1. i Select Motion Grapher, then Collect. By

selecting Screens, you can display Velocity. Use Get Data when
you are ready to begin.
raph) your velocity for difterent walking speeds and directions.
a. Make a velocity graph .by waking away from the detector siowly
and steadily . Try again until you get a graph you're satisfied with.
You may want to change the velocity scale so that the graph fills

more of the screen and is clearer. To do this select Axes ther,
Velocity. Esc o get back to Get Data.

Sketch your result below (just draw smooth pattems; leave out
smaller bumps that are mostly due to your steps.)

o r
—

B<nroo-nx
—

1 2 3 4 5
Time (sec)

b. Make a velocity graph, walking away from the detector medium
fast and steadily. Sketch your graph.
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Fig. 5. Excerpt from the first page of Investigation 2—the introductory
velocity section in the motion curriculum.

velocity section of Introduction to Motion. (Investigation 1
contains a number of exercises with distance graphs.) Stu-
dents are asked to graph their velocities as they walk quick-
ly and slowly toward and away from the motion detector.
They are then asked questions about the graphical repre-
sentations of fast, slow, away from, and toward. Figure 1
shows typical distance and velocity graphs for moving
away from the detector slowly and then moving toward it
more quickly. Many students—including university phys-
ics students—are surprised, after viewing inclined distance
graphs, to see roughly horizontal lines on the velocity
graphs. These simple and quick exercises are designed to
relate velocity graphs to various motions of real objects.
Specifically, the exercises clarify the sign convention for
velocities and firmly establish the relationship between an
object’s actual velocity and the displacement of the velocity
graph from the time axis. Experience has shown that these
simple exercises are necessary even for the majority of uni-
versity students in calculus-based physics courses.

After being asked to produce a velocity graph for a more
complicated motion involving walking away, stopping for
a few seconds, and then walking toward, the students are
asked to walk so as to duplicate a velocity graph that ap-
pears on the screen. (A similar exercise with a distance
graph is included in Investigation 1.) Figure 2 shows the
velocity graph to be matched (stored in the alternate dis-
play, so that it remains on the screen), and astudent’s third
attempt to duplicate it with her own motion. The velocity
graph is deliberately “unrealistic” (it shows several infinite
accelerations) to provoke discussion. In addition, since the
motion toward the detector is of longer duration than the
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INTRODUCTION TO MOTION
Investigation 3: Distance and Velocity Graphs

Introduction  You have looked at distance- and velocity-time graphs separately. Now
you will se@ how they are related.
Activity 1 Predicting Veloclty Graphs from Distance Graphs

1. Go 1o the Main Menu, Select Motion Grapher, Collect, Screens,
then Split and Distance & Velocity.

2

. Predict a yelocity graph distance graph and check yo
pradiction.  Caretully study the distance graph shown below. Using a
dotted line, sketch your prediction of the corresponding velacity-time
graph on the velocity axes.

3. Makg the graphs. After each person has skelched a prediction, select
Get Data, then Distance, and do your group's best to duplicate the
distance graph shown by walking. Walk as smoothly as possible.
When you have made a good duplicats of the distance graph, sketch
your actuai graph on the distance axes over the existing graph.

Press RETURN to see the actual velocity graph for your motion. Use
a solid line to draw the actual velocity graph on the same graph with
your prediction. (Do not erase your prediction).

L
i

o

. =

nd

0 1 2 3 4 s
Time (sec)

How would the distance graph be different it you moved faster? Slower?

ann=---..ug_-<.-..na—a<

Questions

How would the velocity graph be different if you moved faster? Slower?

Fig. 6. Excerpt from Investigation 3. Students are asked to predict the
velocity graph corresponding to the given distance (position) graph.

motion away, students are forced to observe—when they
run into the motion detector on the way back—that a ve-
locity graph does not specify initial position.

Figure 6 shows excerpts from the first page of Investiga-
tion 3, where students are asked to predict the velocity
graph for a given distance graph. They then duplicate the
distance graph with their body motion, display the corre-
sponding velocity graph, and compare the latter to their
prediction. Later, they make a more quantitative compari-
son of the velocity read off the velocity graph to the slope
calculated from the distance graph (using the analysis ca-
pability of the software to read specific values). They then
predict and produce the distance graph corresponding to a
given velocity graph.

Introduction to Motion—Changing Motion begins with a
series of exercises designed to relate the sign of the accelera-
tion to actual changing motions. Students are first asked to
walk so as to produce graphs of distance, velocity, and ac-
celeration for moving away from the detector while speed-
ing up. After storing these in the alternate display, they
produce graphs walking foward the detector quickly at first
and then slowing down. Then, they are asked to predict
what the graphs will look like for walking foward the detec-
tor, speeding up, and for walking away, slowing down. The
students then move in the appropriate manner and com-
pare their results to the predictions. Next they graph the
motions of a cart, under various conditions. Figure 7 shows
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Graphing Velocity and Acceleration of a Coasting Cart
1.

Activity 2

,  Use a 2-3 meter long
on the floor or & avodl otop.l 7] gr'lhombo ltt%n.: o'm.
aimed toward the other end. Use a distance graph 1o make sure
detector can “see" the cart all the way to the end of the board, You may
need to tilt the detector up slightly.

— .5

et Ll
Make a mark on the board .5 meter from the front of the detector, and be sure
that the starting point of the cart Is always beyond this mark.

Choose a cart with a significant amount of friction, but with wheels that roll
smoothly, Use this urr?e cart throughout the rest of this and the next two
investigations.

e |

2. Graph the valocity and aceeleration of 8 cart or tay car coaating on the lovel
tragk, When you begin to hear the clicks from the motion detector, give the
cart a gentle push away from the detector and let it coast to a stop near the
end of the track. (Be sure that your hand is not between the car and the
detector. )

Be-rcaa—ac

0 b P 3 4 5
Time (s¢¢)

Label your graphs with—

“A" at the spot wherae you started pushing.

“B" at the spot whare you stopped pushing.

“C" at the spot where the cart stopped coasting.

Fig. 7. Directions for the activity in which a toy car is given a short push
away from the motion detector and then released.

an activity where students observe the acceleration and ve-
locity of the cart slowing down and coming to rest from
friction. Figure 3 shows the corresponding graphs.

An interesting motion is that of a cart rolling up an in-
clined ramp, coming to rest, and rolling back down. The
velocity and acceleration graphs are shown in Fig. 4. These
graphsillustrate the advantages of tools that allow students
to extend their observations beyond specialized cases such
as uniform motion on a nearly frictionless air track. We
have in fact used a toy car or a dynamics cart modified with
an adjustable friction pad on the bottom, so that motion
can be examined with different amounts of friction. The
different slopes of the velocity graph on the way up and the
way down, combined with the different heights of the ac-
celeration graph, are convincing evidence for a frictional
force that changes its direction when the cart reverses di-
rection at the top.

The last investigation is a more quantitative one compar-
ing two ways of measuring the accelerations of the cart
rolling down a ramp of different inclinations. Accelera-
tions are read directly from the acceleration graphs and
compared to accelerations calculated from the slopes of
portions of the velocity graphs.

The MBL curriculum has been designed to be incorpo-
rated into traditional introductory physics courses found

. at most colleges and universities, where laboratory sections

are often taught by teaching assistants with varying peda-
gogical skills, and where lecturers pay little attention to the
laboratory. In place of the classroom discussions—which
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under the best of circumstances would be used to consoli-
date the concepts learned in laboratory—each of these lab-
oratories is accompanied by a homework assignment
which the students complete after the laboratory session.
They are asked to draw and interpret a number of graphs
similar to and different from the ones they have produced
in the laboratory. It is sometimes possible to have these
problems discussed in discussion sessions.

IV. HOW EFFECTIVE IS MBL IN TEACHING
KINEMATICS?

A visit to an MBL Iaboratory illustrates the contrast
with a traditional class. Students are actively involved in
their learning. They are sketching predictions and discuss-
ing them in groups of two or three. They are appealing to
features of the graphs they have just plotted to argue their
points of view with their peers. They are asking questions
and, in many cases, either answering them themselves or
finding the answers with the help of fellow students. There

is a level of student involvement, success, and understand-
ing that is rare in a physics laboratory.

Enthusiasm is one thing, but are the MBL tools and cur-
riculum really effective in teaching kinematics? Over the
past 3 years we have been conducting studies of the effec-
tiveness of the tools and curricula at a number of college
and university campuses that are part of the “Tools for
Scientific Thinking” project.'* It has been particularly
valuable to collaborate with Priscilla Laws and the Work-
shop Physics Program’’ at Dickinson College where the
tools and some of the curricular pieces have been adapted
into a more ideal learning environment. In more usual en-
vironments, we have used pre- and post-testing and other
forms of evaluation to examine the kinematics understand-
ings of more than 1500 college and university physics stu-
dents. We have also collected data for a large sample of
secondary school students that will be discussed in another
article. There is strong evidence for significantly improved
learning and retention by students who used the MBL ma-
terials, compared to those taught in lecture.>* As examples
of these results, we discuss data from Tufts University and
the University of Oregon below.

The pre- and post-tests that we have used in these studies
consist in part of multiple choice questions. From earlier
testing of students using free response questions requiring
written answers and the drawing of graphs, we have con-
structed questions that seem to give a reasonable indication
of students’ basic knowledge of kinematics concepts and of
graphical representation. Student results with these ques-
tions correlate well with their written answers on these and
earlier tests. We find there are almost no random answers.
Almost all students pick choices that we can associate with
a small number of student models. Many of the multiple
choice questions require students to choose the correct
graph from a group of graphs. Testing on smaller samples
shows that students who can pick the correct graph under
these circumstances are almost equally successful at draw-
ing the graph correctly without being presented with
choices. Although a more complete understanding of stu-
dent learning can be gained by an open-ended questioning
process, we decided to use short answer questions in order
to gather sufficient data at many different institutions to
counter the common response that “my students do not
have these difficulties you describe.” The difficulties in
convincing physics professors to give up course time for

862 Am. J. Phys., Vol. 58, No. 9, September 1990

testing, our desire to make evaluation less subjective, and
the effort involved in analyzing large samples moved us to
use short answer questions for these studies.

In the fall of 1987, all of the students in the Introductory
Physics Laboratory course (Ph 204) at the University of
Oregon were pre- and post-tested on their knowledge of
kinematics. This is a standard, introductory laboratory
that is offered as a separate course to accompany both the
noncalculus and calculus-based General Physics lecture
courses. (About 64% of the students were in the noncalcu-
lus lecture, Ph 201, while the other 36% were in the calcu-
lus-based lecture, Ph 211.) The pretest was given in the
weekly lecture that accompanies the laboratory sections.
At the time of the pretest, the noncalculus lecture class had
heard all of the lectures on one-dimensional kinematics and
dynamics, and had been assigned the corresponding text
readings and problems. The calculus lecture class also had
completed one-dimensional kinematics and a preliminary
consideration of dynamics. The pretest was given before
the students did the two MBL kinematics laboratories.

Figure 8 shows a few of the simple, multiple choice ve-
locity questions given on the pretest, and Fig. 9 shows the
results. It was surprising to observe error rates as high as
40%-60% on these simple velocity questions after kine-
matics had been covered in lecture. Most physics professors
had predicted that fewer than 10% of their students would
miss these questions and felt that students who were unable
to answer such simple questions understood very littie kin-
ematics. The large error rates on questions 1 and 3 (43%
and 62%, respectively) are not simply the result of the
wrong choice of sign. The most common error is the choice
of the “distance analogs,” graphs A and B. This is consis-

Velocity-Time Graphs

An object can move in either direction along ® v
the + distance axis. Choose the correct PRy = nt— —
velocity-time graph(s) for each of the [ Thens

following questions. You may use a graph °
more than once or not at all. If you think
that none is correct, answer J.

C)
]

___L. Which velocity graph shows the .
object moving away from the 0
origin at a steady (constant)
velocity?

0

2. Which velocity graph shows the D I ———
object standing still? v

___ 3. Which velocity graph shows the
object moving toward the origin
at a steady (constant) velocity? D v*

_.—_4. Which velocity graph shows the
object reversing direction?

__._5. Which velocity graph shows the
object increasing its speed at a S v
steady (constant) rate? e

Fig. 8. Some of the multiple choice velocity questions asked on the kine-
matics pre- and post-tests. Questions 1-5 are the velocity questions re-
ferred to in the following figures. The most common wrong answer is
shown in parentheses.
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