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Introduction and Management 
of Projects

At the beginning of each semester students
are informed that they are expected to com-
plete a collaborative project with both experi-
mental and theoretical components that will
count for 10% of their final grade. About two-
thirds of the way through the semester we dis-
tribute information with some project ideas, a
list of elements to be included in the team
paper, and due dates for first and second sub-
missions of the paper. A few days later, project
teams are organized based on common inter-
ests identified in a questionnaire. The first
task of each team is to meet and develop a
project proposal that the instructor deems fea-
sible. During the two weeks after the projects
are launched, the section instructors and
physics majors who work as classroom assis-
tants and evening consultants help the stu-
dents on demand.

Each team is required to use word process-
ing, an equation editor, spreadsheet software,
and a drawing package to create a computer-
generated report that contains an abstract,
appropriate footnotes, equations, sample cal-
culations, data tables, digital images, and
apparatus drawings. These reports are submit-
ted to us electronically. In the first semester,
we give the first submission of the reports a
careful critique that includes comments on
scientific merit, organization, clarity of writ-
ing, and format. During the second semester
the instructor critique on the projects is far
less extensive, but is augmented by the cri-
tiques of fellow students. Requiring students
to work in groups of three reduces the amount
of time the instructor spends grading project
reports and also requires less apparatus and
supervision. Once the first submissions are
graded, each team is given one week to revise
its report. Although grades are assigned to the
final reports, they take much less time to
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Recent research has underscored the
value of collaborative work and the
importance of giving students more

opportunities for oral and written communica-
tion.1–3 Course-related group projects are not
only effective vehicles for giving students
experience with collaboration and communi-
cation, they also afford students an opportuni-
ty to master a single physics topic more fully
than they can in traditional course activities.
In addition, we have found that students are
much more excited about, and work harder
on, projects they have chosen.

Although we have used experimental pro-
jects fairly extensively in our upper-level
physics courses, we felt that in our introducto-
ry courses we didn’t have enough equipment,
student work space, or faculty resources to
offer students the opportunity to undertake
such projects. Furthermore, we were afraid
that the time taken on projects would require
us to reduce the topics we were able to cover
each semester. However, new approaches to
project management and the availability of
digital video-analysis tools have enabled us to
support experiment-based project work in
introductory mechanics. 

Three years ago we decided to lighten the
homework assignments during the last four
weeks each semester and reduce the number
of mid-term exams from three to two in our
calculus-based introductory class. Our final
exam now emphasizes topics not covered in
mid-term exams. We leave our laboratory
open during daytime hours and have it staffed
with undergraduate student consultants on
weekday evenings. Thus, students have ample
access to a space where they can meet, set up
simple apparatus, and use computers on their
own time. This enables us to require student
teams to work on their projects outside of nor-
mal class periods.
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review because the reports are usually consid-
erably better and because we do not feel that a
detailed critique is as important. The team
grade on the project is the average of the two
grades assigned to the report. 

Instructors often shy away from assigning
group grades because one student might not
contribute as much as another. We ask each
member of a team to complete a confidential
questionnaire describing the contributions of
each team member and estimating what per-
centage each contributed to the overall suc-
cess of the project.4 Although about two-
thirds of the teams report equal contributions
to projects, the questionnaire information is
used to adjust individual project grades, if
needed.

Advantages of Video-Analysis
Projects

Digital video capture and analysis has a
number of virtues. At present it is one of the
few readily accessible methods for doing
quantitative studies of electrostatics,5 thermal
phenomena, and two-dimensional motions
that are not too fast to be recorded at 30
frames per second. Based on studies of the
educational benefits of video analysis6,7 and
on our own experiences teaching Workshop
Physics, we have incorporated video capture
and analysis into our in-class activities.8

Homework assignments have been developed
to give students experience analyzing videos
of both laboratory-based and “real world”
events.9 Because they have grown up with
video technology, some of our students devise
projects involving both video photography
and analysis. Other students design projects
that involve digitizing segments of commer-
cial videotapes, educational videodisks, and
scenes recorded from TV using a VCR.
Although it is inappropriate to use commer-
cial video materials for class demonstrations

and homework assignments, a small project
group can legally digitize a few frames of a
commercial videotape that has been rented or
purchased. This is considered to be fair use.

A major advantage of computer-based
video analysis is ease of use. When students
use analysis software to scale video frames
and locate points of interest frame-by-frame,
they are required to make judgments and
understand the analysis process. In addition,
video software takes a great deal of the tedium
out of recording data and frees students to
concentrate on the physical phenomena under
study.

Another advantage is that position mea-
surements made by video-analysis software
on video images tend to have less relative
uncertainty than other types of measurements
made in introductory laboratories. Distances
are measured in pixels (short for picture ele-
ments) and then scaled into real meters using
an object of known length found in the image.
Standard digital images are currently 320 pix-
els wide by 240 pixels tall, so uncertainties in
position measurements are only about 1%.

There is a wealth of video material show-
ing motions that occur outside the laboratory:
NASA launches, sports events, dance perfor-
mances, movie stunts, and cartoons. Until
recently video segments of such motions were
often difficult to analyze if the camera was
wobbling, panning, or zooming. The capabili-
ties of the VideoPoint®10 analysis software
package allows students to compensate for
zooming and camera motion as long as the
motion being analyzed lies in a plane perpen-
dicular to the camera axis. 

Video-analysis programs can also be
configured to calculate the center of mass of a
system of objects, or a nonrigid object, based
on assigned masses of system elements. One
of the most popular features of video-analysis
software used in human-motion studies has

Fig. 1.  Stick figure on right illustrates how data needed to estimate location of center of mass can be obtained by idealiz-
ing a human as a collection of point masses.
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been the built-in center-of-mass calculation. Both
VideoPoint and VideoGraph11 software have incor-
porated data for the percent mass of each body part for a
typical male and typical female athlete. These data are
obtained from biokinesiology studies. The software
calculates the center-of-mass coordinates of a human by
approximating each body part between joints as a point
mass. This is shown in Fig. 1. This feature enables
students to determine the center of mass of a person
merely by estimating the location of the center of mass
of body segments.

Examples of Mechanics Projects
Over the past three years our students have worked on

video projects based on scenes they have recorded them-
selves or obtained from other sources. Many projects cen-
ter on human body motions, cartoons, movies, and animal
activities such as hummingbird hovering. Other examples
are bungee jumping, swimming turns, parachute motions,
drag car trails, bottle rocket launches, and billiard ball
motions.

Projectile Motion of Leaping
Humans

Students enjoy filming each other
engaging in a favorite activity or ana-
lyzing videos involving the motions of
accomplished athletes or dancers. The
analysis of leaps such as the grand jeté
in ballet, the basketball slam dunk, and
forward dives often prove quite interest-
ing. In the case of the jeté and the dunk,
the performer’s legs rise relative to the
trunk during the leap so the head seems
to float for a short period of time, giving
the illusion of defying gravity. Further

analysis shows that, within the limits of measurement
uncertainty, the center of mass of a leaping person always
moves in the classic parabolic path described by the laws
of physics. Despite claims to the contrary, even Michael
Jordan has not been found by our students to have any real
“hang time”!

Linear Momentum Conservation in Colliding
Football Players

Students who have played football are often intrigued
with testing momentum conservation during collisions
between players. This is usually difficult since players are
often in contact with the ground during collisions and do
not form an isolated system. One student team managed to
identify a video segment showing a mid-air collision
between a wide receiver leaping to catch a pass and a
defender. Three of these frames are shown in Fig. 2.
Ideally the plane of motion of the players should be per-
pendicular to the camera axis. In this case the players are
moving toward the camera and appear to grow larger in
each frame. The students used the VideoPoint frame-by-

Fig. 2.  Three frames showing wide receiver (black shirt) catching a pass in midair and defender
(white shirt) jumping up and colliding with receiver.

Fig. 3.  Digital video frames showing a reverse dive in which the student diver recon-
figures himself from pike position to tuck position.

Fig. 4.  Idealized model of human body parts as rectangular
slabs lying in the plane of motion. Video analysis determined
dimensions of each slab and location of its center. The dis-
tance between the center of each slab and the center of mass
of the athlete is used to calculate rotational inertia of diver.
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frame rescaling feature and many hours of time to locate
the center of mass of each player relative to a fixed point
on the field. They determined the masses of the players by
using professional football statistics and estimated the
mass of their football gear based on information from a
football supply catalog posted on the web. They found that
the x-components of momenta before and after collision
were the same within about 3% (with px initial = –7�104

kg m/s and px final = – 7.3�104 kg m/s). This is an unusu-
ally good result considering that there is at least a 1% or
2% uncertainty inherent in any position location used to
locate body parts of each player and to rescale on each
frame.

Angular Momentum Conservation 
in Mid-Air Turns

Acrobats, cheerleaders, and divers are all able to turn in
midair. Recently two rather ambitious student groups
decided to track the center of mass of a turning human.
They wanted to investigate whether angular momentum is
conserved during the two-dimensional motion. One team
worked on a video they made of two high dives performed
by a member of the group. The other team analyzed the
flip of a cheerleader tossed
into the air. 

Although finding a para-
bolic path for the center of
mass in each case is relatively
straightforward, the investi-
gation of angular momentum
conservation is quite difficult.
For example, as soon as a
diver leaves the board he is
continuously reconfiguring
his body to go into a tuck
position to achieve faster
turns. In a similar manner, a
cheerleader doing a flip goes
into and then out of a jack-
knife position. When a body
is nonrigid there is no stable
axis about which to measure
angular velocity. A second
problem is that a method has
to be devised to estimate the
rotational inertia of a recon-
figuring body on a frame-by-

frame basis.
After much wrestling with the problems and discus-

sions with the instructors, both groups used basically the
same approach. The analysis of the diving example illu-
minates the approach, which involves finding frame
sequences in which the diver is almost a rigid body. In the
first few frames after leaving the board, the diver is rotat-
ing slowly in a straight or pike position. A while later the
diver has curled up into a tuck position and is rotating
more rapidly (see Fig. 3).

The students wanted to compare the angular momen-
tum about the diver’s center of mass in the pike position
with that of the tuck position by finding the rotational
inertia and angular velocity of the diver in each configu-
ration. Since angular momentum, L, for a rigid body can
be determined as the product of rotational inertia, I, and
angular velocity, �, the project group needed to find I and
� for each position. The analysis began with a frame-by-
frame determination of the diver’s center of mass. By
finding how a point on the diver in a pike position rotated
relative to the center of mass and doing a similar analysis
for the tuck position, the students found the angular veloc-
ities. The rotational inertia of the diver in each position

Fig. 5.  Two digital video frame sets from Tom-and-Jerry cartoons that depict falling motions. 

Table I.  Summary of angular momentum data for a reverse dive. 

No. of Diver’s Time � I L
Frames Position Period (s) (rad/s) (kg m2) (kg m2/s)

6 tuck at top 0.24–0.41 8.99 4.72 42.4

5 final pike 0.81–0.94 2.95 14.4 42.4
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was found by approximating each body part as a rectangle
lying in the plane of motion. This is shown pictorially in
Fig. 4. 

The rotational inertia of the ith body part, Ii, about its
center is given by 

Ii = �
1
1
2
� Mi (a2

i +  b2
i)

where ai and bi are the dimensions of the rectangle. The par-
allel axis theorem is then used to find the rotational inertia,
I i, of each rectangle about the diver’s center of mass. If the
distance between the center of a rectangle and the diver’s
center of mass is given by Ri, then the overall rotational
inertia, I, of the diver is given by I = � (Ii + MR2

i).
Responding to the challenge of the project, team mem-

bers spent a great deal of time on their investigations.
They analyzed two different 3-m springboard dives—a
1½-turn forward dive and a 1-turn reverse dive with the
diver entering the water feet first. Although the diver
was constantly reconfiguring his body in both dives, he
was in a more-or-less tuck configuration for several
frames and then in a pike position just before entering
the water with his arms in front of him pointing toward
the water at about a 45o angle. The team was able to ver-
ify angular momentum conservation within 8% for a
forward dive and, fortuitously, within less than 1% for a
reverse dive. Results for the reverse dive are summa-
rized in Table I.

We recommend that this type of angular momentum
conservation project be undertaken only by capable, high-
ly motivated students.

Cartoons and Movies 
Over the years, about a quarter of our students have

chosen to work with motions depicted in their favorite car-
toons and movies. The goal in most of these investigations
was to show that the cartoon movies or stunts had been
faked by finding instances in which the laws of physics
are violated. Students are sometimes surprised to find that
the movie motions are quite realistic. For example, analy-
sis of two Tom-and-Jerry cartoon motions showed one

motion to be quite realistic while the other violated phys-
ical laws. A pair of frames from each of these motions is
shown in Fig. 5.

1. The falling vase.   Since the average velocity of the
vase seemed to be increasing from frame to frame, our stu-
dents did a quadratic fit on the vertical position versus
time (y-vs-t) data. By adjusting the scale so the table
height was about 35 inches in the movie, the students
obtained an excellent fit to their data (shown in Fig. 6).
The fit gave the equation for y in meters as a function of
time in seconds as 

y = (–4.90±0.33) t2 + (–0.26±0.14) t + (–0.28±0.012) m

Thus the value for the y-component of acceleration of the
vase is   ay = 2 (–4.9± 0.3) =  – 9.8 ± 0.6 m/s2.

Given the consistency of the results with the free-fall
equation, we might assume that the animator or an advisor
had a physics background. 

2. Jerry falling into milk. On the other hand, since the y-
vs-t data in sequence two of Fig. 5 turned out to be linear,
Jerry fell at a constant velocity, an unrealistic situation
that does not obey the laws of physics. We think it possi-
ble that animators sometimes use films of real events as a
template for their drawings and at other times they don’t.

Creating Digital Video Movies
There are two steps to creating digital movies for use

with VideoPoint or VideoGraph software. First, a video
camera must be used to record a sequence of video frames
or, alternatively, a video-frame sequence must be selected
from existing videotapes or videodisks. Second, the frame
sequence must be digitized using a capture system. There
are many considerations in preparing to make digital
videos that can be used for analysis of physical phenome-
na. These include how to set up a video-capture system,
how to make movies with a video camera, and how to
select good video sequences from existing materials. 

The Lenox Softworks website (www.lsw.com/video-
point) contains some excellent tips on digital moviemak-
ing and capture. Additional information is available in the
manuals that come with the VideoPoint and VideoGraph
software. There are also a number of excellent videodisks
and tapes with motions that can be digitized. These
include: the AAPT Single Concept Film Collection;12 the
Physics and Automobile Collision videodisk;13 and the
Physics of Sport and Physics of Work videodisks.14

Conclusions
Many students have commented that they learned more

about mechanics from their projects than from other
course-related activities. As instructors we feel that col-
laborative projects based on digital video analysis provide
an educational, motivating, and cost-effective alternative

Fig. 6.  Vertical position-vs-time data for falling vase.
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to traditional course-related activities in introductory
physics. In view of the effort that our student teams
expend on projects and the learning that takes place, we
recently decided to raise the grade allocation for projects
from 10% to 15%.
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