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Dr. Matt Bobrowsky has been involved in scien-
tific research and science education for several 
decades. He served for four years at the Univer-
sity of Maryland as director of the Physics Lec-
ture Demonstration Facility—a collection of over 
1,600 science demonstrations. Also at the Univer-
sity of Maryland, Matt was selected as a faculty 
mentor for the Fulbright Distinguished Interna-
tional Teachers Program, where he met Mikko 
Korhonen. 

Matt’s teaching is always innovative because 
he uses pedagogical techniques that are based on 
current science education research and known 
to be effective. Matt has taught physics, astron-
omy, and astrobiology both in the classroom and 
online. He has written K–12 science curricula 
and serves on the Science Advisory Committee 
for the Howard County Public School System in 
Maryland. Matt has conducted countless profes-
sional development workshops for science teach-
ers and special presentations for students, speak-
ing on a variety of topics beyond physics, such 
as the scale of the universe, life in the universe, 
misconceptions about science among students 
and the public, the process of science, and science 
versus pseudoscience. He is often asked to be an 
after-dinner speaker or keynote speaker at special 
events. Matt is a “Nifty Fifty” speaker for the USA 
Science & Engineering Festival and a Shapley 
Lecturer for the American Astronomical Society. 
Matt has received a number of awards for teach-
ing excellence from the University of Maryland, 
including the Stanley J. Drazek Teaching Excel-
lence Award and the Board of Regents’ Faculty 
Award for Excellence in Teaching. 

In his research, Matt has been involved in 
both theoretical and observational astronomy. 
He developed computer models of planetary 
nebulae—clouds of gas expanding outward from 
aging stars—and has observed them with tele-
scopes on the ground as well as with the Hubble 
Space Telescope. One of the planetary nebulae 
that Matt investigated is the Stingray Nebula, 
which he discovered using Hubble.
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“ The most beautiful thing 
we can experience is the 
mysterious. It is the source 
of all true art and science.”

— Albert Einstein
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To the Student

In 1931 Albert Einstein wrote, “The most beauti-
ful thing we can experience is the mysterious. It is 
the source of all true art and science.” Keep this in 
mind as we introduce you to phenomenon-based 
learning, a learning approach in which you start 
by observing a natural phenomenon—in some 
cases just a simple toy—and then build scientific 
models and theories based on your observations. 

In science, there are many phenomena that 
are difficult to understand at first. Most physics 
books are written so that the theory—that is, the 
mathematical description—comes first, and dem-
onstrations and applications are presented only 
afterward. In this book, by contrast, the goal is for 
you to first watch something happen and then to 
become curious enough to find out why. You will 
experiment with some simple gizmos and think 
about them from different perspectives. Develop-
ing a complete understanding of a concept might 
take a number of steps, with each step provid-
ing a deeper understanding of the topic. In some 
cases, you will need to do further research on 
your own to understand certain terms and con-
cepts. Like real scientists, you can also get help 
from (and provide help to) collaborators. This 
book’s approach to learning is based on curiosity 
and creativity—a fun way to learn! 

An Introduction to  
Phenomenon-Based Learning

To the Teacher

The pedagogical approach in this book is called 
phenomenon-based learning (PBL), meaning 
learning is built on observations of real-world 
phenomena—in this case of some fun toys or 
gadgets. The method also uses peer instruction, 
which research has shown results in more learning 
than traditional lectures (Champagne, Gunstone, 
and Klopfer 1985; Crouch and Mazur 2001; Chi 
and Roscoe 2002). In the PBL approach, students 
work and explore in groups: exercises are done in 
groups, and students’ conclusions are also drawn 
in groups. The teacher guides and encourages the 
groups and, at the end, verifies the conclusions. 
With the PBL strategy, the concepts and the phe-
nomena are approached from different angles, 
each adding a piece to the puzzle with the goal 
of developing a picture correctly portraying the 
real situation. 

The activities in this book can be used for 
various purposes. Ideas for how to approach the 
phenomena can be found in the introductions 
to the chapters. The introductions and the ques-
tions can be used as the basis for discussions 
with the groups before the students use the giz-
mos, that is, as a motivational tool. For example, 
you can ask where we see or observe the phe-
nomenon in everyday life, what the students 
know about the matter prior to conducting the 
activities, and so on.

PBL is not so much a teaching method as it 
is a route to grasping the big picture. It con-
tains some elements that you may have seen in 
inquiry-based, problem-based, or project-based 
learning, combined with hands-on activities. 
In traditional physics teaching, it’s common to 
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divide phenomena into 
small, separate parts and 
discuss them as though 
there is no connection 
among them (McNeil 2013; 
Verley 2008; Gray et al. 2008). 
In our PBL approach, we 
don’t artificially create 
boundaries within phenomena. Rather, we try 
to look at physical phenomena very broadly.

PBL is different from project-based or prob-
lem-based learning. In project-based learning, 
the student is given a project that provides the 
context for learning. The problem with this is 
that the student is not necessarily working on 
the project out of curiosity but simply because 
they are required to by the teacher. To avoid hav-
ing students view the project as a chore or just 
a problem that they have to solve, we employ 
PBL: The student’s own curiosity becomes the 
drive for learning. The student explores not by 
trudging through a problem to get to the correct 
answer but by seeing an interesting phenom-
enon and wanting to understand what’s going 
on. This works because interest and enthusiasm 
do not result from the content alone; they come 
from the students themselves as they discover 
more about a phenomenon. Personal experience 
with a phenomenon is always more interesting 
and memorable than a simple recitation of facts 
(Jones 2007; Lucas 1990; McDade 2013).

The goal in project-based learning is for the 
students to produce a product, presentation, or 
performance (Moursund 2013). PBL does not 
have that requirement; students simply enjoy 
exploring and discovering. This is the essence of 
science, and it is consistent with the philosophy 
of the Next Generation Science Standards (NGSS). 
Rather than simply memorizing facts that will 

soon be forgotten, students 
are doing real science. They 
are engaged in collabora-
tion, communication, and 
critical thinking. Through 
this, students obtain a 
deeper understanding of 
scientific knowledge and 

see a real-world application of that knowledge—
exactly what was envisioned with the NGSS. This 
is why, at the end of each chapter, we provide 
a list of relevant standards from the NGSS, fur-
ther emphasizing our focus on the core ideas and 
practices of science, not just the facts of science. 

The objective of PBL is to get the students’ 
brains working with some phenomenon and have 
them discussing it in groups. A gizmo’s functions, 
in most cases, also make it possible for teachers to 
find common misconceptions that students may 
harbor. It is important to directly address mis-
conceptions because they can be very persistent 
(Clement 1982, 1993; Nissani 1997). Often the only 
way to remove misconceptions is to have students 
work with the problem, experiment, think, and 
discuss, so that they can eventually experience for 
themselves that their preconception is not consis-
tent with what they observe in the real world. 

We must also keep in mind that students can’t 
build up all the physics laws and concepts from 
scratch by themselves—unless you are lucky 
enough to have the next Newton or Einstein as 
one of your students. Students will definitely 
need some support and instruction. When doing 
experiments and learning from them, the students 
must have some qualitative discussions (to build 
concepts) and some quantitative work (to learn 
the measuring process and make useful calcula-
tions). Experience with both reveals the nature of 
physical science. 

“Most of the time my students didn’t 
need me; they were just excited about 
a connection or discovery they made 
and wanted to show me.” 

—Jamie Cohen (2014)
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When you first look at this book, you might 
be struck by the fact that there is not very much 
textual material. That is intentional. The idea is 
to have more thinking by the students and less 
lecturing by the teacher. It is also important to 
note that the process of thinking and learning is 
not a race. To learn and really get the idea, stu-
dents need to take time to think … and then think 
some more—so be sure to allow sufficient time 
for the cognitive processes to occur. For example, 
the very first experiment (Pressure Power) can be 
viewed in two seconds, but in order for students 
to think about the phenomenon and really get the 
idea, they need to discuss the physics with other 
group members, practice using the “language of 
physics,” and internalize the physics involved—
which might take 20 minutes. During this time, 
the students may also think of real-life situations 
in which the phenomenon plays a significant role, 
and these examples can be brought up later dur-
ing discussions as an entire class. 

You will also notice that there are no formal 
quizzes or rubrics included. There are other ways 
to evaluate students during activities such as 
these. First, note that the emphasis is not on get-
ting the “right” answer. Teachers should not sim-
ply provide the answer or an easy way out—that 
would not allow students to learn how science 
really works. When looking at student answers, 
consider the following: Are the students basing 
their conclusions on evidence? Are they sharing 
their ideas with others in their group? Even if a 
student has the wrong idea, if she or he has evi-
dential reasons for that idea, then that student has 
the right approach. After all members of a group 
are in agreement and tell you, the teacher, what 
they think is happening, you can express doubt or 
question the group’s explanation, making the stu-
dents describe their evidence and perhaps having 

them discuss it further among themselves. Stu-
dent participation as scientific investigators and 
their ability to give reasons for their explanations 
will be the key indicators that the students under-
stand the process of science.

The PBL approach lends itself well to having 
students keep journals of their activities. Students 
should write about how they are conducting their 
experiment (which might differ from one group 
to another), ideas they have related to the phe-
nomenon under investigation (including both 
correct and incorrect ideas), what experiments 
or observations showed the incorrect ideas to be 
wrong, answers to the questions supplied for each 
exploration, and what they learned as a result of 
the activity. Students might also want to make a 
video of the experiment. This can be used for later 
reference, as well as to show family and friends. 
Wouldn’t it be great if we can get students talking 
about science outside the classroom?

A few of the questions asked of the students 
will be difficult to answer. Here again students 
get a feel for what it’s like to be a real scientist 
exploring uncharted territory. A student might 
suggest an incorrect explanation. Other stu-
dents in the group might offer a correction, or if 
no one does, perhaps further experimentation, 
along with guidance from the teacher, will lead 
the students on the right course. Like scientists, 
the students can do a literature search (usually a 
web search now) to see what others know about 
the phenomenon. Thus there are many ways for a 
misconception to get dispelled in a way that will 
result in more long-term understanding than if 
the students were simply told the answer. Guid-
ance from the teacher could include providing 
some ideas about what to observe when doing the 
experiment or giving some examples from other 
situations in which the same phenomenon takes 
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place. Although many incorrect ideas will not 
last long in group discussions, the teacher should 
actively monitor group discussions, ensuring that 
students do not get too far off track and are on 
their way to achieving increased understanding. 
We’ve provided an analysis of the physics behind 
each exploration to focus your instruction.

By exploring first and getting to a theoreti-
cal understanding later, students are working 
like real scientists. When scientists investigate 
a new phenomenon, they aren’t presented with 
an explanation first—they have to figure it out. 
And that’s what the students do in PBL. Real sci-
entists extensively collaborate with one another; 
and that’s exactly what the students do here as 
well—work in groups. Not all terms and con-
cepts are extensively explained; that’s not the 
purpose of this book. Again, like real scientists 
the students can look up information as needed 
in, for example, a traditional physics textbook. 
What we present here is the PBL approach, in 
which students explore first and are inspired 
to pursue creative approaches to answers—and 
have fun in the process!

PBL in Finland

The Finnish educational system came into the 
spotlight after the Programme of International 
Student Assessment (PISA) showed that Finnish 
students were among the top in science literacy 
proficiency levels. Out of 74 countries, in 2009 
Finland ranked 2nd in science and 3rd in reading. 
(The United States ranked 23rd and 17th, respec-
tively.) In 2012, Finland ranked 5th in science and 
6th in reading. (The United States ranked 28th 
and 24th, respectively.) Finland is now seen as a 
major international leader in education, and its 
performance has been especially notable for its 

significant consistency across schools. No other 
country has so little variation in outcomes among 
schools, and the gap within schools between the 
top- and bottom-achieving students is quite small 
as well. Finnish schools seem to serve all students 
well, regardless of family background or socio-
economic status. Recently, U.S. educators and 
political leaders have even been traveling to Fin-
land to learn the secret of their success.

The PBL approach is one that includes pro-
gressive inquiry, problem-based learning, proj-
ect-based learning, and in Finland at least, other 
methods at the teachers’ discretion. The idea is to 
teach bigger concepts and useful thinking skills 
rather than asking students to memorize every-
thing in a textbook. 

Authors’ Use of Gadgets and 
Gizmos
One of the authors (M.B.) has been using giz-
mos as the basis of teaching for many years. He 
also uses them for illustrative purposes in pub-
lic presentations and school programs. The other 
two authors (M.K. and J.K.) have been using 
PBL—and the materials in this book—to teach 
in Finland. Their approach is to present physics 
phenomena to students so that the students can 
build ideas and an understanding of the topic by 
themselves, in small groups. Students progress 
from thinking to understanding to explaining. 
For each phenomenon there are several different 
viewpoints from which the student can develop 
a big-picture understanding as a result of step-
by-step exploration. The teacher serves only as 
a guide who leads the student in the right direc-
tion. PBL is an approach that is not only effective 
for learning but is also much more fun and inter-
esting for both the teacher and the students.
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Safety Notes

Hands-on activities in science classrooms and 
laboratories help make learning science fun. In 
order to also make the activities safer, certain 
precautions must be followed based on legal 
standards and professional best practices. In this 
book, activities have appropriate and important 
safety notes listed that need to be followed for 
a safer experience. Prior to any activities tak-
ing place, students need to receive safety train-
ing, have a safety assessment, and sign and 
date (along with parents or guardians) a safety 
acknowledgement form.
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7
Two-

Dimensional 
Motion

Two-dimensional (2D) motion means 
motion that takes place in two differ-
ent directions (or coordinates) at the 

same time. The simplest motion would be an 
object moving linearly in one dimension. An 
example of linear movement would be a car 
moving along a straight road or a ball thrown 
straight up from the ground. 

If an object is moving in one direction 
with a constant velocity while accelerating in 
another direction, calculating the motion is 
more complicated.  An example of 2D move-
ment would be throwing a football or hit-
ting a home run in baseball. In the following 
examples, we explore motion in the Earth’s 
gravitational field.
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Exploration7e

▼
SAFETY NOTES

• Wear safety glasses or 
goggles.

• Use caution when balls 
are on the floor. They 
can be a slip or fall 
hazard.

Race to the Bottom 

In this experiment, you will use the Vertical Acceleration 
Demonstrator (Figure 7.1) to explore what effect horizontal 
motion has on the vertical acceleration of a falling object.

Procedure

1. Use a clamp to attach the apparatus to a ring stand so 
that the height of the apparatus is ~1.5 meters. 

2. Mount the two balls on the apparatus, making sure that 
the apparatus is level. 

3. Release the spring and watch as one ball is projected 
horizontally and the other is dropped straight down.  
Listen to them hit the floor to determine whether there 
is a difference in when the balls reach the ground. 

Questions

• Which ball hit the floor first? Why?

• What forces are involved?

FIGURE 7.1: Vertical Acceleration 
Demonstrator

92
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Ejector Seat

With the Ballistics Car (Figure 7.2), you will explore relative 
motion and use different coordinates to describe movement.

Procedure

1. Discuss with your group where the ball will land if it is 
launched straight up from the barrel while the car is 
moving.

2. Place the ball on the piston inside the barrel.

3. Push the piston down and lock it in place with the pin.

4. Push the car away from you while holding the 
string from the pin in your hand. 

5. Launch the ball by giving the string a  
sharp pull. 

Questions

• Where does the ball land?

• What are the forces affecting the ball after 
its launch?

• Does the velocity of the car affect  
what happens?

• Explain your results.

▼
SAFETY NOTES

• Wear safety glasses or 
goggles. 

• Make sure the tra jectory 
path of the launched ball 
is clear of observers, 
fragile equipment, 
and so on, to prevent 
damage or injury. 

FIGURE 7.2: Ballistics Car

7eTWO-DIMENSIONAL MOTION
Exploration
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Need for Speed 

You might recognize this car track (Figure 7.3) if you 
did the Energy Lab in Chapter 3. We’re going to use it 
to demonstrate 2D motion here. In many movies, a car 
or motorcycle is used to jump over a river or from one 
building to another. To succeed with the jump, accurate 
calculations have to be made.  In the first procedure in 
this exploration, the car will be launched horizontally, and 
in the second procedure it will be launched at an incline.

Procedure 1: Jumping Over the Ravine 

1. Build a ravine at your table (i.e., create a gap for your 
car to jump over, for example, from the table to your 
chair). 

2. Launch the car so it goes down the ramp and ends 
up moving horizontally.  Measure the velocity with the 
photogate.

3. Place the car track on the edge of the ravine.

4. Calculate how far the car could travel with the speed 
you measured.

5. Move the chair to the distance you calculated, 
and test to see how close your calculation was.

6. If more speed is needed, experiment with 
different ways of launching the car (for instance, 
with the aid of a rubber band).

Procedure 2: Curvilinear Motion

1. Build a ramp with the car track on one table and 
a ramp for the landing on another table. 
(The ramp that the car is launched 
from should be inclined at some 
angle.)

▼
SAFETY NOTE

Wear safety glasses or 
goggles.

94
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FIGURE 7.3: Car track

2. Calculate the velocity of the car on the ramp based on 
the velocity measured before.

3. Move the ramp to the edge of the ravine (e.g., edge of 
the table), and calculate how far the car will travel from 
the ramp with that velocity. 

4. Move the other table to the distance you calculated, 
and test if the car can make the jump.

Questions

• What’s the farthest you can move the chair 
(or landing platform) on the basis of your 
calculations?

• What is the distance between the tables in 
the second experiment?

• Explain why there is a difference 
between theory (the calculated value) 
and experiment (what actually 
happened)?

7eTWO-DIMENSIONAL MOTION
Exploration
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Launch and Land 

In this experiment, an Air-Powered 
Projectile (Figure 7.4) is launched twice. 
The first launch is straight up in the air, 
and the second launch is at an angle up 
and out toward the field. Work in groups 
and compete to see which group can 
most accurately calculate the rocket’s 
landing spot.  The calculations for the 
second launch will make use of data 
from the first launch.  The first (vertical) 
launch will be used to determine the 
launch velocity of the rocket. 

Procedure

1. Assume that the rocket will have the 
same initial speed for each launch. 

2. Obtain a timer and protractor.

3. Find a good place for the launches, 
such as a field where there is at least 
50 meters of open space. The more 
space, the better.

4. Attach the rocket to the launch pad.

5. Attach the pump to the rocket; add 
the plastic cap, and put the rest of the 
rocket in place.

6. Pump until the rocket is launched. 
Launch the rocket vertically the first 
time. 

7. From your measurements, calculate 
the rocket’s launch velocity.

8. Next, calculate where the rocket 
should land if you launch it at a certain 
angle. Mark the landing spot.

9. Launch the rocket at that angle.  See 
how accurate your calculation was.  
Discuss possible sources of error.

10. To make the problem more 
challenging, the rocket can be 
launched from a higher level than the 
field. 

Questions

• What did you calculate for the landing 
spot?  (Show your calculation.) 

• How far off was your calculated 
landing spot from the actual landing 
spot? 

• Explain possible causes for any 
discrepancy.

▼
SAFETY NOTES

• Wear safety glasses or 
goggles.

• Make sure the tra jectory 
path of the launched rocket 
is clear of observers, fragile 
equipment, and so on, to 
prevent damage or injury. 

FIGURE 7.4: Air-Powered Projectile

7e TWO-DIMENSIONAL MOTION
Exploration
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7AAnalysis

Ejector Seat

The Ballistics Car (Figure 7.6) launches a ball 
straight up as it moves forward. When the ball is 
launched, the ball and the car are initially mov-
ing in the same direction at the same velocity. The 
ball is launched vertically straight up in the air. 
While the ball is in the air, the car keeps on mov-
ing in the same direction and with the same veloc-
ity as before. (Its velocity does slow down a little 

bit because of friction and air resistance.)  The 
ball’s vertical movement doesn’t affect 

its horizontal movement, so the ball 
continues to have the same hori-

zontal speed as the car, even 
while the ball is also moving 

vertically in the air.  
The forces affect-
ing the ball are the 
gravitational force, 

which pulls the 
ball back down, and 

air resistance, which slows the ball’s horizontal 
movement approximately the same amount as the 
car is slowed by its resistance forces. Because the 
car and the ball have the same horizontal speed, 
the ball lands back in the car’s barrel.  This works 
whether the car is moving fast or slowly; its veloc-
ity doesn’t matter as long as it is constant.

FIGURE 7.5: Vertical Acceleration Demonstrator

FIGURE 7.6: Ballistics Car

Race to the Bottom

In this exploration, you use the Vertical Accel-
eration Demonstrator (Figure 7.5) to launch two 
balls—one vertically and the other horizontally. 
After releasing the spring, the balls are launched 
from the apparatus and the Earth’s gravita-
tional force pulls them toward the ground. One 
ball is projected horizontally, and the other 
one starts from rest (zero velocity).  The gravi-
tational force is the same for both balls, so the 
acceleration due to gravity is also the same for 
both. The balls attain the same vertical velocity 
toward the ground because they experience the 
same downward acceleration. Therefore, the 
ball projected horizontally reaches the floor at 
the same time as the other ball.
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Need for Speed

This exploration uses the same car track (Figure 
7.7) as the Energy Lab in Chapter 3. In part 1, you 
mimic the action of a car jumping a ravine by cre-
ating a jump between, for example, a table and 
chair. In part 2, this study was extended by add-
ing ramps for the car on each end of its journey. 
The distance that the car travels through the air 
depends on the car’s initial velocity and the dif-
ference in height between the table and the chair.  
Let’s call the velocity (v) of the car on the edge of 
the ravine v0 and the height difference h; g stands 
for the acceleration due to gravity, t for time, and s 
for distance in meters.

  
so

  

When the car is falling, it moves a horizontal 
distance:

The distance from the ramp can be calculated as vx 
= v0 cos α and vy = v0sinα, where α is the angle from 
the horizontal launch.  (We define the horizontal 
direction to be the x direction and the vertical di-
rection to be the y direction.)

Velocities: 
vertical vy = v0sinα − gt 
horizontal vx = v0cosα 

The vertical position, sy, is then

 

To calculate the flight time, set sy equal to zero: 

Then, use the quadratic formula to solve for t: 

When the time for the jump is known, the distance 
can be calculated from: sx = v0cosαt

Note that we are ignoring air resistance and 
the rotation of the car during the jump. Because of 
these factors, the car’s jump is not as long as you 
calculate.  

FIGURE 7.7: Car track

7A TWO-DIMENSIONAL MOTION
Analysis
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Launch and Land

In this exploration, you launch the Air-Powered 
Projectile (Figure 7.8) at varying angles and deter-
mine the rocket’s velocity. Here are two ways to 
determine the rocket’s launch velocity: The first 
way is to use geometry and trigonometry. The first 
launch will be straight up.  From a known distance 
from the launch pad, measure the angle (α) up to 
the rocket’s maximum height. Next, use trigonom-
etry to calculate the height, h. Then use that height 
and conservation of energy to calculate the launch 
velocity, v0,

where m is mass and g is the acceleration due 
to gravity. 

The second way to determine the rocket’s veloc-
ity is to measure flight time. It can be measured 
starting when the rocket is at its highest point and 
ending when rocket is back on the ground.  

When the rocket is at its highest point, its velocity 
is zero.  vy = v0 – gt, so when vy is zero, v0 = gt (where t 
is time).

Now suppose you launch the rocket at an ini-
tial angle θ. The x and y components of the initial 
velocity (which are independent of each other) are 
then given by 

The horizontal component of velocity, vx, is con-
stant, so the x position at any time is given by 

.

The vertical component of velocity, vy, changes 
according to 

.

The rocket’s displacement in the vertical direc-
tion is given by 

. 

Since y is the difference between the initial 
height and final height, the final height is equal 
to h + y. You can solve this for the flight time, t, 
by setting y = 0 if the rocket is launched from the 
same level as the field, or, if not, setting y equal 
to the height that the field is above or below the 
height of the launch pad.  (If the field is at a lower 
height, then your value of y will be negative.)

Now that you know the time, the distance that 
the rocket travels horizontally can be calculated 
from x = vxt = (v0 cosθ)t.

One possible cause of a discrepancy between 
the theoretical distance and the experimental 
distance is that the calculation neglected air 
resistance (and any wind that might be present).

FIGURE 7.8: Air-Powered Projectile

7ATWO-DIMENSIONAL MOTION
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Web Resources
Fire various objects out of a cannon. Set the angle, initial speed, and mass. Add 
air resistance. Make a game out of this simulation by trying to hit a target.
http://phet.colorado.edu/sims/projectile-motion/projectile-motion_en.html

Tasks related to projectile motion and using relevant quadratic equations.
http://phet.colorado.edu/files/activities/3491/12-14-11%20quadratic%20function%20
related%20tasks.docx

Motion in 2D: Learn about position, velocity, and acceleration vectors.
http://phet.colorado.edu/en/simulation/motion-2d

Activity sheets to go with the previous 2D simulation. 
http://phet.colorado.edu/files/activities/3595/C:_Users_patrick.foley_Documents_Motion_
in_2D.doc
http://phet.colorado.edu/files/activities/2930/Phet%202D%20Motion%20Activity.doc
http://phet.colorado.edu/files/activities/3141/Vectors%20PhET%20Lab.doc

Projectile simulation: Set the angle, initial velocity, and mass of the projectile, and 
then see its path.
http://galileo.phys.virginia.edu/classes/109N/more_stuff/Applets/ProjectileMotion/jarapplet.
html

A more sophisticated projectile simulator. Adjust the initial height and the value of 
g, see a graph of the position, velocity, acceleration, force, and energy, and pause 
at any point and examine the values of the parameters. 
www.walter-fendt.de/ph14e/projectile.htm

7A TWO-DIMENSIONAL MOTION
Analysis
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Relevant Standards
Note: The Next Generation Science Standards can be viewed online at 
www.nextgenscience.org/next-generation-science-standards.

Performance Expectations

HS-PS3-1

Create a computational model to calculate the change in the energy of one compo-
nent in a system when the change in energy of the other component(s) and energy 
flows in and out of the system are known. [Clarification Statement: Emphasis is on 
explaining the meaning of mathematical expressions used in the model.] [Assess-
ment Boundary: Assessment is limited to basic algebraic expressions or computa-
tions; to systems of two or three components; and to thermal energy, kinetic energy, 
and/or the energies in gravitational, magnetic, or electric fields.] 

HS-PS3-3

Design, build, and refine a device that works within given constraints to convert 
one form of energy into another form of energy. [Integrates science and engineering]

Science and Engineering Practices

Developing and Using Models

Modeling in 9–12 builds on K–8 and progresses to using, synthesizing, and develop-
ing models to predict and show relationships among variables between systems 
and their components in the natural and designed worlds.

• Develop and use a model based on evidence to illustrate the relationships 
between systems or between components of a system. 

Planning and Carrying Out Investigations

Planning and carrying out investigations to answer questions or test solutions to 
problems in 9–12 builds on K–8 experiences and progresses to include investiga-
tions that provide evidence for and test conceptual, mathematical, physical, and 
empirical models.

• Plan and conduct an investigation individually and collaboratively to 
produce data to serve as the basis for evidence, and in the design: decide 

7ATWO-DIMENSIONAL MOTION
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on types, how much, and accuracy of data needed to produce reliable 
measurements and consider limitations on the precision of the data (e.g., 
number of trials, cost, risk, time), and refine the design accordingly. 

Analyzing and Interpreting Data 

Analyzing data in 9–12 builds on K–8 and progresses to introducing more detailed 
statistical analysis, the comparison of data sets for consistency, and the use of mod-
els to generate and analyze data. 

• Analyze data using tools, technologies, and/or models (e.g., computational, 
mathematical) in order to make valid and reliable scientific claims or 
determine an optimal design solution. 

Using Mathematics and Computational Thinking

Mathematical and computational thinking at the 9–12 level builds on K–8 and pro-
gresses to using algebraic thinking and analysis, a range of linear and nonlinear 
functions including trigonometric functions, exponentials and logarithms, and 
computational tools for statistical analysis to analyze, represent, and model data. 
Simple computational simulations are created and used based on mathematical 
models of basic assumptions.

• Create a computational model or simulation of a phenomenon, designed 
device, process, or system. 

Constructing Explanations and Designing Solutions

Constructing explanations and designing solutions in 9–12 builds on K–8 experi-
ences and progresses to explanations and designs that are supported by multiple 
and independent student-generated sources of evidence consistent with scientific 
ideas, principles, and theories.

• Design, evaluate, and/or refine a solution to a complex real-world problem, 
based on scientific knowledge, student-generated sources of evidence, 
prioritized criteria, and tradeoff considerations.

7A TWO-DIMENSIONAL MOTION
Analysis
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Disciplinary Core Ideas

PS2.B: Types of Interactions 

• Newton’s law of universal gravitation and Coulomb’s law provide the 
mathematical models to describe and predict the effects of gravitational and 
electrostatic forces between distant objects. 

• Forces at a distance are explained by fields (gravitational, electric, and 
magnetic) permeating space that can transfer energy through space. 
Magnets or electric currents cause magnetic fields; electric charges or 
changing magnetic fields cause electric fields. 

PS3.C: Relationship Between Energy and Forces

• When two objects interacting through a field change relative position, the 
energy stored in the field is changed.  

Connections to Nature of Science

Science Models, Laws, Mechanisms, and Theories Explain 
Natural Phenomena

• Theories and laws provide explanations in science. 

• Laws are statements or descriptions of the relationships among observable 
phenomena.

Crosscutting Concepts

Cause and Effect 

Empirical evidence is required to differentiate between cause and correlation and 
make claims about specific causes and effects. 

Systems and System Models 

When investigating or describing a system, the boundaries and initial conditions of 
the system need to be defined.

7ATWO-DIMENSIONAL MOTION
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Hot Shot, 34, 42
Magnetic Accelerator, 36, 43
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explorations

Combining Colors exploration, 54, 54
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Conservation of angular momentum, 106, 107, 
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Conservation of energy, 31, 48, 99
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for Visible Light and Colors explorations, 61
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60–61
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Electrical energy, 21, 26, 31
Electromagnetic Induction explorations, 123, 

133–140
Crank-a-Current, 136, 136, 138, 138
Eddy Oddity, 134, 134, 137, 137
equation for electromotive force, 133
Shake & Shine, 135, 135, 138, 138
standards addressed by, 140
Web resources for, 139

Electromagnetic radiation, 59, 60–61
Emission spectrum, 55
Energy Ball exploration, 148, 148, 156

analysis of, 153, 153–154
Energy explorations, 31–49

Astroblaster, 39, 39, 44, 44
conservation of energy, 31, 48
Dancing Disc, 33, 33, 41, 41
Dropper Popper, 38, 38, 44, 44
Energy on Wheels, 32, 32, 40, 40
equation for work, 40
Happy / Unhappy Balls, 37, 37, 43, 43
Hot Shot, 34, 34, 42, 42
Magnetic Accelerator, 36, 36, 43, 43
Radiant Rotation, 35, 35, 42, 42
standards addressed by, 46–49
types of energy, 31
Web resources for, 45

Energy on Wheels exploration, 32, 32
analysis of, 40, 40

Eye, light-sensitive cells of, 51

F
Faraday’s law of induction, 133, 135, 137, 138
Ferromagnetism, 120, 126, 128
Finnish educational system, xvi
Fire Syringe exploration, 19, 19, 19, 19

analysis of, 24–25, 24–25
Floating and sinking. See Buoyancy explorations
Flying Pig exploration, 149, 149, 156

analysis of, 154, 154
Force. See Pressure and Force explorations
Friction, 40, 41, 43, 71, 97, 110
Fun Fly Stick exploration, 147, 147, 156, 157

analysis of, 152–153, 153
Fundamental frequency, 63, 65, 70, 72
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Perpetual Top, 110, 114
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Dropper Popper, 38, 44
Euler’s Disc, 33, 41
Happy / Unhappy Balls, 37, 43
Magnetic Accelerator, 36, 43

for Laws of Thermodynamics explorations
Drinking Bird, 20, 25
Elasticity of Gases demo, 18, 23
Fire Syringe, 19, 24
Ice Melting Blocks, 16, 22
Reversible Thermoelectric Demo, 21, 26
temperature sensors, 17

for Magnetism explorations
Levitron, 124, 128
Magnetic Field Model, 120, 125
Small Clear Compass, 121, 126
3D Magnetic Compass, 122, 127
World’s Simplest Motor, 123, 127

for More Fun explorations
Bernoulli’s Bag, 144, 150
Doppler Ball, 145, 151
Energy Ball, 148, 153
Flying Pig, 149, 154
Fun Fly Stick, 147, 153

Mirage, 146, 152
ordering kits of, 159
for Pressure and Force explorations

Atmospheric Mat, 3, 8
Atmospheric Pressure Cups, 2, 7
Hollow Prism, 4, 9
Pressure Globe, 5, 10
Super Bottle Rocket Launcher, 6, 10

for Resonance explorations
Boomwhackers, 65, 70
Music Box, 67, 71
Singing Rod, 66, 71
Sound Pipe, 68, 72
Standing Wave Apparatus, 64, 69

for Two-Dimensional Motion explorations
Air-Powered Projectile, 96, 99
Ballistics Car, 93, 97
Car Track, 95, 98
Vertical Acceleration Demonstrator, 92, 97

for Visible Light and Colors explorations
color filters, 53, 56, 57
Quantitative Spectroscope, 52, 55
RGB Snap Lights and Spinner, 54, 57

Galileo’s Thermometer exploration, 81, 81
analysis of, 86, 86

Gas pressure, 4, 7, 18, 25
Generators, 133, 140, 156

hand crank, 136, 138
Van de Graaff, 147

Group activities and discussions, xiii, xv–xvi
Gyroscope, 109, 109, 113, 113–114, 114

H
Hands-on activities, xiii, xvii, 1
Happy/Unhappy Balls exploration, 37, 37

analysis of, 43, 43
Harmonic number, 63, 65, 70, 71, 72
Heat conduction, 16, 22
Hot Shot exploration, 34, 34

analysis of, 42, 42
Hydrostatic pressure, 4, 9

I
Inertia, 41, 105, 112, 114
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Index

Inquiry-based instruction, xiii, xvi
Introductory Energy and Motion Lab, 32, 32

analysis of, 40, 40
Isotherm, 23, 23
It’s a Hold-up! exploration, 3, 3

analysis of, 8, 8

K
Kinetic energy, 25, 31, 48, 101

during collisions, 34, 36, 37, 42, 43, 44
conversion of potential energy to, 32, 40, 43, 

44
conversion of thermal energy to, 21, 42
rotational, 31, 33
temperature and, 24, 29
translational, 31, 33

Kits of gadgets and gizmos, 159

L
Launch and Land exploration, 96, 96

analysis of, 99, 99
Laws of Thermodynamics explorations, 15–29

Drinking Bird, 20, 20, 25, 25
Fire Syringe, 19, 19, 24–25, 24–25
Meltdown, 16–17, 16–17, 22, 22
Pressure Plunger, 18, 18, 23, 23
Running Hot and Cold, 21, 21, 26, 26
standards addressed by, 28–29
thermodynamic equilibrium, 16
Web resources for, 27

Lenz’s law, 124, 125, 133, 134, 137
Levitron exploration, 124, 124

analysis of, 128, 128
Light. See Visible Light and Colors explorations
Light mill, 42
Linear momentum, 105, 111
Lodestone, 119

M
Magnetic Accelerator exploration, 36, 36

analysis of, 43, 43
Magnetism explorations, 119–130

All Encompassing, 122, 122, 127, 127

discovery and uses of magnetism, 119
Levitron, 124, 124, 128, 128
magnetic poles, 119,121,126
Magnets in Motion, 121, 121, 126, 126
Point the Way, 120, 120, 125, 125–126
standards addressed by, 130
Web resources for, 129
World’s Simplest Motor, 123, 123, 127, 127–

128, 128, 133
Magnets in Motion exploration, 121, 121

analysis of, 126, 126
Mechanical energy, 15, 32
Meltdown exploration, 16–17, 16–17

analysis of, 22, 22
Mirage exploration, 146, 146

analysis of, 152, 152
Misconceptions of students, xiv, xv
Mix It Up exploration, 82, 82

analysis of, 86, 86
More Fun explorations, 143–157

Doppler Ball, 145, 145, 151, 151–152
Energy Ball, 148, 148, 153, 153–154
Flying Pig, 149, 149, 154, 154
Fun Fly Stick, 147, 147, 152–153, 153
Mirage, 146, 146, 152, 152
standards addressed by, 156–157
Web resources for, 155
Wind Bag, 144, 144, 150, 150

Music Box exploration, 67, 67
analysis of, 71, 71

Musical instruments. See Resonance 
explorations

N
Nature of science connections

for Angular Momentum explorations, 117
for Buoyancy explorations, 89
for Energy explorations, 47–48
for Laws of Thermodynamics explorations, 28
for Pressure and Force explorations, 12
for Resonance explorations, 75
for Two-Dimensional Motion explorations, 103
for Visible Light and Colors explorations, 60

Need for Speed exploration, 94–95, 95
analysis of, 98, 98
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Index

Newton, Isaac, xiv, 57
Newton’s laws, 103, 112, 114, 154, 156
Next Generation Science Standards (NGSS), xiv

for Angular Momentum explorations, 116–117
for Buoyancy explorations, 89
for Electromagnetic Induction explorations, 

140
for Energy explorations, 46–49
for Laws of Thermodynamics explorations, 

28–29
for Magnetism explorations, 130
for More Fun explorations, 156–157
for Pressure and Force explorations, 12–13
for Resonance explorations, 74–76
for Two-Dimensional Motion explorations, 

101–103
for Visible Light and Colors explorations, 

59–61

O
Ordering gadgets and gizmos, 159
Oscillation. See Resonance explorations

P
Paramagnetism, 120, 126
Peer instruction, xiii
Peltier effect, 26
Performance expectations

for Angular Momentum explorations, 116
for Electromagnetic Induction explorations, 

140
for Energy explorations, 46
for Laws of Thermodynamics explorations, 28
for Magnetism explorations, 130
for More Fun explorations, 156–157
for Pressure and Force explorations, 12
for Resonance explorations, 74
for Two-Dimensional Motion explorations, 101
for Visible Light and Colors explorations, 59

Perpetual Top exploration, 110, 110
analysis of, 114, 114

Phenomenon-based learning (PBL), xiii–xvii
definition of, xiii
difference from project- or problem-based 

learning, xiv
in Finland, xvi
objective of, xiv
use of gadgets and gizmos in, xiii, xvi

Photons, 31, 61
Pitch, 65, 66, 68, 70, 71
Point the Way exploration, 120, 120

analysis of, 125, 125–126
Potential energy, 31

conversion to kinetic energy, 32, 40, 43, 44
effect of magnets on, 36, 43
gravitational, 31, 44
temperature and, 29

Power Ball exploration, 108, 108
analysis of, 112–113, 113

Pressure and Force explorations, 1–13
equation for pressure, 7, 8
It’s a Hold-up!, 3, 3, 8, 8
Pressure Globe, 5, 5, 10, 10
Pressure Power, xv, 2, 7, 7
Prism Pressure, 4, 4, 9, 9
standards addressed by, 12–13`
Water Rocket, 6, 6, 10, 10
Web resources for, 11

Pressure Globe exploration, 5, 5
analysis of, 10, 10

Pressure Plunger exploration, 18, 18
analysis of, 23, 23

Pressure Power exploration, xv, 2, 2
analysis of, 7, 7

Pressure–volume (P-V) relationship, 18, 23, 23
Pressure–volume–temperature relationship, 19, 

24, 24
Prism Pressure exploration, 4, 4

analysis of, 9, 9
Programme of International Student Assessment 

(PISA), xvi
Propeller Puzzle exploration, 107, 107

analysis of, 112, 112

R
Race to the Bottom exploration, 92, 92

analysis of, 97, 97
Radiant Rotation exploration, 35, 35

analysis of, 42, 42
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Index

Radiation pressure, 35
Rattleback, 41
Relative humidity, 10
Resonance explorations, 63–76

Boomwhackers, 65, 65, 70, 70
Music Box, 67, 67, 71, 71
Singing Rods, 66, 66, 71, 71
Sound Pipe, 68, 68, 72, 72
standards addressed by, 74–76
Standing Wave, 64, 64, 69, 69
Web resources for, 73

Reversible Thermoelectric Demo, 21, 21
analysis of, 26, 26

Rock the Boat exploration, 84, 84–85, 85
analysis of, 87, 87

Rod and cone cells in eye, 51
Running Hot and Cold exploration, 21, 21

analysis of, 26, 26

S
Safety acknowledgment form, xvii
Safety notes, xv. See also specific explorations
Science and engineering practices

for Angular Momentum explorations, 116–117
for Buoyancy explorations, 89
for Energy explorations, 46–47
for Laws of Thermodynamics explorations, 28
for Pressure and Force explorations, 12
for Resonance explorations, 74–75
for Two-Dimensional Motion explorations, 

101–102
for Visible Light and Colors explorations, 

59–60
Science journals, xv
Science literacy, xvi
Seebeck effect, 26
Shake & Shine exploration, 135, 135

analysis of, 138, 138
Singing Rods exploration, 66, 66

analysis of, 71, 71
Solar Bag exploration, 83, 83

analysis of, 86–87, 87
Sound energy, 31, 34, 40, 41, 42, 43, 48
Sound Pipe exploration, 68, 68

analysis of, 72, 72

Sound waves. See Resonance explorations
Spectroscope exploration, 52, 52

analysis of, 55, 55
Speed of sound, 66, 70
Speed Spinning exploration, 106, 106

analysis of, 111, 111–112, 112
Standing Wave exploration, 64, 64

analysis of, 69, 69
Static electricity, 147, 153
Surface tension of water, 9

T
Temperature, 29
Temperature explorations

Drinking Bird, 20, 25
Fire Syringe, 19, 24–25
Meltdown, 16–17, 22
Pressure Plunger, 18, 23
Running Hot and Cold, 21, 26
Water Rocket, 10

Thermal energy, 28, 29, 31, 48, 49, 101
in Carnot engine, 25
conversion of electromagnetic radiation to, 61
conversion to electrical energy, 21, 26
conversion to kinetic energy, 21, 42
temperature and, 29
total, 29
transfer in metals, 22

Thermal engine, 21
Thermal insulators, 22
Thermodynamics. See Laws of Thermodynamics 

explorations
Thinking like scientists, xv–xvi
Time required for explorations, xv
Torque, 41, 108, 112–114
Two-Dimensional (2D) Motion explorations, 

91–103
Ejector Seat, 93, 93, 97, 97
Launch and Land, 96, 96, 99, 99
Need for Speed, 94–95, 95, 98, 98
Race to the Bottom, 92, 92, 97, 97
standards addressed by, 101–103
Web resources for, 100
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Index

U
Ultraviolet light, 55, 61

V
Velocity explorations, 91

angular velocity, 105
Power Ball, 112–113
Speed Spinning, 106, 111–112
Wobbly Top, 113–114

Astroblaster, 44
Dancing Disc, 41
Ejector Seat, 93, 97
Energy on Wheels, 32, 40
Flying Pig, 149
Launch and Land, 96, 99
Need for Speed, 94–95, 98
Race to the Bottom, 97

Visible Light and Colors explorations, 51–61
Adding and Subtracting Colors, 53, 53, 56, 

56–57, 57
Combining Colors, 54, 54, 57, 57

rod and cone cells in eye, 51
Spectroscope, 52, 52, 55, 55
standards addressed by, 59–61
Web resources for, 58

Voltage explorations, 133
Crank-a-Current, 136, 138
Eddy Oddity, 134, 137
Energy Ball, 154
Fun Fly Stick, 152
Running Hot and Cold, 26
Shake & Shine, 135, 138

W
Water Rocket exploration, 6, 6

analysis of, 10, 10
Wind Bag exploration, 144, 144

analysis of, 150, 150
Wobbly Top exploration, 109, 109

analysis of, 113, 113–114
World’s Simplest Motor exploration, 123, 123, 133

analysis of, 127, 127–128, 128
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1.
To improve your 
students’ thinking 
skills and problem-
solving abilities

The authors say there are 
three good reasons to buy 
this book:

2.
To acquire easy-to-
perform experiments 
that engage students 
in the topic

3.
To make your 
physics lessons 
waaaaay more cool

“ The most beautiful thing we can experience is the mysterious.  
It is the source of all true art and science.” — Albert Einstein

USING PHYSICS

GADGETS & GIZMOS
GRADES 9–12

P h e n o m e n o n - B a s e d  L e a r n i n g

W
hat student—or teacher—can 

resist the chance to experiment 

with Rocket Launchers, Drinking 

Birds, Dropper Poppers, Boomwhackers, 

Flying Pigs, and more? The 54 experiments 

in Using Physics Gadgets and Gizmos, Grades 

9–12, encourage your high school students 

to explore a variety of phenomena involved 

with pressure and force, thermodynamics, 

energy, light and color, resonance, buoyancy, 

two-dimensional motion, angular momentum, 

magnetism, and electromagnetic induction. 

The phenomenon-based learning (PBL) 

approach used by the authors is as educational 

as the experiments are attention-grabbing. 

Instead of putting the theory before the 

application, PBL encourages students to first 

experience how the gadgets work and then 

grow curious enough to find out why. Students 

engage in the activities not as a task to be 

completed but as exploration and discovery.

The idea is to help your students go 

beyond simply memorizing physics facts. 

Using Physics Gadgets and Gizmos can help 

them learn broader concepts, useful critical-

thinking skills, and science and engineering 

practices (as defined by the Next Generation 

Science Standards). And—thanks to those 

Boomwhackers and Flying Pigs—both your 

students and you will have some serious fun. 
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