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Preface

It is essential to the understanding of physics to correctly “see” what you wish to examine. 
In classical mechanics, in particular, you need to understand how physical laws apply to 
transient, moving objects. But unfortunately, conventional textbooks rarely provide adequate 
images of such motion.

This book attempts to conquer the limits of those conventional textbooks by using 
cartoons. Cartoons are not just simple illustrations—they are an expressive and dynamic 
medium that can represent the flow of time. By using cartoons, it is possible to vividly 
express changes in motion. Cartoons can also transform seemingly dry laws and unreal 
scenarios into things that are familiar, friendly, and easy to understand. And it goes without 
saying—cartoons are fun. We have emphasized that in this book, as well. 

As an author eager to know whether or not my intent has succeeded, I can only wait 
for readers to make their judgments. This work has been finished to my deep satisfaction, 
except for the omission of one chapter—due to page count constraints—featuring a trip to an 
amusement park to explain circular movement and the noninertial system.

The main character of this book is a high school student named Megumi Ninomiya who 
finds physics rather difficult. It is my sincere desire that this book reaches out to as many 
readers as possible who think “physics is tough” and who “don’t like physics,” helping them 
find pleasure in physics like Megumi does—even if it’s only a little.

Last but not least, I would like to express my deep appreciation to the staff at the OHM 
Development Office, scenario writer re_akino, and illustrator Keita Takatsu—their combined 
efforts have resulted in this wonderful cartoon work that would have been impossible for 
one individual to complete.

Hideo Nitta
November 2006





Does Physics Bother You?

P R O L O G U E



Shazam!

My god!

Stay in 
the game, 
Megumi!

I GOTTA 
concentrate...

Blap!

S
h
h
-

t
o

c
k
!

S
h

h
-

t
o

c
k

!

Whiz!

Pow!



Several hours 
ago...

How did 
you do on 
the physics 

test?

We’re 
comparing 
answers.

Well, 
then,

what was your 
answer for 
question 9?

I selected C.

Why?

Oh, no... 
I PICKED A.

9) Suppose you are hitting a ball with a tennis racket. Which is greater, the force 
of the ball pushing the racket or the force of the racket pushing the ball? Select 
the correct answer. 

A.	 The force of the racket pushing the ball is greater than the force of 
the ball pushing the racket.

B.	 The force of the ball pushing the racket is greater than the force of 
the racket pushing the ball.

C.	 The force of the ball pushing the racket is the same as the force of 
the racket pushing the ball.

D.	 The relationship between the force of the ball pushing the racket 
and the force of the racket pushing the ball depends on the weight 
of the racket and the speed of the ball.



4  Prologue

Oh dear, 
Megumi. Have you 

forgotten 
Newton’s third 

law?

What do 
you mean, 
Sayaka?

Don’t you 
remember?! It’s 

the law of action 
and reaction.

The force of the 
racket on the ball 
and the force of 
the ball on the 

racket are always 
equivalent.

Therefore, the 
right answer 

is C!

Jeez!

Tee-hee-
hee

Tee-hee-

hee

The force of the 

racket on the ball

The force of the 

ball on the racket

Feeling so brilliant



By the 
way, have 
you also 

forgotten

about our 
match after 

school?

Of, of...of 
course not!

...Well...

Be 
careful 
not to…

screw up in the 
game, too!

Grrrr...

I can't stand 
her!

What?

Eh, 
well...

Tee
-h

ee
-h

ee

Easy 
now.

Ace!

C
l
a
n
g

!

Click



6  Prologue

Oh, no. I can’t 
concentrate.

I...

The force on 
the ball has to 

be larger!

Oops!

If the forces on the 
racket and the ball 

are equivalent...

I just 
can’t help 
thinking 
about it...

Net!

Pang



Oof!

If they are 
equivalent...

Wouldn't they 
cancel each 
other out?

bUT then the 
ball wouldn’t 

move? That 
doesn’t make 

sense!

Game, set, 
match!

Sayaka 
wins!

Crap.

All right. The 
loser has to 

clean up.

Tee-hee-
hee

fft

fft

Argh!



8  Prologue

Sigh.

I lost against 
Sayaka...

and I still 
don't get it.

What 
the...?!

Ahhh...

Oh, I’m 
sorry!

Ryota 
Nonomura, my 
classmate?

W
h
oo

s
h

Bonk!

Later that 
afternoon...



Does Physics Bother You?  9

He is well known 
at school, having 

won a silver 
medal

Well,  
let me see... 
Why did you...

Well, eh… 
I found a ball 

by my feet.

I thought I 
might help, 

and I meant to 
throw it into 
the basket.

But I’m so 
uncoordinated.

It would have 
been better if 

you’d just handed 
it to me like a 

normal person. Well... 
I guess 

you're right.

 in the 
International 

Physics 
Olympic Games.



But it’s okay, 
since it was an 

accident. What are you 
doing here, 

anyway?

I was calculating 
the motion of 
the ball while 
watching your 

game.

Wow! Just like a 
Physics Olympics 
silver medalist 

would!

So... 
you saw me 
lose, too!

Well, 
yeah.

Listen!

Let me tell 
you why I lost 

that game.

What do 
you mean?

thmp
thmp

Huff



Remember in the 
physics test we 
had today, there 
was a question 
about tennis.

Sure.

I got it wrong. 
That bothered 

me while I 
played.

Bothered 
you?

Yes.

...I see.

I couldn’t 
concentrate 
on the game 

at all.

Can I 
ask—

Nonomura-kun, 
can you help 

me understand 
physics?

Why me...!?

You are a silver 
medalist, aren’t 

you? Please 
help me!

Wha...?

??

Megumi explains what's been bothering her...



12  Prologue

...

Ouch...I feel an 
acute pain. It must 
be where you hit 
me with that ball.

wHAT? you're 
holding your 

tummy, not where 
the ball hit!

Okay, all right!  
I’ll do it!

Really?

But you must 
promise me 

something. Will 
you try your best 

to understand?

Definitely!

Hmm...

But...

O-ohh...



Law of Action 
and Reaction

1



Law of Action and Reaction

I get the 
impression that 
you hardly go 

to class. Do you 
hang out here?

...You know, 
Nonomura-

kun,

Yeah, 
that’s 
right.

It’s nice with all 
these experiments 
and instruments. 
But the best part 
is that it's quiet.

Is it okay 
for us to 

study here?

Yes, certainly. 
I already have 
our teacher’s  

permission.

They must 
really trust 

you!

Wow!!

*

* Laboratory
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I hear a lot 
about you, too, 
Ninomiya-san, 
as an all-star 

athlete.

No kidding...? 
Well, it's just 
what I like, 
you know.

Well, then, 
please study 

physics as much 
as you practice 

sports.

I will! And 
thank you 
for your 

help!

Now, let’s get 
started.

You want to learn 
about the law of 

action and reaction, 
right?

Yes, I do.

How the Law of Action and 
Reaction Works

At least that’s what 
Sayaka mentioned...

Before we think 
about it using 
a racket and a 

ball...



Let’s feel 
how the law 

works on our 
bodies.

On our 
bodies? Yes, on 

our 
bodies.

...No, no, you’ve 
got me all 

wrong.

Are those...
rollerblades?!

Just put 
them on.

What?

Oopsy-daisy. 
Like this?

Good.  
I will put 
some on, 

too.
...Let’s say, you’re 
40 kg. You must 
be lighter than 

I am.

See, I have a 
mass of about 

60 kg.

And you, 
Ninomiya-

san, about...

This 
lesson is 
getting 

a bit 
weird...

Wow, 
they 
fit!

C
r
u
n
c
h

Ah...Ha-ha..
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Now...as I hold my 
hands in place like 
this, push me with 

your hands.

Do you think 
you can move 
me without 

moving yourself, 
Ninomiya-san?

Ha!

With a mass of 
40 kg, I will push 
you, Nonomura-
kun, who has a 
mass of 60 kg.

Yes...me, 
40 kg!

Exactly.
Why are you 

grinning at me 
like that?

Just like 
this?

Just like 
this.

Hoick!

Hey, look.

And you’ve gone 
farther away, 
Ninomiya-san.

See, both of us 
are moving.

Hey, you're 
right...

Roll-o-roll-o

Roll-o-roll-o
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Let's try it the 
opposite way.

If I push, both 
of us will move 
backward again.

Really?

When you 
attempt to use 
force on me,

even if I don’t 
mean to push 

you back,
force will 

be applied to 
your body, 

Ninomiya‑san.

However and 
whenever either 

of us applies 
force to the 

other,

the other one 
will receive the 
same force in 
the opposite 

direction.

So I can’t 
move you 

without being 
moved myself.

Shazam!

Aha.
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In addition, the 
magnitude of the 

force is always the 
same on both sides.

This is called the 
law of action and 

reaction, and it also 
explains why force 
is always generated 
between a pair of 

objects.

That’s news 
to me.

We can 
summarize it 
clearly as 
follows:

This law describes 
the natural behavior 

of two objects. When 
object A exerts a 

force on object B, 
object B exerts an 
equal and opposite 

force.

Hmm...

For every action, 
there is an equal and 

opposite reaction.



It’s a law in the 
natural world, eh?

That's right.

Next, 
let’s—

Let me take 
these off.

Are you all 
right?

That looked so 
painful.

Equilibrium

Oof. Uh...  
Let me pull myself 

together.

ssSlick

BANG!
Sk-skd-dd

Daydreaming 

again...
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When objects 
are static, it’s 
easy to mix 

up the law of 
action and 
reaction

with 
equilibrium, 

or a balance 
of forces.

Balance...of 
forces?

Let me illustrate 
the force applied 

to a ball in the 
palm of my hand.

Force has a 
direction in addition 

to a magnitude.

A quantity having 
a magnitude and 

direction is called 
a vector.

As represented 
by the arrows 

in your 
illustration, I 

suppose.

h
a
n
d
's

 f
o

r
c
e

F
o

r
c
e
 o

f
 g

r
a
v
it

y

The magnitude 
of the force

The direction 
of the force

The magnitude 
of the force

The direction 
of the force



Draw an arrow 
that points in the 
direction of the 

force, with its length 
representing the 

magnitude.

So the 
illustration 

shows...

The force of 
gravity and the 
force from the 
hand have the 

same magnitude, 
don’t they?

Yes. Equilibrium 
refers to a 

relationship of 
forces like what 

you see in this 
illustration.

The forces 
cancel each 
other out.

If I withdraw my 
hand quickly to 
stop supporting 

the ball,

Now gravity is 
the only force 
acting on the 

ball, so it 
falls.

Total force 
on the ball

G
r
a
v
it

y
’s

 f
o

r
c
e

H
a
n
d
's

 F
o

r
c
e

Zero

It’s 
gone!

Ya
nk

W 
h 
i 
z

Tu
m



Equilibrium vs. Law of Action 
and Reaction

Now let’s think 
about the 

difference between 
equilibrium and the 
law of action and 

reaction.

To make it easier 
to see, I'll 

compare the two 
using two balls.

All right.

When considering 
equilibrium, just focus 
on the force applied 

to the ball.

For the law of action 
and reaction, however, 
you need to consider 
both the ball and the 

hand.

Equilibrium
Law of action and 

reaction

Oopsy-
daisy

Force from 
the hand

Force of 
Gravity 
(weight)

Force from 
the hand

Force from 
the ball 
(weight)
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The concept 
of equilibrium 
involves force 

applied to a 
single object.

On the  
other hand, the 

law of action and 
reaction involves 
forces affecting 
separate objects 
like the ball and 

the hand.

Aha!

So that’s the 
difference 
between 

equilibrium and 
the law of action 

and reaction.

When you 
hold a ball, 
you feel the 

weight of the 
ball, don’t 

you?

That’s the 
evidence that 

your hand is also 
pushing the ball 

with a force 
of the same 
magnitude...

as the force from 
the ball pushing 

your hand.  
So that’s the law 

of action and 
reaction.

It involves 
a different 

viewpoint from 
the concept of 

equilibrium.

We can 
make it even 
easier to 

understand 
like this.

Posh



You’ve just witnessed 
a static object that 
started moving. Can 

you explain why?

Perhaps...it 
goes wherever 

your hand 
goes?

Well? As I suddenly 
lowered my 

hand, the ball 
also went 

down.

You could put 
it that way. But 
just think of 

the relationship 
between forces 

of different 
magnitudes.

Between 
forces? Hmm...

...The downward 
motion of the 
hand results in

the force 
from the hand 
supporting the 
ball suddenly 
decreasing.

Is that 
right?

Force from 
the hand

Force of 
Gravity

Force from 
the hand

Static state
(The forces are balanced.)

When the hand 
goes down...

Uhm...

Force of 
Gravity



Am I... 
am I right?

...

Exactly!  
You’ve got it.

As the force from 
the hand applied to 
the ball becomes 

smaller, the balance 
of forces is broken, 

and a greater 
downward force 

emerges.
From the viewpoint 

of equilibrium, we can 
explain the falling of 

a ball that way.

So the ball is 
no longer in 
equilibrium.

Now what would 
it look like when 

viewed from a 
standpoint of the 
law of action and 

reaction?

So we take 
both the ball 
and the hand 
into account.

Exactly! When 
you lower your 
hand, how does 

the weight of the 
ball feel?

Going 
down, 
sir. The force 

from the hand 
supporting 

the ball

Resultant 
force

Whoopee!

The force 
from the hand 

supporting 
the ball

Force 
of 

Gravity

Force 
of 

Gravity



It feels lighter 
for a moment. Has 
the force from 
the ball being 

applied to the hand 
become smaller?

Quite so, 
Watson.

According to the law of 
action and reaction, the 
forces on two paired 
objects are equal in 

magnitude, remember? So the 
force from the hand being 
applied to the ball should 

also become smaller.

In turn, if you 
suddenly raise the 

ball, won’t you 
suddenly feel the 

ball becoming 
heavier? Yep,  

it feels 
heavier.

In order to break 
equilibrium and move the 

ball upward, a force 
greater than the force 
of gravity on the ball 
needs to be imposed 

from the hand.

The culprit?

Going 
up, sir.

The force from the 
hand being imposed 

on the ball

The force from the 
ball being imposed 

on the hand
Both forces 

become 
smaller.

Bonk Oh!

The force 
from 

the hand 
supporting 

the ball

Gravity’s 
force

Resultant 
force

The force 
from the hand 

supporting 
the ball

Really.

I feel  
a little 

embarrassed.
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Gravity’s 
force



Then the resulting 
reaction force 

becomes greater, too. 
That’s why you notice it 

feels heavier.

You see, the force 
from the ball imposed 
on the hand increases 

just as much as the 
force from the hand 
imposed on the ball 

increases.

Now does 
this help you 

understand the 
exam question 

involving a racket 
and a ball?

Ummmm...

None 
of your 
business!

What’s the 
matter with you, 
Ninomiya-san?

Ahem. Sorry. 
I think the 

question went 
like this.

9) Suppose you are hitting a ball with a tennis racket. Which is 
greater, the force of the ball pushing the racket or the force of 
the racket pushing the ball?

The force 
from the 

hand being 
imposed 
on the 
ball

The force 
from the 
ball being 
imposed 
on the 
hand

Flash-

back
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You see, when you 
hit the ball, the 

force of the racket 
impacting the ball 

varies depending on 
your stroke and the 
speed of the ball.

Yes, I know.

Although the ball is 
in contact with the 
racket for a small 

amount of time, in that 
one moment, you can 
see the relationship 

between forces 
change constantly.

Naturally, the force 
exerted on the ball 
by the racket also 

keeps changing.

The start of 
contact with the 

racket

The moment when 
the force reaches 

the maximum

However, At any one 
time, the forces 
of the two are 

equal in magnitude 
and opposite in 

direction.The 
force 
from 

the ball 
exerted 
on the 
racket

The force 
from the 
racket 
exerted 
on the 
ball

The force 
from the 
racket 
exerted 
on the 
ball

The 
force 
from 

the ball 
exerted 
on the 
racket
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So, if you look at 
each moment as if 
time were stopped, 
it is just like when 
a ball sits still on 

your palm. That’s right.

You can always find 
the law of action 

and reaction either 
in motion or in static 

states.

Get it?

At last, I fully 
understand it.

That’s 
good.

Wait.

Gravitational Force and the 
Law of Action and Reaction

According to 
the law of action 
and reaction, you 
said Forces are 

always generated 
in pairs.

Yeah, that’s 
right...

Thanks.
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Then what is the 
counterpart to 
gravity’s force 

on the ball?

Where does 
it come 
from?

That’s a 
very good 
question.

It comes from 
the earth.

What?  
The earth?

Not only a ball but 
also you, me, and even 
an airplane in the sky 

are pulled down by the 
earth. The force of 

the earth is the force 
of gravity, which we 
commonly call an 
object’s weight.

Hmm. I’m not 
sure if I really 
understand it...

Gravity works 
from a distance. 

And just as 
gravitational 

force pulls down 
on a ball,

the pulling force 
of the ball is 

exerted on the 
earth.

The force from 
the earth being 
imposed on the 

ball

The force 
from the 
ball being 
imposed on 
the earth

Gravity’s 
force 
on the 
ball



The ball is 
pulling the 

earth?

Sure. 
Because 

they make 
a pair.

Any objects that 
have mass are 
pulling each 

other in the form 
of universal 
gravitation.

It's hard to 
believe that 

a ball is 
pulling...

Well, a ball could 
never move the 
earth, since the 

mass of the earth 
is tremendous.

I see.

So, universal 
gravitation must be 
working between 

you, Nonomura-kun, 
and me, causing us to 

get closer.

...Universal 
gravitation is 

proportionate 
to the product 
of masses of 

elements pulling 
each other.

The mass of a 
person is extremely 
small, so universal 
gravitation cannot 
be felt between 

people!

What happened to 
your promise to 

try to understand 
seriously?

Oops! How 
embarrassing!



...Cough

The law of action 
and reaction 
is sometimes 

referred to as 
Newton’s third law 

of motion.

You say third. You 
mean there are 

other laws, like the 
first and second?

There are three 
in all. They are 
referred to as 
Newton’s three 
laws of motion.

Before examining 
these laws...may I 
ask, Ninomiya-san?

What?

What do you 
think physics is 

all about?

Newton’s Three Laws of Motion



Memorizing lots 
of equations 
for tests. 

I used to see 
it that way.

But after 
listening to your 

explanation, 
Nonomura-kun, 

my view may have 
changed a little.

So, maybe it’s to 
help understand 
the mechanics of 

motion. Right? That’s great.

Physics shouldn’t 
be learned by 

rote.

In my opinion, 
physics means, 

“Explaining 
natural 

phenomena 
using laws—

or predicting 
them based on 

mathematical data.”

Wow! That's 
convincing 

enough.

And the  
foundation of 

physics is classical 
mechanics—what 
we’re studying in 

class.



The objective of 
physics is to predict 

the motion of an 
object. In other words, 

we learn physics in 
order to correctly 
tell when and where 

that object  
will be. It sounds 

different from 
what I thought 

before.

It’s easy to take a 
video of a moving 

ball and see where 
it was at a particular 

time, isn’t it?

I guess...

Suppose, however, you 
need to predict where 
the ball you are going 
to throw will be one 

second later.

In that case, you need 
to know the rules 

behind the motion of 
the ball.

I see.
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Newton’s three 
laws are the 

basic rules of 
motion.

The law of action 
and reaction is 
one of them.

Ack!

Is it really that 
late? We should 
go home now!

All right.

Tee-hee.  
Thanks a lot.  

I find physics more 
interesting now than 

I did before.

I hope 
you'll give 
me another 

lecture soon.

See you 
soon, then.

They’re leaving 
the physics lab 

together... 
how curious.

Isn’t that 
Megumi...and 

Nonomura, that 
physics geek?
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Scalar Quantities vs. Vector Quantities

Physics involves measuring and predicting various quantities (or physical values) like force, 
mass, and velocity. These values can be classified into those having only magnitude and 
those having both magnitude and direction. A quantity that has magnitude without a direc-
tion is referred to as a scalar quantity. Mass is a scalar quantity. Energy and work, which 
we’ll learn about in Chapter 4, are also scalar quantities.

On the other hand, force is a value with a direction. You can see that from the fact 
that the motion of an object changes if you apply force from a different direction. A quan-
tity that has a direction is called a vector. Velocity and acceleration (which are introduced in 
Chapter 2) and momentum (discussed in Chapter 3) are also vector quantities, as they have 
direction. You may forget the terms scalar and vector, but you should keep in mind that 
there are two types of values in physics: those with just a magnitude and those with both a 
magnitude and a direction.

Vector Basics

A vector is represented using an arrow. The length of the arrow represents the magnitude of 
the vector, and the point represents its orientation, or direction. Two vectors with the same 
magnitude and direction are equivalent to one another, even if they do not have the same 
origin. 

Also note that the magnitude of a vector (represented by the length of the arrow) can 
be noted with absolute value symbols, like | a |, or simply as a.

The sum of two vectors ( a  + b  ) is shown by joining the head of vector a  to the tail 
of vector b , and then extending a line from the tail of a  to the head of b , as shown in the 

Magnitude

Orientation

A vector is equivalent after a parallel move.

a

| a |

a

b

a b + 
b

a

ab  + 
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figure on the left here. As this vector is a diagonal of the parallelogram in the figure, it is 
obvious that it is also equivalent to b  + a . Therefore, we know that the following is true:

Commutative law :  a  + b  = b  + a 

The order in which you add vectors doesn’t matter! You can find the sum of three or 
more vectors in the same way.

Negative Vectors

Vector −a , or a  preceded by a minus sign, yields a sum of zero when added to vector a . In 
an equation, the relationship looks like this:

a  + (−a ) = 0

In terms of geometry, −a  is simply a vector of the same magnitude as a , but in the 
exact opposite direction. The 0 on the right side of this equation represents zero as a vector, 
referred to as a zero vector. When vectors cancel each other out in this way, an object is said 
to be in equilibrium.

Difference Between Two Vectors

The difference between two vectors ( a  − b  ) can be defined as follows:

a  − b  = a  + (−b )

Thus, we can find the result of the equation using the same process for summing 
vectors. 

-a

a

a

b
−b

a(    ) + −b = a − b
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Multiplying Vectors by Scalars

Doubling vector a  means doubling its magnitude without changing its direction. The result is 
represented as 2a .

Generally, k multiplied by a  (ka ) represents a vector with a magnitude k times greater 
than a  but in the same direction.

Equilibrium and Vector Forces

In discussing the total forces on the tennis ball on page 22, we saw the following equation:

total force on the ball = force of gravity + force from the hand = 0

Do you think the plus sign is an error and there should be a minus sign there instead? 
It’s not an error! Remember that forces are vectors—this equation is true as is. Considered 
as vectors, the total forces working on an object must equal the sum of all the forces.

Let’s look into the balance between the forces on the ball and the hand holding it. Let’s 
call the force from the hand on the ball F


hand and the force of gravity on the ball F


gravity . The 

resultant force (F

resultant ) acting on the ball is expressed as follows:

F

resultant = F


hand + F


gravity

The resultant force is also called the net force. If the forces on a ball are balanced, it 
means the resultant force has reached zero:

F

resultant = 0 or, to put it another way, F


hand + F


gravity = 0

a

2a

a

Fhand Fhand

Fgravity Fgravity (The force of gravity)

(The force from the hand 
being imposed on the ball)

+ = 0

Fhand Fgravity
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Yes, that’s exactly it. In short, F

hand and F


gravity are vectors of the same magnitude in 

opposite directions, resulting in zero when added:

the force exerted by the hand on the ball + force of gravity on the ball = zero

Now, let’s look at forces in terms of magnitude only, not as vectors with direction. 
As explained on page 37, the magnitude of a force is expressed as |F


hand | or |F


gravity |, 

using absolute value symbols. Developing these expressions further, you get equations 
like |F


hand | = Fhand and |F


gravity | = Fgravity . Now you know the two forces have an equivalent 

magnitude, which can be expressed as follows in an equation for a subtraction:

Fhand = Fgravity or Fhand − Fgravity = 0

Note that these forces are represented without arrows, which indicates that they are 
magnitudes. When giving equations for balanced forces, we need to make a clear distinction 
between cases where forces are considered to be vectors and cases where they are con
sidered to be simple magnitudes without direction (scalars).

Newton’s Three Laws of Motion

Isaac Newton was an English physicist born in 1643. Based on his observations of motion, 
he developed the following laws.

The first law (law of inertia): A body at rest tends to stay at rest unless acted upon 
by an outside net force. A body in motion tends to stay in motion at a constant velocity 
unless acted on by an outside net force. 

The second law (law of acceleration): The net force on an object is equal to the 
mass of the object multiplied by its acceleration.

The third law (law of action and reaction): For every action there is an equal and 
opposite reaction.

Let me explain in terms of the ball held in my hand in this chapter. (We’ll discuss this 
further in Chapter 2.)

Given the first law, we can tell that the total forces on a static object have reached zero 
in magnitude. Because the ball is in a state of equilibrium, it is static and remains so; this is 
the first law of motion in action. Because the ball is not moving, there must be no resultant 
force from the sum of the force of my hand and the force of gravity. 

As we learned in this chapter, the law of action and reaction is the third law of motion. 
This law tells us that the force from the hand acting on the ball and the force from the ball 
acting on the hand are equivalent in magnitude and opposite in direction. The law of action 
and reaction is always present. It is also working when you keep a ball in motion by moving 
your hand. 

The second law of motion tells us that an object receiving a net force begins moving 
with acceleration. If you suddenly lower your hand while holding a ball, the force from the 
hand on the ball (Fhand) suddenly decreases in magnitude, but the force of gravity on the 
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ball (Fgravity) stays the same. Therefore, the balance of forces is broken, and the sum of Fgravity 
and Fhand on the ball attains a nonzero value while the ball is moving. Thinking in terms of 
magnitude:

Fnet = Fgravity − Fhand > 0

The above equation represents the magnitude of the force applied downward. At this 
time, given the second law of motion, which states that an object receiving a force attains 
acceleration proportional to that net force, the ball should begin accelerating, or start mov-
ing. This is how mechanics explains the motion of a ball caused when the hand retaining it 
is suddenly lowered. This same idea can be applied when a ball is suddenly lifted.

There is one thing you need to keep in mind. When a ball moves up and down at a 
constant speed, you should note that the net force (resultant force) on the ball remains zero, 
as the forces are balanced; the ball is not accelerating. The first law of motion tells us that. 
A nonzero net force is acting on the ball when the speed of the object’s motion varies or any 
acceleration occurs. When the object moves at a constant speed, the acceleration is zero, 
and so is the net force. In other words, the forces applied are balanced, even though the ball 
is moving.

A force must be applied to an object for it to begin moving from a static state. Starting 
motion means the object transitions from a zero-velocity state to one with a velocity. When 
this occurs, the object has accelerated.

Drawing a Free-Body Diagram

In the figure showing vectors of forces acting on a ball in the previous section, F

hand and 

F

gravity have different starting points. Physicists call drawings like this free-body diagrams. 

When you draw a vector to represent the force of the hand on the ball, you start it at the 
point where the two come into contact with each other. That’s not so confusing, but why do 
you think the starting point for gravity is located at the center of the ball? 

In basic physics, an object is treated as a point of mass without a volume; it doesn’t 
matter where the vector starts. We draw that mass point as an object with a certain volume 
simply because it is easier to see that way in a figure or illustration.

+ = Fnet

Fhand Fgravity

Fhand

Fgravity

Acceleration

When I lower my hand suddenly, the 
equilibrium is broken, causing the ball 
to start accelerating downward.
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Let’s consider an object with volume, and how we can represent forces imposed on it. 
In the case of a ball on my hand, the force of gravity is imposed on the center of the ball’s 
mass (which also called the center of gravity). You can see in the diagram above that this 
is where the force vector is acting. However, the upward force of my hand is acting on the 
outside of the ball, as that is the point of contact. We’ll draw the force vector starting there 
in our diagram.

But to simplify our calculations, we’ll treat this object as a mass without volume—that 
is, a single point with mass. We’ll simplify all objects with volume similarly, as the calcula-
tions for objects with volume can become very complicated. A diagram that represents this 
simplified free-body diagram is on the right. Bear in mind that we will simplify all the exam-
ples in this book in this way in our calculations, even if our diagrams appear more complex.

Expressing Newton’s Third Law with an Equation

To express the law of action and reaction in correct wording, we need a lengthy phrase like 
“When an object impacts another object, both objects receive a force of the same magnitude 
but in opposite directions.” So let’s try to express the law of action and reaction as a simple 
equation instead. When object A imposes force F


AB on object B and object B imposes force  

F

BA on object A, the law of action and reaction is expressed as follows: 

F

AB = −F


BA 

So, you can express the law in a single equation, as shown above. In fact, comparing 
the elements in this equation in terms of absolute values, you get: 

| F

AB | = | −F


BA |

Now you can see that the action and the reaction are equivalent in magnitude, and the 
minus sign tells you that their directions are opposite. Using equations can help you express 
Newton’s laws in a simpler and more precise manner than verbal expression.

Ball

Fhand

Fgravity

Ball

Fhand

Fgravity
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Gravity and Universal Gravitation

In the narrowest sense of the term, gravity is the force of the earth attracting objects toward 
itself. But the force of the earth comes from universal gravitation between all objects of 
mass, not just the earth itself. Between two objects, there is an attractive force proportional 
to the product of the objects’ masses and inversely proportional to the distance between 
them, raised to the second power. This attractive force is universal gravitation, as discovered 
by Newton. It’s called universal gravitation because it works on all objects with mass—it’s not 
affected by the type of object. Its value only depends on the mass of objects affecting each 
other and the distance between them.

As shown in the figure, when two objects with mass M and mass m are separated from 
each other by distance r, a force of F attracts the two objects. The equation is as follows:

G is a universal constant referred to as the universal gravitational constant:

G = 6.67 × 10−11 (N × m2/kg2)

For an explanation of the unit newton (N), see page 92.
Universal gravitation satisfies the law of action and reaction, as it exerts a force on both 

masses M and m. The equation above can be used to calculate the force on either object. 
As their directions are obviously opposite, they satisfy the law of action and reaction. Thus, 
we should note that forces working between objects at a distance from each other (not just 
objects that come into contact with each other) also satisfy the law of action and reaction.

Universal gravitation is a very small force compared to electromagnetic force. While 
electromagnetic forces may be attractive or repulsive depending on a combination of posi-
tive and negative charges, universal gravitation always works as attractive force—that is, 
objects are always drawn closer to each other.

Because of universal gravitation, cosmic dust in outer space gathers into giant masses 
over time—such as the earth or the other planets.

M

m

r

F −F

mM
r2F G = 
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Motion
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Before we can 
understand the laws 

of motion, we need to 
know what velocity and 

acceleration are.  
First, let’s talk about 
velocity. To get the 

simplest idea  
of velocity,

we should think 
about the motion 

of an object when 
it moves straight 

at a constant 
speed.

Let me see...is 
that so-called 
simple motion?

Exactly! You can 
obtain the speed 
of simple motion 

as follows:

Uh-huh.  
That’s easy.

Velocity and Acceleration

Uhmm...

Speed = 
Distance
—

Time  
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Sure...wait!

However, even when 
my speed is the same, 
my destination may be 
different if I move in 
a different direction.

So, in order to take 
the direction into 
account as well, 
we can replace 

speed with velocity 
and distance with 

displacement in our 
earlier equation.

Hold it!

Are speed and 
velocity really 
two different 

things?

Hee-hee!  
You’ve gotten 

caught, it seems.

Velocity = 
Displacement
—

Time  

I have a question!
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So let me 
show you the 
difference 

between speed 
and velocity.

We’ll use this.

...you, 
Nonomura-kun...you 
bring all sorts of 
things to school.

This car is, 
uh... educational! 

Nothing but a 
learning tool, 

you know.

Now...this radio-
controlled car can 
be programmed to 
move in different 

ways.

Really? That’s 
high tech.

Currently, it is set to 
move at a speed of 
50 cm per second 

(or 0.5 m/s), drawing 
a square.

Now let’s have 
a run.

Ahem
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From a bird’s-
eye view, it looks 

like this.

While its speed 
is constant, 

the car moves 
in different 
directions.

Velocity is a vector (it has 
a direction and magnitude), 
so it can be expressed as 
an arrow. Speed is just a 

magnitude.

When traveling on sides 
AB and CD in the diagram, 

the car’s speed is the 
same, but its velocity is 
opposite. Do you see?

Wow!!

Units for speed: m/s  
  (meters per second)

Units for distance: m (meters)

Units for time: s (seconds)

Ve
lo

city

The arrow points in 
the direction of the 
vector’s orientation.

The length of 
the arrow is the 

object’s magnitude 
(or speed).
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Acceleration

Let’s change the 
setting so as to 

steadily increase the 
velocity up to 0.5 m/s.

An increase in velocity 
is called acceleration, 
which you can calculate 

using the equation 
below:

Uh-huh.

The unit for 
acceleration is meters 
per second squared, 

written as m/s2. It 
represents how the 
velocity (m/s) has 

increased per  
second.

So we are 
dividing the 
change in 

velocity by 
time.

Yep. If velocity 
stays the same, 

there is no 
change, and so 

the acceleration 
is also zero.

Acceleration = 

Change in 
velocity
—

Time  

50 C hapter 2  Force and Motion



As velocity 
increases, 

acceleration has a 
positive value. When 

it drops, or the 
motion slows down, 
acceleration has a 

negative value.

Acceleration 
also involves 

negative values?

Yep! You can call 
it deceleration.

Just think 
of negative 

acceleration as 
being equivalent 
to a decrease in 

velocity.

Motion with a constant 
increase in velocity is 

referred to as uniform 
acceleration motion.

And your car can 
do that with the 
right program?

Velocity

Wait...
we're the 
tortoise 
and the 
hare...?

Hey! How’d you 
get so far 

ahead?
Slow and steady 
wins the race!
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Oh, yeah, my car 
can do that. Now 
we’ll calculate 

the acceleration 
of the car using 

the rule.

Here we 
go!

Let me see...the 
radio-controlled 

car increases 
velocity from 

0 m/s to 0.5 m/s in 
4 seconds.

We can assign 
these values to 

the rule.

So a change of 
0.5 m/s over 4 s 

is 0.125 m/s2! 
Is that right?

Exactly!

You should be 
more confident.

This value means that 
velocity is increasing 

by 0.125 m/s per 
second.

I see.

By applying this 
rule, we can find 

the displacement of 
objects with variable 

velocity.

Rule:

Acceleration = 
Change in velocity
—

Time  
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Laboratory

Finding the distance traveled when velocity varies

Let’s change the setting so as to steadily increase the velocity up to 
0.5 m/s. Here’s a quiz for you. Given that velocity has attained 0.5 m/s in 
four seconds, how far has the radio-controlled car moved?

Hmm . . . starting at 0 m/s, the peak velocity is 0.5 m/s. So let me calcu-
late, assuming the average speed, 0.25 m/s, for the velocity. 0.25 m/s × 4 s 
= 1 m!

That’s right! You are so sharp. But can you explain why you can get the 
right answer with that calculation?

Uhm . . . remember, teaching me is your job, Nonomura-kun!

Ha ha, true enough. Before giving you a direct answer, let me explain how 
we can find the distance traveled when the velocity varies. When veloc-
ity is constant, we’ve learned that the distance traveled can be found by 
calculating the expression (speed × time). Now, given that d m (meters) 
represents the distance traveled in t s (seconds) and the constant velocity 
is v m/s, then distance = speed × time can be expressed in the following 
equation:

d = vt

Well, duh!
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If you plot that relationship with velocity on the vertical axis and time on 
the horizontal axis, you get the following graph.

The shaded area represents the distance traveled. This chart is commonly 
referred to as a v-t graph, as it graphs velocity and time. That’s the area of 
a rectangle having a horizontal length of t and a vertical length of v.

I see. It seems a little strange that an area represents a distance.

The area here is not a typical geometric area—this is a graph, like the ones 
you’ve seen in math class. The area of a geometric rectangle might be 
measured in square meters (m2). But in our example, the units are time 
(seconds) for the horizontal axis and velocity (m/s) for the vertical axis. 
So the product of these two is equal to s × m/s = m. That’s our unit for 
distance.

It’s easy to find a distance when an object goes at a constant speed. But 
what about finding the distance when the speed is variable?

The only tool available to us is this equation:

distance = speed × time

t

v

0

Velocity

Time

Distance traveled
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So we can divide the time into segments to create a lot of “small rect-
angles” and then calculate distances respectively, assuming a constant 
velocity for each time segment.

What do you mean?

Look at the chart on the left below.

So we can find the area of each slender rectangle created by dividing time 
into short segments, and then adding up the areas to find the distance 
traveled.

It bothers me that those little rectangles won’t exactly fit the graph. 
Wouldn’t they bring about errors?

I see your concern. Then we can sub-divide the rectangles into smaller 
segments. By repeating division into even smaller segments until every-
thing fits as shown in the chart on the right above, the distance we get 
becomes more and more precise.

Well, I guess so . . . if you could do that . . . 

If we divided them into infinitely slender rectangles, we’d find exactly how 
far the object has moved. After all, the ultimate answer we get by divid-
ing distance = speed × time into short time segments is the area created 
under a v-t graph. That’s how we can find the distance traveled by finding 
the corresponding area. In summary, 

distance traveled = area under a v-t graph

Just like that.*

0

v

t0

v

t

Distances traveled in respective 
short time segments

Distance traveled (m) Distance traveled (m)

Velocity Velocity

Time Time

* Students of calculus may notice that this process of finding an area under a graph 
is identical to integration.
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Now, keeping in mind what we’ve learned so far, let’s examine the reason 
why the distance you got intuitively is the right answer.

All right!

Your original calculation is the same as calculating an area on a velocity-
time graph. The example with a radio-controlled car can be plotted into a 
chart like this one.

The area under the graph, as obtained from the rule for the area of a tri-
angle, is as follows:

½ × base (time) × height (max velocity) = ½ × 4 s × 0.5 m/s = 1 m

This represents the distance traveled.

We got 1 meter for the answer, just as we should.

Let’s find a general expression for the distance traveled, rather than using 
specific numeric values. Assuming velocity to be v and acceleration to be 
a, the relationship between the velocity and time for uniform accelerated 
motion is v = at.

4 s

0.5 m/s

0

Velocity

Time
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That can be plotted into a v-t graph, as shown below.

Let’s assume d is the distance traveled in time t; its value should be 
equivalent to the area of a triangle with a base of t and height of at (which 
equals the final velocity of the object).

d = ½at2

You see?

Ummmm . . . oh, I see how that works! The value we get by calculating ½ × 
0.125 m/s² × (4 s)² = 1 m. As it should be!

Now, Ninomiya-san, you can also calculate a distance traveled in uniform 
accelerated motion not by intuition but by the proper method.

t

v

v = at

0

Velocity

Time

t

at

0

Velocity

Time

Distance traveled (m)

= ½(t × at)



Law of Inertia

Now, let’s think 
about motion.

First, the 
following 

must be 
true:

When an object 
is at rest, the 
net force on 
that object 
equals zero.

Right!

But let’s note that the 
force is zero because 
different forces on 

the object are actually 
canceling each other.

Yeah, like the 
example with a 

ball, right?

All forces on the 
object are added, 
and the net force 
is zero. The force 
vectors are equal 

and opposite.

Newton’s First and Second Laws

R
r
r
r
r
r

kpt

Force 
of 

Gravity

Force 
from 

the hand



So an object at 
rest can have 

forces imposed 
on it, provided that 
the sum of those 
forces is zero.

To make it 
easier for 

you...
Look what I 

have prepared!

At the moment, 
the ball is 

static.

So a force must be 
imposed from the 

string that can cancel 
the force of gravity 
(the ball’s weight) to 

yield a result of a 
zero magnitude.

You mean the 
tension of the 

string is equivalent 
to the force of 

gravity?

How can you 
say so without 

taking any 
measurements?

That’s my 
point.

What on 
earth is 

this?

Ceiling

Tension of 
the string

weight

Tension 
of the 
string

weight

You don’t have 
to be appalled. 

It’s just a 
ball with two 

strings coming 
out of it.

Sorry.  
I’m a spaz.

Zero



In fact, an object 
at rest, such as this 
ball, is related to 
Newton’s first law 

of motion.

How!?

You can check 
that the tension 
of the string 
is equivalent 
to the ball’s 

weight using an 
instrument.

But the first law 
of motion tells us 
that the net force 
on an object in a 
static state must 

be zero.

I see.

So...I wonder if the 
net force could be 
zero if the object 
was pulled by the 
second string?

I thought I’d 
explain it...

But instead, let’s 
actually pull the 

string tied to 
the ball.

Upsy-
daisy



The ball stays 
still in this 

state, 

so the net 
force should 

be zero.

Looking at all three forces 
acting on the ball, we see 

that gravity is working 
vertically on the ball, and 
the force from the hand is 

working horizontally.

Those two forces 
are balanced by 

the tension of the 
string.

In other words, the 
ball’s weight and 

the hand’s force can 
be merged. Or can 

we split the tension 
of the string into 

two?

Ceiling

Tension of 
the string

weight

weight

Force of the 
hand pulling the 

object

Force of the 
hand pulling the 

object

Resultant of weight 
and force of the 
hand pulling the 

object

w
e
ig

h
t hand's force
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We can do both. Really?

Let’s look at 
a figure.

Let’s combine two 
vectors into one. We can 

add vectors by simply 
putting the tail of the 

second vector onto the 
head of the first. This is 
called the head-to-tail 

method.

Drawing A 
figure makes 
it easier to 
understand.

In our example of the 
suspended weight, the 
combined force of my 

hand and the weight has an 
equivalent magnitude (in the 

exact opposite direction!) to 
the tension of the string. We 

know that the object is at 
rest, so the total resultant 

force must equal zero.

Uh-huh. So the 
resultant works in 

the direction in which 
the string is angled 

relative to the 
ceiling.

Yeah... 
That’s right.

nudge

HEAD

TAIL

HEADTAIL

Fhand

Fweight

Fhand + weight

Fhand

Fweight Fresultant = Fhand + Fweight
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If, when forces 
are imposed, the 
object remains 

stationary, the sum of 
the forces is 

zero.

Right...

But it’s possible 
for an object to 
be in motion even 
when forces are 

zero.

No way!

For example, 
think of outer 

space.
Outer space?

Haven’t you seen 
footage of the 

interior of a space 
shuttle?

Sure I have!  
There are always 

various things 
suspended in 

the air.

In a so-called 
weightless state, 
an object that has 

started moving 
travels straight 

ahead at a constant 
relative velocity.*

It looks 
like you may 

be right.

Pow

Pow

* In orbit, objects are in a state 
of constant free fall, making 
their apparent weight zero.



Normally, friction 
from the air or 

collision with the 
ground will stop 
an object (unless 
you keep applying 

a force).

But in deep outer 
space, it is possible 
to achieve a zero-

force state, as 
there is no gravity 
or air resistance 

to consider.

Yes, indeed! In that 
case, you mean, we 
could keep moving 

forever, even 
with no force 

imposed?

Exactly!

A constant-velocity, 
or uniform, motion 
occurs when the net 

force is zero.

Is that guy 
all right?

He looks 
like he’s 
leaving.

Well...

Hiss

whoopee!



You know, all 
these phenomena 
can be explained 
using Newton’s 

first law.

Really?

It describes 
the behavior of 
an object when 
the net force 
on it is zero.

It is also called 
the first law of 

motion, or The Law 
of Inertia.

We call this 
quality of 
objects to 

resist changes 
in their velocity 

inertia.

The Law of 
Inertia sounds 

familiar!

That’s the same 
thing as Newton’s 

first law of 
motion.

That’s right.

Oh!

An object continues to 
maintain its state of rest 

or of uniform motion 
unless acted upon by an 

external net force.

Yay!
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Law of 
Acceleration

Next, let’s examine 
the motion of an 
object when a net 
force is working.

You commute by 
bicycle, don’t you, 

Ninomiya-san?

Yes, I do. Though it’s 
a rather long way 

from home.

Of course, you 
intuitively know that a 
bicycle at rest must 
be pedaled to start 

moving.

In other words, 
you can say that 
its velocity has 

changed.

You could say that 
the application of 
force (from your 

legs) has generated 
acceleration.

Uh-huh.

Hey, it’s 

Megu!

Hi guys!



And the greater 
the force is, 

the greater the 
acceleration 

becomes.

My intuition 
tells me that.

In turn, to stop your 
bike, you need to apply 
a force in the opposite 

direction of your 
velocity—this is your 

brakes.

Creating an 
acceleration 

opposite to your 
velocity (that is, a 

negative acceleration, 
or deceleration) leads 
to a slower velocity 
and will eventually 

bring your bike  
to a halt.

When you look 
at it this way, 

your braking is 
creating a negative 
acceleration, not 

reducing your initial 
acceleration.

Given these 
observations, we 

can safely say that 
the force is directly 
proportional to the 

acceleration.
Okay...

Have to 
hurry! I’m 
running 
late...

The 
light 

is red!
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Now, let’s focus 
on mass.

That’s huge! 
And heavy!

With a heavy load 
in your basket, you 

must exercise a huge 
force when you 

initially try to push 
the pedal.

See, the load 
makes it harder 
to accelerate.

Given that, we can 
assume that the 

mass is inversely 
proportional to 

acceleration.

That means the 
larger the mass, 
the smaller the 
acceleration. Wait, 

what’s the 
difference 
between 

weight and 
mass?

To put it simply, 
weight is a 

force imposed 
on an object by 

gravity.

This means an 
object will 

have a different 
weight on the 
moon than on 

earth.

So what 
about 
mass?

Oh

Oh
Oh

Creeeak

Creeeak

Puff

Puff

Wheeze

Puff



In deep outer 
space, an 

object weighs 
nothing. However, to 

move it, you 
still need a 

force.

Of 
course!

Mass is a quantity that 
determines an object’s 
inertia, or resistance 
to acceleration—it’s 
an inherent quality 
of an object that 

does not depend on 
gravitational pull.

Weight and mass 
seem similar, 
but they mean 

different things, 
don’t they?

Let’s sum up 
what we’ve 

learned 
so far!

Uh, okay.

Oh-h-h! 
I see.

This is the 
second law of 

motion.

The acceleration of an object 
is proportional to the force 

applied to it and inversely 
proportional to its mass.

T 
u 
m

Has it caught your fancy 
by any chance? Judging 

from your pose...
Oh, yes.



Now let’s 
express it in an 

equation.

Oh no, an 
equation?

Assume acceleration is 
a (in m/s²). Force is F (in 
newtons, a unit equal to 
[kg × m] / s²). Mass is m 

(in kg). Then,

we get the 
following.

The equation shows 
this: When force F is 

doubled, acceleration a 
is also doubled. You see, 
when mass m is doubled, 

acceleration a is reduced 
to half.

Nothing like an 
equation to ruin 

your day.
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Oh, it’s not so 
difficult. Let’s 
rearrange it.

Then you get 
this equation.

Let me see...
then...

To say it 
aloud...

Force equals 
mass times 

acceleration,

right?

Exactly.

This equation 
expresses the 

characteristics of 
the second law of 
motion in a more 

concise and precise 
form.

But I still can’t see 
it. I mean, what’s a 
force anyway, if 
it’s just equal to 
mass multiplied by 

acceleration?

Cl
ickClick
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Well, it is a 
difficult concept 

to grasp.

I know, 
right?

But let me explain—
the newton, our 

unit for force, is 
derived from the 
equation F = ma.

One newton 
is the force 
needed to 

accelerate a 
1 kg object by 

1 m/s2.

Oh, I see. So it’s 
a unit that makes 

force equal to the 
value of mass times 

acceleration.

Exactly.

And using this equation, 
we can find the mass 

of an object by 
dividing the net force 
applied by the object’s 

acceleration!

Let’s look at 
a real-life 
example.

All right.

Gee!
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Laboratory

Finding the precise value of a force

Earlier, we pushed each other while we were on roller blades. Let’s say 
that I captured our motion on video. 

I didn’t realize you were taping us! 

Oh, that’s just the scenario I’m setting up. 

Jeez, don’t scare me. How does that relate to the  
second law of motion?

Suppose I have analyzed the video, and I’ve created a v-t graph of your 
motion.

We can see that velocity increases sharply from 
zero, which must be when I’m at rest, and 
then drops gradually after that. But the initial 
increase in velocity is wobbly.

The time when they started
pushing each other

Time

Megumi’s velocity
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In a case like this, it may be a good idea to draw a line segment that rep‑
resents the average increase in velocity. In other words, we’ll simplify the 
scenario to assume this is a case of uniform acceleration. 

I see.

You can find acceleration by calculating the change in velocity over time—
acceleration = change in velocity / time. In this case, let’s assume that your 
acceleration is equal to 0.6 m/s2. To find the force I applied to your hands, 
let’s also assume your mass is 40 kg, Ninomiya‑san. 

F = ma = 40 kg × 0.6 m/s2 = 24 kg × m/s2, or 24N

We’ve found the precise value of the force! So, this is important! We can 
measure the exact force on an object by measuring its acceleration and its 
mass.

Now, if you know that I have a mass of 60 kg, can you predict my accel‑
eration, due to the application of an equal and opposite 24N of force? 

Oh, I see. We’re combining the second and third laws of motion. FMegumi 
must equal FRyota. Since F = ma, we know that F / m = a. In your case, 
that’s 24N / 60 kg, or 0.4 m/s2. So we can use these laws to predict the 
movement of objects. Neat!

The point
when

the arm
was fully

outstretched

The point
when

the hand
left the
partner

Megumi’s
velocity

Time

Average velocity
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Motion of a Thrown 
ball

Now, let’s 
explore other 
applications 
of force.

First, let’s 
think about an 
object moving 
in a particular 

direction.

Won’t the 
force on the 

object be in the 
same direction as 

its motion?

Yes, a ball  
moves in the same 
direction as the 
initial force that 
was imposed on it.

Imagine I throw 
this ball in the air. 

Suppose the ball is at 
point A, B, or C. Draw 
the orientation of 
the force imposed 

on the ball.

Let’s 
ignore air 
resistance.

Let me see...
the ball moves 
forward as a 

force is working 
on it.

The 
orientation 

of the 
throwing 

force

The position 
0.2 seconds 
after leaving 

the hand

The position 
after 

0.4 seconds

The position 
after 

0.6 seconds



Well, since the 
ball’s velocity 

looks like this, the 
force must look 

the same.
Oh, no, you 
have been 

tricked by my 
question.

Why are 
you always 

tricking me?!

In your 
diagram above, 
where is the 

force of 
gravity on the 

ball?

Let me see...I guess I 
thought I drew the 

result of all forces, 
including gravity. But 
now I’m not so sure.

At point A, you drew 
a force working on 
the ball, diagonally 
upward. Where does 

that force come 
from?

Well...it’s the 
force of your 

hand being 
imposed on the 

ball, right?
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That’s the 
most common 

misunderstanding!

Shoot!

The moment the 
ball leaves my 

hand, the force on 
the ball stops.

So you mean 
I’ve got things 

completely 
wrong?

Yes, you have. 
The answer is...

Oh no, I forgot 
about the force 

of gravity!

That’s right. The 
magnitude and 

orientation of the 
force is the same 

for all these 
points.

crack!
You said 
you were 

bad at 
sports...

It’s just a 
daydream.

Home run!

Clack

chk

chk

No 
way!

The 
orientation 

of the 
throwing 

force

weight

weight

weight



But doesn’t the 
ball form a 

parabola as it 
moves through 

the air?

Yes, but that’s 
because the 

orientation of the 
velocity changes, 

not the force.

Indeed, the chart 
you’ve drawn indicates 

the orientation of 
the velocity, not the 

force.

The orientation 
of the velocity, 

you say...

Don’t think of 
velocity as 

corresponding 
to the orientation 

of the force.

For example, the 
force stopping an 

object works in the 
opposite direction 

of its velocity, 
right?

Yes, indeed, 
that’s true.

The orientation of the 
velocity of an object 

does not need to match 
the orientation of the 
force imposed on it.

However,

the orientation of 
the force always 

matches that of the 
acceleration.



Wait a 
second, I 

think I get 
this...

If I divide the 
velocity into two 
parts, horizontal 

and vertical, I 
can see how it 

works.

Motion in the 
horizontal 

direction stays 
the same, while 

there is a constant 
downward 

acceleration.

That’s 
exactly my 

point.

Look how a 
ball moves.

When the ball is 
rising in the air, its 
vertical velocity is 

decreasing.

Once it starts 
falling, it 

gains velocity 
downward.

Right.

To find how the velocity 
is changing in the vertical 
direction, we need to take 
acceleration into account. 

Its horizontal velocity 
does not change.

The downward 
acceleration is a 

result of the force 
of gravity.

You mean the 
acceleration 

of an object in 
free fall.

ptt



Yes. The acceleration of 
gravity is constant and 
is called g. It’s equal to 

about 9.8 m/s2.

So it’s always 
fixed?

Acceleration due 
to gravity does 
not depend on 

the mass of the 
object.

It always 
accelerates 
downward at  

9.8 m/s2 as long as 
you’re on Earth!

If you measured the 
acceleration of any 
object as you let 
it fall, you’d find it 

accelerates at  
9.8 m/s2.

Let me draw a vector 
diagram showing you 

how the velocity 
changes according 
to this downward 

acceleration.

Clack

chk
chk

Clack Go! 
Go!

Hum.
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As the  
acceleration is 

simply a measure of 
a constant change 
in velocity over 

time, the change in 
velocity is always 

downward.

Velocity is 
decreasing at each 
point in the diagram, 

as the hashed 
arrows show.

Sure, that’s why the 
speed decreases 
on the way up and 

increases on the way 
down.

The orientation 
of the change in 

velocity is constant.

Velocity 
0.2 seconds 

later

Velocity 
0.3 seconds 

later

Change in velocity 
in 0.1 seconds

Velocity 
0.3 seconds 

later

Change in velocity 
in 0.1 seconds

 Change in 
velocity in 
0.1 seconds

Velocity 
0.4 seconds 

later

Velocity 
0.5 seconds 

later

Velocity 
0.5 seconds 

later

Velocity 
0.6 seconds 

later
Velocity 

0.7 seconds 
later

Aha.

Change in 
velocity in 
0.1 seconds

Velocity 
0.4 seconds later

Velocity 
0.5 seconds 

later

chk
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Since acceleration due 
to gravity is about 

9.8 m/s2,

in 1 second, 
a ball will 
decrease 

the vertical 
component of 
its velocity by 

9.8 m/s;

in 0.1 seconds, 
its vertical 

velocity will 
decrease by 

0.98 m/s.

The velocity 
is changing 
downward.

So the direction 
of the force on 
an object and the 
velocity of that 

object are totally 
different things.

I used to think that 
a ball couldn’t be 
moving without the 

application of a 
force.

While an object 
at rest requires 
force to start 
moving, once it 
is in motion, the 
law of inertia 

works.

If we had no 
gravity, a ball you 
threw into the air 
would continue 

to travel straight 
upward forever.

Aha, I see.

pt

fwp



Now, may I ask 
you something, 
Ninomiya-san?

Do you understand 
the distinction 

between the term 
“force” in daily 
speech, and the 

“force” we use in 
physics?

Yes, thanks to 
your lesson, it’s 

quite clear.

Now that you know 
Newton’s three laws, 
you know the basics. 
Don’t forget the Law 
of Inertia, F = ma, and 
the law of action and 

reaction.

Hip, hip, 
hurray!

You’ve given me 
such a helpful 
explanation, 

Nonomura-kun.

My pleasure.
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The physics of 
motion is made of 
three laws—the 

ones we’ve learned. 
No exaggeration!

Wow, really? 
They must be 
pretty great 

laws!

Next, we’re going to 
learn about momentum.

Let's keep up 
the pace!

All right! 
Ha, ha.

We stayed 
so late 
again!

...Those 
two…

Why are 
they always 

studying 
together in 
the physics 

lab?

Suspicious...
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Three Rules of Uniform Accelerated Motion

Let’s look at the uniform accelerated motion of an object traveling in a straight line. 
Assuming the initial velocity of the object is v1, the velocity after time t is v2, the distance 
traveled in time t is d, and the uniform acceleration of the object is a, the following three 
rules are true:

u  v2 = at + v1

v  d = v1t + ½ at2

w  v2
2 − v1

2 = 2ad

Let’s derive these rules. First, let’s look at rule u. If the acceleration is constant, the 
following is true:

change in velocity = acceleration × time

Since the change in velocity is equal to v2 − v1, acceleration is a, and time is t, we can 
derive the following equation to get rule u: 

v2 = at + v1 

Next, let’s derive rule v. On page 54, we learned that the distance an object travels can 
be expressed as the area under a v-t graph. According to rule u, the v-t graph should look 
like the following figure.

The area of this v-t graph is equal to the distance the object travels. 
Since the area of the rectangular portion in the lower section of the v-t graph is v1t, 

and the area of the triangular portion above is ½ at², we get the following equation:

d = v1t + ½ at2

Note  Technically, d in this equation represents displacement. What’s the distinction 
between distance and displacement? Distance is a scalar quantity, and displacement is 
a vector quantity, as it has a specific direction. We’ll occasionally use the term distance 
informally to refer to distance with a particular direction (displacement) in this book.

t0

Velocity

v 2
 = at 

+ v 1

Area = ½at²

Area = v1t

Time

v1



86 C hapter 2  Force and Motion

Rule w can be derived by removing t from rules u and v. First, let’s solve equation u 
for t:

(v2 − v1)
—

a  
= t

If we substitute this value into rule v, the following equation will be the result:

d = v1 (
v2 − v1
—

a ) + ½ a (
v2 − v1
—

a )2

d = 
v1v2 − v1

2

—
a

 + ½ a (
v2

2 − 2v1v2 + v1
2

—
a2

)

d = 
2v1v2 − 2v1

2 + v2
2 - 2v1v2 + v1

2

——
2a

d = 
v2

2 - v1
2

—
2a

Voilà! Simply multiply both sides by 2a, and you’ve just derived rule w!

Adding Vectors: The Head-to-Tail Method

Because force is a vector, we need to make calculations according to the rules of vectors I 
explained in Chapter 1. If two vectors are parallel, adding them is simple—you can either 
add their magnitudes or subtract one from the other (if the two vectors are in opposite 
directions).

However, in the real world, we’ll have to add vectors pointing in all different directions. 
To do this, we’ll use the head-to-tail method. To illustrate, let’s assume that an object is 
receiving two forces, F


A and F


B, as seen below.

The total force on the object is equal to one combined force, represented by the arrow 
shown on the right. This arrow is the sum of the forces F


A + F


B, and we’ll call it F


resultant. But 

how can we find its exact magnitude and direction?

Object

FB

FA

F B

F A
+
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To determine the magnitude and the direction of a resultant force, you can simply place 
the head of one vector onto the tail of the second. The resultant force connects from the tail 
of the first vector to the head of the second. The resultant vector F


resultant forms a triangle 

with F

A and F


B, as you can see on the right. You can use the head-to-tail method for any 

vector, not just forces, and you can find the resultant force from three or more forces by 
repeatedly applying the head-to-tail method. 

The Composition and Decomposition of Forces

To make forces easier to understand and analyze, we’ll often split them into their horizontal 
and vertical constituent parts. That’s because the head-to-tail method also works in reverse. 
That is, we can split a single diagonal force into the addition of its horizontal and vertical 
parts. Let’s look at an example.

Let’s look at the balance of forces when a weight hanging from the ceiling is pulled 
horizontally (see page 61). As shown on the right in the figure above, let’s assume gravity 
is F

gravity, the force from the hand pulling horizontally is F


hand, and the tension of the string is 

F

tension. When the weight is stationary, the three forces are balanced. Thus, adding the three 

forces as vectors yields zero:

F

gravity + F


hand + F


tension = 0

You can rewrite this equation as the following:

F

gravity + F


hand = −F


tension 

FB

FA

F B

F A
+

FB

FA

Head

Tail
HeadTail

F B

F A
+

F res
ulta

nt
 =

θ

θ
Fhand

Fgravity

Fhand

Fgravity

Ftension
Ftension

F
hand

F
gravity  + 
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With this in mind, let’s revisit our diagram, thinking in terms of horizontal and vertical 
forces. Because the object is at rest, forces in the horizontal direction must equal zero. In the 
same way, the sum of the forces in the vertical direction must equal zero.

What are the horizontal forces in play? Fhand and the horizontal component of the ten-
sion of the string, Ftension. They are acting in opposite directions, and the object is at rest, so 
these two forces must be equal: 

Fhand = horizontal component of Ftension

What are the vertical forces acting on the object? The force of gravity downward and 
the vertical portion of the tension of the string, Ftension. They are acting in opposite direc-
tions, and the object is at rest, so these forces must also be equal:

Fgravity = vertical component of Ftension

So, how can we actually “decompose” the force of the tension into its horizontal and 
vertical parts? We’ll use concepts from trigonometry, the study of triangles. 

Remember the head-to-tail method of addition of vectors? Here we’ll decompose 
our diagonal force, Ftension, into its horizontal and vertical parts, forming a right triangle. If 
the angle of this triangle is represented by θ, we can represent the horizontal and vertical 
constituent parts in terms of this angle! Recalling the previous two equations, we get the 
following:

u  Fhand = sin θ × Ftension

v  Fgravity  = cos θ × Ftension

Now, if we simply divide equation u by equation v, we’ll be able to discount the force 
of the tension:

sin θ
—
cos θ  

=
 

Fhand
—
Fgravity

This is equal to the following:

tan θ =
 

Fhand
—
Fgravity  

That means we can then represent the force of the hand in terms of the force of 
gravity and the angle of the string!

Fhand  = tan θ × Fgravity 

θ
Vertical component 
of tension

Horizontal component 
of tension

Ftension
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Wait a Second,  
What’s All This Sine and Cosine Stuff?

If you’ve never studied trigonometry, don’t worry—it’s not too difficult to understand. 
Trigonometry is simply the study of the relationship between the length of a triangle’s 
sides and its angles, especially right triangles. Because we often split forces and velocities 
into their horizontal and vertical parts, we’ll use trigonometry frequently.

Let’s look at the example below. Consider a right triangle with an angle of θ. 
Sine, cosine, and tangent (the three main trigonometric functions) are simply repre-

sentations of the ratios of the three sides of this triangle. 
The sine of the angle theta (sin θ) is equal to the ratio of the opposite side (O) to the 

hypotenuse (H). In an equation, it looks like this:

sin θ =
 

O
—
H  

The other trigonometric functions are simply representations of different ratios! For 
example, the cosine of theta (cos θ) is equal to the ratio of the adjacent side (A) to the 
hypotenuse, and the tangent of theta (tan θ) is the ratio of the opposite side to the adja-
cent side. The equations look like this:

cos θ =
  

A
—
H  

tan θ =
  

O
—
A  

If you have trouble remembering these dif-
ferent ratios and what they mean, try using the 
mnemonic device SOHCAHTOA. 

sin = O / H, cos = A / H, tan = O / A

Whenever you’re confused about whether 
to use sine, cosine, or tangent, just think about 
SOHCAHTOA, the magic triangular island of 
trigonometry.

θ
Hypote

nuse H Opposite
side
O

Adjacent side A

T

he
 M

agical Island o

f

SOHCAHTOA!
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Newton’s First Law of Motion

Newton’s first law of motion states, “An object continues to maintain its state of rest or of 
uniform motion unless acted upon by an external net force.” An isolated object in outer 
space, where no gravity is being exerted, will eternally stay at rest or travel with uniform 
velocity unless another force is imposed on it. A stationary object can have forces acting on 
it—however, the sum of these forces must be equal to zero. For example, a stationary object 
sitting on a desk is subject to the downward pull of gravity. The object remains stationary 
because it receives a vertical upward force from the desk, yielding a resultant force of zero. 

Now that we understand the forces acting on a stationary object, we can move on to 
understanding what happens when the net force on an object is not zero. 

Newton’s Second Law of Motion

When a force is imposed on an object, that object starts moving with a uniform acceleration 
proportional to the net force applied and inversely proportional to its mass. Assuming the 
vector of a force imposed on the object is F, the acceleration of the object is a, and the mass 
of the object is m, the second law of motion yields the following equation: 

F = ma

Mass is a quantity that has only a magnitude, so it is a scalar quantity. However, recall 
that force and acceleration are vectors—so pay special attention to the acceleration of the 
object and the orientation of the force. They will be in the same direction! 

The radio-controlled car you saw on page 49 moves in a square and attains a uniform 
velocity while it travels in a straight line. At this time, the net force on the car is zero. How-
ever, when the car turns around a corner, a force must be exerted to change the direction 
of its velocity. This is an important distinction: Acceleration does not have to change the 
magnitude of a velocity! It can simply change the direction of a velocity! 

The Orientation of Velocity, Acceleration, and Force

According to the second law of motion, the orientation of acceleration always matches the 
orientation of the force. However, the orientation of velocity does not directly correspond to 
the orientation of either the force or the acceleration. From the relationship between accel-
eration and velocity (explained on page 52) comes the following equation: 

change in velocity = acceleration × time
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This means that the orientation of the change in velocity matches the orientation of 
acceleration! It’s a subtle distinction, but an important one.

Let’s look at an example. Suppose there is an object in motion at constant velocity v. 
When no force is acting on the object, it moves in a straight line at velocity v1, according to 
the first law of motion. If a vertical force is imposed on the object for time t, how would the 
object’s velocity change? Assuming that the acceleration created by the force is a and the 
velocity after the force is imposed is v2, you can derive the following equation:

v2 − v1 = at 

or 

v2 = v1 + at

Thus, the addition of a force changes the direction of an object’s motion. We can easily 
predict this object’s motion by splitting v2 into its constituent horizontal and vertical parts. Its 
horizontal velocity must be equal to v1, as there has been no force in the horizontal direc-
tion. The change in the object’s vertical velocity is simply at!

In the example of throwing a ball on page 75, the force of gravity continues to act on 
the ball, even when the ball is moving upward. When the ball is rising in the air, its vertical 
velocity is decreasing due to the force of gravity. Once it starts falling, it gains velocity down-
ward. The ball’s horizontal velocity does not change; only its vertical velocity varies. The ball’s 
motion follows the shape of a parabola, as shown in the following figure.

Flight path when no force is working (linear)v1

Downward force

Velocity v1 
before a force 
is imposed

Change in velocity at
Velocity v2 
after a force 
is imposed

Flight path when a force is imposed 
(notice that the velocity’s orientation 
has changed)

v1



92 C hapter 2  Force and Motion

An Object Does Not Have Its Own Force

Those who have not studied physics tend to think, “An object in motion has a force.” This is a 
common but incorrect notion. As we learned in Chapter 1, force is generated between paired 
elements whose movement affects each other. An object in motion does not have an inter-
nal force that causes it to stay in motion—it’s simply the result of the first law of motion. 

Let’s look at the example of a ball being thrown up in the air. The ball receives a force 
from the hand until the moment it leaves the hand. (In response, due to the law of action 
and reaction, the hand receives a force from the ball—but this force has nothing to do with 
the ball’s motion.) Once the ball leaves the hand, it only receives the force of gravity from the 
earth. The force on the ball from the hand does not remain after the ball leaves the hand. 

The Unit for Force

Newton’s second law gives us the unit for force:

force = mass × acceleration

In this equation, the unit for mass is kilograms (kg), while the unit for acceleration is 
meters per second squared (m/s2). Therefore, the unit for force is equal to kg × m/s2. To rep-
resent this more easily, we can use a unit called a newton (N):

1 newton = 1 (kg × m/s2)

You can use newtons to represent forces. As you can probably guess, this unit is named 
after the great Isaac Newton, who established the foundations of physics. A force of 1N is 
equivalent to the force required for accelerating an object with a mass of 1 kg by 1 m/s2.

The velocity of the ball

Notice how the horizontal component 
of this vector does not change!

The orientation of 
the force of gravity
(which is also the 
orientation of 
acceleration)

Path of the ball

t = 0

t = 0.2

t = 0.4

t = 0.6

t = 0.8

t = 0

t = 0.2

t = 0.4

t = 0.6

t = 0.8
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Measuring Mass and Force

How can we determine the mass of an object? 
Mass can be measured with a scale, which takes 
into account the fact that the force of gravity work-
ing on an object (that is, its weight) is proportional 
to its mass. Mass that is measured based on 
gravity is referred to as gravitational mass. 

However, mass that is calculated using 
Newton’s second law represents a measurement 
of the resistance of an object against acceleration; 
this mass has no direct relation to gravity. Mass as 
calculated by Newton’s second law (mass = force / 
acceleration) is referred to as inertial mass.

Inertial mass can be measured by combining 
Newton’s second law and the law of action and 
reaction. First, we need an object with a known 
mass (we’ll call it the reference object and label 
it m1 in our diagram). Then, we’ll arrange the 
object whose mass we want to measure (we’ll call 
it the measurement object and label it m2 in our 
diagram) and the reference object so that their 
forces work on each other through a collision. In 
this collision, there are no external forces working 
on the objects.

At this time, the forces of the reference object and the measurement object working on 
each other are subject to the law of action and reaction. That is, they must be equal:

If F1 = m1a1 and F2 = m2a2, we know that F1 = F2, due to the law of action and reac-
tion. Therefore, we can express that relationship like so:

m1a1 = m2a2

Since we’re trying to solve for m2, our measurement object, we’ll rearrange that equa-
tion as follows:

m2 =
 

m1a1
—

a2  

Of course, these accelerations are actually in opposite directions, so we’ll consider their 
magnitude alone. 

The acceleration of an object can be found by measuring the distance the object travels 
and the time it takes to travel that distance. If you have these measurements, you can find 
the inertial mass of the measurement object.

Although experiments have shown that gravitational mass is the same as inertial mass, 
Newton’s Laws don’t say that this has to be the case. Our understanding of this relationship 
comes from Einstein, who founded general relativity on the equivalence principle—the idea 
that inertial and gravitational mass are the same. This is still an active area of research.

Gravitational mass

Weight

m2

Inertial mass

1

a1

2

a2

m1 m2

m1 = m2 
a1

a2
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Once we’ve determined the mass of the objects in the collision, we can determine the 
force they’ve applied to each other. As the force causes the object to accelerate, we can 
measure this acceleration. We can then substitute this value into the following equation to 
determine an exact value of the force we’ve applied:

mass × acceleration = force

Determining Weight

The force of gravity from the earth acting on an object with mass m is expressed as follows:

u  F = mg

In this equation, g is the magnitude of gravitational acceleration—about 9.8 m/s2 when 
measured near the ground surface. This relationship is derived from the equation for uni-
versal gravitation.

Consider an object with mass m located at an altitude h above the earth.
Assume that the earth is a perfect sphere with radius R, mass M, and a uniform den-

sity. Doing this, we can also assume that the gravity generated outside the surface of the 
earth by the entire globe is equivalent to the gravity of a point with mass equivalent to M. 
Using the equation that describes universal gravitation, which we saw on page 43, we can 
calculate the forces and acceleration due to the earth’s gravitational pull.

Therefore, the magnitude of gravity from the earth acting on an object is equal to the 
value expressed below:

F = G
 

Mm
—
(R + h)2

Also note that the force of gravity on an object near the earth’s surface (where h = 0) is 
as follows: 

F = G
 

Mm
—
R2

    where    G
 

M
—
R2  

= g

R

h m m

MM

R + h

Center of the earth!
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Since we know that force here is also equal to mass times acceleration, we can set this 
equation equal to u. 

Note  Remember from page 43 that G is the universal gravitational constant.

mg = G
 

Mm
—
R2

g = G
 

M
—
R2

The radius of the earth is about 6.38 × 106 m, and its mass is about 5.98 × 1024 kg. 
Using these values, you can calculate the value of g, the acceleration of an object due to 
gravity:

g = G
 

M
—
R2

 
= 6.67 × 10-11 ×

 

5.98 × 1024 
—
(6.38 × 106)2  

≈ 9.8 m/s2

This is gravitational acceleration—notice that it does not depend on the mass of the 
smaller object (m). Strictly speaking, because the earth is not a perfect sphere, gravitational 
acceleration close to the earth’s surface varies slightly, depending on the location. Even so, 
you can safely approximate this value as 9.8 m/s².

Now try to find the magnitude of gravitational acceleration at a point in the orbit of a 
space shuttle going around the earth. A space shuttle travels about 300 to 500 km from the 
earth’s surface.

Assume h = 500 km above the earth’s surface. R + h = (6.38 × 106 m) + (0.5 × 106 m) 
= 6.88 × 106 m. Using this calculation, you can find the acceleration due to gravity at this 
altitude:

g = G
 

M
—
(R + h)2 

= 6.67 × 10-11 ×
 

5.98 × 1024 
—
(6.88 × 106)2  

≈ 8.4 m/s2

In other words, a space shuttle is affected by gravity that is about 86 percent (8.4 / 9.8 
= 0.86) the strength of the gravity working on the earth’s surface. Since the distance from 
the earth to a traveling space shuttle is about one-tenth of the radius of the earth, it is only 
reasonable to assume that the space shuttle is still heavily affected by the earth’s gravity.

Then why does it feel like there is no gravity inside a space shuttle? It is because the 
shuttle is always “falling” as it is pulled by the earth’s gravity. Einstein theorized that if the 
cable holding an elevator breaks, a person inside the falling elevator would find himself in a 
weightless environment much like outer space. Just like an elevator with a broken cable, the 
space shuttle’s acceleration is oriented toward the center of the earth due to gravity. How-
ever, it always falls with a velocity oriented perpendicular to the direction of gravity; it does 
not move directly downward. 
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For this reason, the space shuttle travels around the earth along a circular (or, more 
specifically, elliptical) path. The feeling of so-called zero-gravity is created because the space 
shuttle and everything inside it, including the astronauts, are “falling” at the same gravita-
tional acceleration.

Understanding Parabolic Motion

We examined a ball in flight on page 75—that ball’s motion is something we call parabolic 
motion. Here, let’s take a more in-depth look at the ball’s flight using some real numbers 
and equations.

In the figure below, the distance in the horizontal direction is expressed as x, the verti-
cal direction as y, and the ball’s mass as m. The force of gravity on the ball works downward 
along the y-axis, with a magnitude of mg. Represented in terms of its constituent parts, the 
force vector on the ball is expressed as follows:

Similarly, we can represent acceleration in terms of component elements as a = (ax, ay). 
We know the following: 

Acceleration in the x direction is ax = 0.

Acceleration in the y direction is ay = −g.

In short, the ball has a uniform velocity in the x direction, and uniform accelerated 
motion occurs in the y direction. 

Path of the space shuttle

Velocity v

Acceleration a Acceleration a

Acceleration
a

force in x direction

force in y direction
F = (0,-mg)
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Given that we know these values, we can find the velocity of the ball at any time. When 
the ball is released, t = 0 and the velocity for throwing it is v1 = (v1x

, v1y 
), from rule u, 

you get:

v2x
 = v1x

v2y
 = v1y

 − gt

These equations indicate that velocity does not change in the x direction, but it does 
change downward in the y direction by −9.8 m/s in one second (gt = -9.8 m/s2 × 1 s = 
-9.8 m/s).

y direction

x direction

vy

vx

v = (vx,vy)

a = (0,-g)

F = (0,-mg)

θ

A

y

x

v1y

v1x

B

C

Initial velocity v1

vy

vx

v
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Next, let’s find the location of the ball. Let’s split it into constituent parts in the x and y 
directions:

x = v1x
t

y = v1y
t − ½ gt2

Now, if there were only some way to eliminate the time variable in this second equa-
tion. Perhaps we should rearrange that first equation!

t =
 

x
—
v1x

 

Substituting that into the second equation, we get the following:

y = v1y 

x
(—)v1x

 
− ½ g

x
(—)v1x

2

This is actually a quadratic function, and it will show a parabola when plotted. The ori-
gin is at the point where the ball leaves the hand.

From this equation, you can tell where the thrown ball will land. Actually, we can take 

the term
 

x(—)v1x  
out of this equation like so:

y =
 

x
—
v1x

 (v1y
 − ½ g

x
(—)v1x

)
And given that we know that the ball’s landing point should be where y = 0 and x ≠ 0, 

let’s set y equal to 0: 

0 =
 

x
—
v1x

 (v1y
 − ½ g

x
(—)v1x

)

v1y
 = ½g

x
(—)v1x

Given this equation, we can solve for x, the distance that the ball travels! 

u  x =
 

2v1x
v1y—

g

By rewriting the expression and assigning θ to the angle of the throw, you can find the 
angle that would enable the ball to reach the farthest point for a given velocity. The initial 
velocity can be expressed as follows:

v1 = (v1x
, v1y

) = (v1 cos θ, v1 sin θ)
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You can use this to re-define the landing point in equation u:

x =
 

2 × v1 cos θ × v1 sin θ
—

g  
= 

 

v1
2 sin 2θ
—

g

This value reaches a maximum when sin (2θ) = 1.* Therefore, when throwing a ball 
at this fixed velocity, the ball reaches the farthest distance when thrown at an angle of 
45 degrees.

Using Calculus to Find Acceleration and Velocity

Normally, the velocity of an object changes over time. In this example, let’s say ∆t is a short 
amount of time during which we can assume the velocity is constant. Then we get the fol-
lowing approximation, where ∆x represents the displacement created in time ∆t:

v =
 

∆x
—
∆t

In this equation, the smaller the value you assign to ∆t, the more precise approxima-
tion you can get for the velocity. In an experiment, ∆t can only have a finite value. Thus, we 
can only find the velocity to be an average value. But mathematically, we can assume a case 
where ∆t infinitely approaches zero. In other words, we can define the velocity for a given 
moment as follows:

u  v = lim
 

∆x
—
∆t  

=
 

dx
—
dt   

This is the very definition of a derivative. 

The same is true with acceleration. Let’s assign ∆v to a short amount of time ∆t, during 
which the velocity can be assumed to be virtually constant. Then acceleration a is expressed 
as follows:

a =
 

∆v
—
∆t

When acceleration is not uniform, we can make the change in t infinitely small:

a = lim
 

∆v
—
∆t  

=
 

dv
—
dt∆t  0

This represents acceleration for a given instant. Also note that by substituting expres-
sion u in this expression, we get the following:

a =
 

d
—
dt  

dx
(—)dt  

=
 

d2x
—
dt2

* If you were confused by the math in these equations, remember that sin (2θ) = 2 sin θ cos θ.

∆t  0

Warning: 
calculus 
ahead!
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Thus, acceleration can be expressed as the second derivative of the displacement.
Newton’s second law (F = ma) can be expressed in differential calculus as follows:

m
 

dv
—
dt  

= F    or    m
 

d2x
—
dt2  

= F

Using the Area of a V-T Graph to Find the Distance 
Traveled by an Object

Next, let’s examine how we can find the distance an object travels if we already know its 
velocity (see page 54). When the velocity is uniform, we know that the following equation 
holds true, and we can find the distance traveled (∆x) over a change in time (∆t).

For a velocity that’s changing magnitude, we can find an approximation by summing up 
the distances traveled in Δt-long time segments. In other words, we divide the time interval 
between point 0 and point t into n segments, assign ti to the ith point in time, and assign vi 
to the velocity at that moment.

Express the time as Δt, the velocity as vi and the distance as Δxi to yield the following 
equation: 

x = v1∆t + v2∆t + . . . + vi  ∆t + . . . + vn  ∆t

The distance x traveled between point 0 and point t can be found using the following 
approximation:

t0 0

Velocity Velocity

Time Timeti t

vi
∆xi

∆t

∫0
tvdt

x = ∑ vi∆t
i  = 1

n
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When the rectangle is divided into infinitely small segments to allow ∆t to infinitely 
approach zero (when n or the number of segments approaches infinity), the results will be 
much more precise:

This is the very definition of integration. This equation shows that you can find the dis-
tance traveled using integral calculus representing the area under the v-t graph.

Now, given uniform accelerated motion with acceleration a, velocity v1 at time t = 0, 
and velocity v2 at time t, we know the following:

a =
 

v2 - v1
—

t

From this equation, we can immediately tell that v2 = v1 + at, or rule  on page 85. 
Now that we have an equation for final velocity as a function of time, we may substitute it 
into the integral equation to calculate displacement:

x = ∫0
t
(v1 + at)dt

Since v1 and a are constants, this is a relatively simple integral to evaluate:

x = [v1t + ½at2]0

t

The lower limit of t = 0 makes evaluating this equation quite simple:

x = v1t + ½at2

We have just derived a rule that should look very familiar to you!

x = lim ∑ vi∆t = ∫0
t
vdt

i  = 1

n

∆t�0





Momentum

3



Momentum and Impulse

I’m afraid I can’t 
come with. I have 
to go meet my 

mother.

MEGU!

Want to hang 
out at Norn, 
grab a piece 
of cake or 
something?

Er, sorry.

Come on! Oh yeah? 
Too bad...

Aren’t you a 
busy little bee 

these days!

What are you 
talking about, 

Sayaka?

Harumph.

*
* Girls’ Locker Room
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I know about 
your little 

secret.

Huh?!

Oh, forget I 
said anything.

Just don’t 
forget about 
our challenge 

match!

You're number 
two on the 
team for a 

reason!

Are you 
trying to 
psych me 

out?!

I just hope 
you’ve been 

practicing tennis, 
too, egghead...

Maybe Sayaka 
knows about 
me and Ryota 

studying 
together!

What’s up 
her butt?

Who 
knows!

stomp
stomp bang!



Understanding 
Momentum

So you’re 
having another 

match with 
Koda-san?

Yeah!

Sayaka’s 
going down, 

big time.

Ah, the joy of 
revenge.

By the way, 
I wanted to 

ask you about 
something.

A ball in motion 
has no force 
being imposed 
on it, right?

But when I hit the 
ball back, I feel a 

force.

Isn’t the ball 
creating 

something like 
a force against 

the racket?

That’s a good 
point.

I can feel 
it on my 

arm!



A ball in motion has 
an attribute called 

momentum.

Is that what’s 
creating a force 

against my racket?

When a fast-moving 
ball strikes your 

racket, the momentum 
of the ball impacts 

the racket.

And so indeed, it 
creates a force.

But momentum 
and velocity are 
different things, 

aren’t they?

Yes, momentum is 
defined as:

Momentum = Mass × Velocity

p = mv

Impact!

...Momentum

b
a
m
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I thought all we 
needed to calculate 
momentum was the 

velocity.

I didn’t realize 
we needed an 
object’s mass 

too!

Well, just 
think about it 

a bit.

Even if their 
velocity were 
equivalent, a 
tennis ball...

And a ping-
pong ball have 
momentum of 
very different 

magnitudes.

...Yeah, a ping-
pong ball 

wouldn’t hurt 
very much if it hit 
someone’s head.

What?

Are you still 
resentful 
about that 
incident?

No no, it wasn’t 
anything like 

that!

I was simply 
trying to help 

you, Ninomiya-san. 
It looked like a 

lot of work for 
one person.

Oh, I’m just 
kidding.

You know, 
Nonomura-kun, 

you tend to get 
sulky rather 

easily. Not at all...

Here she 
goes 
again...

Shhtock

Ping

hmm...

Megumi’s daydream— 
Tennis Court Murder: Mysterious 

bruise on the victim’s head

Now...to 
collect 
her life 

insurance.

The ball 
wasn’t 

that big.

Getting 
sulky...
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Laboratory

Difference in momentum due to a difference in mass

To help you understand how momentum works, I’ve brought in a softball 
and a tennis ball.

Let’s examine the momentum of a softball traveling slowly and a tennis 
ball traveling quickly.

Let me see, the softball is much heavier than the  
tennis ball, right?

Yes, of course. We know the following about the two balls:

msoftball > mtennis ball

vsoftball < vtennis ball

Tennis ball
Fast

Slow
Softball

Light
(Small mass)

Heavy
(Large mass)
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However, we can’t tell which ball has the greater momentum. Recall that 
momentum can be calculated as mass multiplied by velocity (p = mv). We’d 
need to know numerical values to determine the difference precisely.

Well, I know that a tennis ball has a mass of about 60 g.

And a softball is about 180 g.

So we’re almost there. It’s 60 g versus 180 g—the mass of a softball is 
about three times as great as that of a tennis ball.

Given these new facts and the relationship p = mv, to have an equivalent 
momentum, the tennis ball must have a velocity three times as great as 
the softball.

Oh, I see.

3m

m

v

3v

3mv

3mv

Softball

Tennis ball

Momentum



Change in Momentum 
and Impulse

Do you 
understand how a 
ball can impact a 

racket

because 
it has 

momentum?

Yes, quite 
clearly.

Well, now let’s 
consider it in more 

detail. After striking 
the racket, the ball 

moves away at a 
different velocity 

than the velocity it had 
before impact.

The momentum 
of the ball has 

changed.

Let’s examine the 
change in momentum 

using Newton’s 
second law.
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Oh, I think I 
remember that 
one. It goes 

like this:

Right, and you 
know that 

acceleration 
is simply the 

change in 
velocity over 

time. So...

If acceleration 
is constant, we 

can replace that in 
Newton’s second 

law to equal
Let me see...

so that 
means...

If we rearrange 
this just a little bit 
(by multiplying each 
side by t), we get the 

following.

Can you 
tell the 

difference?

Well, what 
good does 

that do?

F = ma

Force = Mass × Acceleration

Force = Mass ×
 

Change in 
velocity
—

Time

F = m ×
 

(v2 − v1 )
—

t

or

Mass × Change in velocity = Force × Time

m × (v2 − v1 ) = Ft

Flip
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We know that 
momentum is mass 

multiplied by velocity.

So mass multiplied 
by the change in 

velocity is really just 
the change in momentum, 
provided that mass m is 

constant.
I see.

Let’s take a look at 
that equation again, 
and this time we’ll 

expand the terms on 
the left side.

I see—the change in 
momentum is equal to 
the force applied to 
that object multiplied 

by time.

Yes, force multiplied by 
time is called impulse.

Impulse causes the 
momentum of an object 

to change.

In the moment that 
the ball is in contact 
with the racket, its 

momentum changes. This 
is the force you feel on 

your arm.

Aha!

mv2 – mv1 = Ft

Change in momentum = Force × Time



Let’s examine the 
scenario in more 
specific terms.

Let’s say that the 
ball’s mass is m, the 

ball’s velocity before 
hitting the racket is v1 , 
and the velocity after 

being struck is v2 .

The force from the 
racket is F, and the 
time that the racket 

and ball are in 
contact is t.

Let’s figure out 
the momentum of 
the ball before 

and after it 
strikes the racket.

Say...are you still 
following me, 
Ninomiya-san?

What? Yes, 
I’m listening. 
Momentum of 
the ball...sure.

Momentum 
before 
striking: 

mv1

Force from 
racket: F

Momentum 
after 

striking:  
mv2

Time in contact: t

Before striking Moment of striking After striking

The 
crowd 
goes 
wild!

Pow!

Aiii!

Hhhhhaaaaaa!
Hhhhaaaaaaa!



p = mv , as we 
know, so

The momentum ( p ) 
of the ball before 

it strikes the 
racket is mv1.

And the momentum 
after striking the 
racket is mv2 . . . so 

the variation is 
equal to mv2 – mv1 , 

right?

Correct!

The impulse is 
expressed as Ft.

And we can get 
this equation 
because we 
know that...

The change in 
momentum is 

equal to impulse.

In fact, this 
expression is nothing 
but another way of 
expressing Newton’s 
second law, F = ma.

Oh, yeah?

But it is very useful 
when you want to find 

the change in momentum 
from a known force—
or to find the force 
from a known change 

in momentum.

Uhm...

mv2 – mv1 = Ft

F = ma

mv2 – mv1 = Ft



For example, if you 
know the values of the 
ball’s velocity before 
and after striking the 
racket, v1 and v2 , and 
the time that the ball 
is in contact with the 

racket...

You can easily find 
the force F that the 
racket imposes on 

the ball.
Oooh. Ahhh.

So...that means 
we can find out 

exactly how hard 
I’m hitting the 

ball!

Sure, if you know 
the specific values 
of velocity and the 

time of contact.

That sounds very 
useful.

Tennis Ap
ocaly

pse!
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Laboratory

Finding the Momentum of a Stroke

Let’s actually analyze this scenario, Ninomiya-san, and find out the force 
you’re applying to the ball. During your match with Sayaka, I filmed your 
motion with a high-speed camera. We’ll analyze a time when you returned 
her smash.

Here you go again. Yet another make-believe scenario.

This time, I really did shoot the footage.

What on earth . . . ?

It’s all in the name of science. Anyway, I analyzed the images and learned 
that the velocity of the ball when it hit the racket was about 100 km per 
hour, and you returned the ball at about 80 km per hour. And I measured 
the time that the ball was in contact with your racket—it was 0.01 second.

So we should have all the numbers we need!

Using these values, we can find the 
magnitude of the force your racket 
imposed on the ball. But it’s actually 
not so simple. A graph of the force 
over time looks like this.

0

Force

Time
0.01 second
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However, we’ll assume an average 
magnitude of F in this example.

That makes the calculation much 
easier.

First, let’s calculate the momentum of the ball before you hit it. The mass 
of a tennis ball is 0.06 kg. The velocity is negative 100 km per hour, as 
viewed from the direction of the return. As 1 km = 1000 m, and 1 hour = 
3600 seconds, we’ll convert our units for velocity into meters per second 
(m/s) as follows: 1 km/h = 1000 m / 3600 s. The calculation looks like this:

-100 km
—

h  
×
 

1000 m
—

km  
×
 

1 h
—
3600 s  

= -27.8
 

m
—
s  

p = mv

p = 0.06 kg × -27.8 m/s

p = -1.7 kg × m/s

Now we know the ball’s initial momentum. It’s a little weird that the value 
is negative, but I guess it just indicates the direction from my point of view.

So now let’s calculate the momentum of the ball after you’ve 
struck it. Given that the velocity of the ball afterwards is 80 km/h, 
and its orientation is positive, the result is as follows: 

80 km
—

h  
×
 

1000 m
—

km  
×
 

1 h
—
3600 s  

= 22.2
 

m
—
s  

p = mv

p = 0.06 kg × 22.2 m/s

p = 1.3 kg × m/s

Force

Time

Impulse

F

0.01 second
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Now we can find the change in these two values.

The change in momentum can be calculated like so:

1.3 kg × m/s − (−1.7 kg × m/s) = 3.0 kg × m/s = ∆p

So that’s the change in the ball’s momentum. And since the force was 
working for 0.01 seconds, we can figure out the force, using this equation:

∆p = Ft    or  
∆p
—
t  

= F

In our example, that means (3.0 kg × m/s) / 0.01 s = 300N. That’s the 
force on my racket, I bet.

Yes, that’s it. Since you probably don’t 
know what a newton feels like, let’s find 
the equivalent force generated by 1 kg 
weight, assuming that 1 kg is about equal 
to 9.8N:

300N ×
 

1 kg
—
9.8N  

= 30.6 kg

Wow, that’s a lot to lift!

Well, remember, the force from gravity 
is constant—this is just momentary. And 
you’re using your muscles in a very differ-
ent way, in a different direction.

But why is the 
force generated 
by one kilogram 
9.8 newtons . . . ?  
Nevermind, I think I see.  
We did that before . . . F = ma. 
Acceleration due to gravity is 
9.8 m/s2.



The Conservation of Momentum

Newton’s Third Law and the 
Conservation of Momentum

I understand how a ball 
has momentum. But I’m 

confused—where does 
the momentum lost from 

the ball go?

Let’s examine it 
in detail.

It’s that weird 
guy again.

Momentum is 
exchanged between 
any objects that are 
imposing force on 
each other! It’s not 
just when you hit a 

tennis ball!

And moreover, 
the sum of the 

momentum exchanged 
is constant and 

predictable.

So...

The following is 
true—all of the 
momentum lost 
from the ball is 

transferred to the 
racket.

Do you mean 
the total 

momentum does 
not change?



Let’s talk 
about it using 

a simple 
example.

Here are a 
100 yen coin 

and a 500 yen 
coin.

Please try to hit 
the 500 yen coin 
with the 100 yen 

coin.

Well... 
I’ll try.

Shazam!

The 500 yen coin 
moved forward, 
and the 100 yen 
coin’s velocity 

reversed 
direction.

This happens 
because the 100 yen 
coin has momentum 

when it hits the 
500 yen coin, right?

Clink

flick
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When one object 
strikes another, 
we know that the 

two forces in play 
must be equal and in 
opposite directions.

That’s Newton’s 
third law, the law 

of action and 
reaction.

Ah, Newton again!

As the change in 
momentum is equal 

to the force 
multiplied by the time 
( ∆p = Ft ), the change in 
momentum for each 
object should be 

the same!

In other 
words...

The sum of the change 
in the momentum of the 

100 yen coin and the 
change in the momentum 

of the 500 yen coin 
must equal zero! 
( ∆p100 + ∆p500 = 0 )

Force from the 
100 yen coin to the 

500 yen coin

Force from the 
500 yen coin to the 

100 yen coin
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When the 500 yen 
coin was at rest, 

its momentum was 0. 
Then the 100 yen 
coin crashed 

into it...

As force was 
imposed, the 

momentum of both 
coins changed.

It’s not a pretty 
image, but I get 

the idea.

So the sum of the 
momentum of the two 
coins after impact is 
the same as the initial 

momentum of the 100 yen 
coin.

Exactly!

We call this 
the law of 

conservation of 
momentum.

Conservation of 
momentum? What 
does that mean?

In physics, when 
a quantity does 

not change over 
time, it is called 
conservation.

Clomp, 
clomp, 
clomp!

Ha! ha! ha!

The Conservation of Momentum  123

Chestbump!



Well, let’s look 
at the rule, 
momentum is 
conserved.

First, read it 
aloud.

Mm-hmm.

Since the sum of 
their change in 
momentum must 

equal zero, 
we know the 
following:

I see.

Rewriting that 
expression even 
further, we get

It’s a little 
confusing in 

text.

Change in momentum of the 100 yen coin  
= Momentum after the collision − its initial momentum

This, in turn, must offset the following:

Change in momentum of the 500 yen coin  
= Momentum after the collision − its initial momentum

∆p100 + ∆p500 = 0

(mv  2 - mv  1) + (MV
  2 - MV

  1) = 0

mv  1 + MV
  1 = mv  2 + MV

  2

Initial momentum = Final momentum
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Assume that the mass of 
the 100 yen coin is m, and 
the mass of the 500 yen 
coin is M. Let’s represent 

the velocity of the 
100 yen coin as v, and the 

500 yen coin as V.

And as before, we’ll 
represent before and 

after velocities as 
v1 and v2 and V1 and V2 , 

respectively.

Then we get an 
expression like this:

mv  1 + MV
  1 = mv  2 + MV

  2

Ah, that makes 
perfect sense!

The total momentum 
for the system is 

the same before and 
after the collision. 
It doesn’t increase 

or decrease!

Right.

Now you know 
about a specific 

application of the 
law of action and 

reaction.

It’s the 
conservation 
of momentum.

Total 

Momentum

mass m

mass M

velocity V
  1

velocity V
  2

velocity v  1

And we know that V1 = 0, since the 500 yen coin 
was at rest, so we can further simplify the 

equation to the following:

mv  1 = mv  2 + MV
  2

velocity v  2
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Laboratory

Outer Space and the Conservation of Momentum

Let’s think about outer space for our next example of the conservation of 
momentum.

What is this, space camp?

Sigh. Let’s just suppose you are an astronaut, Ninomiya-san. During vehi-
cle repairs outside the space craft, your tether has become disconnected, 
leaving you floating away from your space shuttle. All you have in your 
hand is the wrench you’ve been using to repair your ship. How can you get 
back to your ship?

Maybe I can swim back.

Oh, ho ho ho, it’s quite impossible to “swim” in a vacuum. Recall the first 
law of motion: An object at rest tends to stay at rest unless a force is 
imposed. No matter how hard you move your arms and legs, you won’t 
have anything to push against. You’d just be rotating around your center of 
gravity, flailing your arms around.

Oh no! Things are really looking bad!
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Never give up hope! Your physics knowledge may save your life. You have 
that wrench, remember? Throw it in the direction opposite to the rocket. 
Thanks to the conservation of momentum, you will move.

Really? I’m gonna make it?

To confirm that this works, let’s assume that you’re at rest, in outer space. 
Then let’s set the wrench’s mass as m and assume you throw it away from 
you at velocity v. Your mass and subsequent velocity are represented by M 
and V. 

Since we are starting with no momentum, the momentum of both objects 
afterward must equal zero, right?

Indeed! Given the law of conservation of momentum, the sum of the 
momentum of both bodies should equal zero. If we put that in an equa-
tion, it looks like this:

mv + MV = 0

To find V, or your velocity back to your ship, we rearrange the equation:

V = -
m
—
M  

× v

This value is negative because it indicates that your motion is in the oppo-
site direction of the wrench.
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Can you see why you’d want to throw the wrench as hard as you could? 
The faster its v, the faster your V. 

Yes, that makes sense.

Let’s assign some numeric values and try to predict things. We’ll say the 
wrench has a mass of 1 kg and give you a mass of 60 kg with that heavy 
space suit on. Assuming that the tool’s velocity when thrown is 30 km/h, 
we get the following:

V = −
1 kg
—
60 kg  

× 30 km/h = −0.5 km/h

So that would be your velocity back to the ship.

Let’s say I have a whole toolbox. If I throw tools one after another, will I 
move faster?

That’s a great idea. Yes, you would go faster and faster that way. In fact, 
that’s basically how a rocket moves. The exhaust that is belched out the 
rear of a rocket is equivalent to an object being thrown.

Gee, I never thought of it that way.

A rocket can continue to accelerate by belching exhaust continuously. As 
long as fuel continues to discharge, the rocket will accelerate. When the 
rocket stops discharging exhaust, the rocket’s velocity becomes uniform.



Real-World Explorations of Impulse

Reducing the Impact

Compared to the 
law of conservation 

of momentum, the 
relationship between 

impulse (I mean, 
It’s difficult to see 

in real life.

Oh, but not 
at all!

When you want to 
reduce the force 
of impact, that’s 
when this is most 

important!

Impact?

For example, 
let’s say you’re 
jumping from a 

great height. The 
momentum you 

have depends on 
your velocity and 

your mass.

Upon landing, your 
velocity is zero. 

This means that your 
momentum at this 
time is also zero.

Sure.

force multiplied by 
time) and a change of 

momentum is...

How should 
I put it...?
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Your change in 
momentum is fixed—you 

cannot alter it. However, 
you can reduce the 

force on your body 
from the landing.

Really?  
How would I 

do that?

You’d make the 
time that you 
receive the 

force from the 
ground as large 

as possible.

That sounds 
pretty simple.

Applying the law 
of ∆p = impulse, 
we get change 

in momentum  

This equation 
can be 

rewritten as:

F =
 

m × ∆v
—

t

That means the 
larger the 
t value, the 
smaller the 
F value you 

receive.
I see!

( m × ∆v  ) equals 
force multiplied 
by the time. Now, 

time in this case is 
the time that you’re 

receiving force.



Just think about gym 
class. For the high 
jump, you use soft 

foam mats to break 
your fall, right?

Without them, you 
couldn’t dare 
jump so high.

We commonly think, 
“Mats absorb impact 
because they’re soft 

and fluffy.”

But from the view 
of mechanics, they 
are extending the 
time you receive 

force.

That sheds new 
light on the 

matter.

Fosbury flop!
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Let’s assume that 
the time to receive 
a stopping force 

has increased from 
0.1 seconds to 1 second, 
thanks to the landing 

mat.

With that small 
change, the new 

force is just one 
tenth of its initial 

strength.

You 
just set 
a new 

record!

A cat can safely land 
when it jumps from a 

high place. Perhaps its 
flexible body helps 

to extend the time of 
impact.

That’s right. Because 
the cat bends its limbs, 
the time the cat’s body 

receives force is 
increased slightly. But 

this results in much less 
force on impact with 

the ground.

Thinking 
like this...

Physics is 
applicable to 

many situations in 
daily life.

M
r
o
w
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Now...

Improving Megumi’s 
Serve

We know about 
the relationship 

between the 
change of 

momentum and 
impulse.

Yes, 
I hope you 
understand 

this.

That means I can 
apply it to my 
tennis game!

Recall how 
we examined the 
momentum of a 

stroke.

Yes!

Given the importance 
of changing a ball’s 

momentum, I want 
to find out a better 

way to serve!

I see.

Here she 
goes!

The fatal service 
of Megumi Ninomiya 
that could smash 

an elephant!

Is that 
really the 

kind of serve 
you want to 

deliver?
Grrrr



Well, if that’s the 
case, we should talk 

about your match 
with Sayaka. You two 
are evenly matched 
and seem to have 
the same physical 

strength.

But Koda-san was 
using the spring of 
her body while she 
served. Her serve is 
much more powerful 

than your own.

Are you saying 
I’m not as good 

as Sayaka?

I just mean that’s 
one area to 

improve. Yeow!

All right then. I’ll 
examine my serve 
in the context of 

mechanics.

Well, we know that 
change in momentum 

equals force multiplied 
by time, so one idea for 
improving your serve...

is to impose a 
force on the ball 

for as long as 
possible.

We’re often 
told to hit the 

ball with all our 
might!

Sounds 
good to me.

Puff

puff

puff



That way, you’re 
increasing the 
duration of 

contact between 
ball and racket.

Simply using the 
same force over a 
greater time will 
result in a faster 

serve.

I see. Do you 
have any other 

hints?

An obvious way to 
increase the change 

in momentum is to 
increase the force 

you apply.

Really?!

At different points 
in your serve, you’re 
exerting different 
amounts of force.

Oh, I didn’t 
realize that.

Your way of 
serving the ball 
is very wasteful, 

Ninomiya-san.

Your current 
serve

You’re hitting 
the ball too 

early—look at 
these images
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So, by making your 
body more flexible 

and hitting the ball at 
the right time, you can 
maximize the force you 
exert on the ball and 
the duration of impact.

Flexible, eh...

Just waiting a 
bit longer to 
strike the ball 

could help 
a lot.

Of course, tennis 
is a complicated 

game, and we 
can’t represent 
everything so 

simply...

Still, the 
principle of 

change in 
momentum = impulse 
explains how the 

ball moves.

Yeah.

And despite the 
physics involved, you 

still have to keep 
your eye on the ball 

during the game...

Hit the ball like an 
overhead smash, and 

try to extend the 
time of impact. This 
is why you should 
“follow through” 

your strokes.
Then the 
impulse 

increases!
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In my case, I don’t 
think I have the 

coordination to do 
this. But I think you can, 

Ninomiya-san...
It’s nice to hear 
that! Thank you...

Ryota!

Ryo—what? You…
what on earth, all 

of a sudden?

You must be 
angling for 
something 
again…!!!

No, no, it’s 
not that!

Don’t you think it’s 
time we start calling 

each other by our 
first names?

You can call 
me Megumi, 
you know.

That’s too 
much for me.

Come on! 
Don’t be so 

square.

Edging 

away



You can just call 
me Megu then. 

It’s my nickname, 
okay?

Come on, Ryota, 
please?

Uhhhhhm...

Anyway...

Next session, 
we’ll conclude 
the basics of 

mechanics.

I hope you 
hang in there!

Yes, I will.

...So the next 
lesson will be 

our last.

That’s right.

Ahem
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Momentum and Impulse

Momentum is a quantity representing the magnitude and orientation of the motion of an 
object. Assuming that an object with mass m and velocity v  has momentum p , the relation-
ship among them can be represented as follows:

p  = mv 

Since velocity is a vector, momentum is also a vector. An object’s momentum and 
velocity will have the same orientation.

As mentioned in Chapter 2, an object in motion does not have force inside of it—it has 
momentum. The momentum of an object varies as an external force is imposed on it, and a 
change in momentum is called impulse. So, let’s derive the relationship between momentum 
and impulse, starting by examining Newton’s second law.

Suppose a ball with mass m hits a racket. Assume v 1 for the velocity of the ball before 
it hits the racket and v 2 for the velocity of the ball after it hits the racket. Also assume F


 for 

the force imposed on the ball from the racket.
Given Newton’s second law,

F

 = ma 

the ball undergoes acceleration a . Generally, force F

 is not constant, but for our purposes, 

let’s assume that F

 is constant at its average value (see page 118). If F


 is assumed to be con-

stant, then acceleration a  is also constant. If we let t equal the time that the ball receives a 
force from the racket, acceleration a  can be expressed as follows:

a  = 
( v 2 − v 1)
—

t

We can substitute this value for a  into Newton’s second law:

F

 = m × 

( v 2 − v 1)
—

t

If we multiply both sides by t, we get the following:

mv 2 − mv 1 = F
 
t

The expression mv 2 − mv 1 represents the object’s change in momentum. When we call 
quantity F


t the impulse, the following relationship is true: 

change in momentum = impulse
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Note that momentum mv 2 − mv 1 and impulse F

t follow the rule of composition of vec-

tors, as shown in the figure below.

We can see from the way this equation is derived that the relational expression of 
change in momentum and impulse is an application of Newton’s second law, in a situation 
where force is constant. When I said the equation for impulse is “nothing but another way of 
expressing Newton’s second law” on page 115, this is what I meant.

Impulse and Momentum in Our Lives

As we learned on page 129, the relationship between the change in momentum and impulse is 
useful when we want to determine how to reduce the impact of a collision.

In order to minimize the force imposed on an object while the object is in motion and 
up until the moment the motion stops, we must maximize the collision period because of 
the following relationship:

change in momentum of an object = imposed force × time duration of imposed force

Assume you are jumping from a high place, and your velocity immediately before land-
ing is v. Once you land and are in a stationary state, the change in your momentum is mv. 
(How do we know this? Well, at rest, you must have no momentum at all, since you have no 
velocity: m × 0 = 0.) This change in momentum is generated by the force from the ground, 
and your body must withstand this impact force that it receives. If we assume F for the 
impact force and t for the period of time the force is being withstood, the following expres-
sion is true:

mv = Ft

When mv is constant, F becomes smaller as t becomes larger. For example, the mats 
used for the high jump function as a tool for extending the time period t from the point 
where the body’s impact on the mat starts to the point where momentum mv becomes zero. 
As the body sinks into the mat, the jumper continues to receive force F. As Ft is constant, the 
greater time period t, the smaller force F becomes.

We can find examples of the fact that a change in momentum equals impulse every-
where in our daily lives. When catching a ball, we tend to unconsciously withdraw our hand. 

mv1
�

mv2
�

Ft
�

-mv1
�

mv2
�

Ft
�

mv1
�mv2

� Ft
�

 -  = 
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We are actually trying to reduce the force by extending the time duration from the point of 
the ball’s contact with the hand to the point where the ball stops. Similarly, the gloves used 
in baseball and boxing extend the time period of the impact and reduce the force. Ukemi 
(the judo art of reacting to an attack by falling strategically), the crumple zones of modern 
cars, and air bags are all designed to reduce the impact of the force accompanying the 
change in momentum by extending the time of collision. Similarly, the safety ropes used in 
rock climbing are designed to stretch when a climber falls, so the collision time will be lon-
ger. This also prevents a sudden force from being imposed on the climber’s waist. It would 
be very dangerous to use a rope that does not stretch instead of a special rope for climbing.

Deriving the Law of Conservation of Momentum

Let’s derive the law of conservation of momentum by applying our knowledge that the 
change in momentum equals impulse to two colliding objects.

As in the preceding figure, assume that objects A and B collide without any external 
force being imposed and without the dissipation of any momentum in their impact. 

First, let’s focus on object A (the object on the left in the preceding figure). Assume m 
for the mass of object A and v 1 and v 2 for its velocity before and after collision. Also assume  
F

 for the force received by object A from object B. The relational expression showing that the 

change in momentum equals impulse can then be written as follows:

mv 2 − mv 1 = F

 t

Here, t represents the time of the collision of objects A and B, and force approaches 
a constant value. Create an equation for object B (the object on the right in the preceding 
figure) using the knowledge that the change in momentum equals impulse. Assume M for 
the mass of object B, V



 1 and V


 2 for the velocity before and after collision, and f

 for the force 

received by object B from object A:

MV


 2 - MV


 1 = f

t

After collision

Object A Object B

Before collision

mv1
�

mv2
�

MV1

�

MV2

�
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Note that the collision time is equal for both objects. It must be, since A cannot touch 
B without B touching A. But wait, why is the force the same for both as well? It’s simply the 
law of action and reaction— f


 = F

  !

Substitute the previous two expressions representing the relationship between the 
change in momentum and impulse into the preceding expression to get the following:

MV
 

2 − MV
 

1 = −(mv 2 − mv 1)

Consolidate this expression:

mv 2 + MV
 

2 = mv 1 + MV
 

1

The momentum of the objects before impact must be equal to their momentum after-
ward. This is the law of conservation of momentum shown on page 125.*

* We can omit the vector signs in the case of a collision between objects moving on the same 
straight line.

Momentum variation and impulse of both objects

Focusing on Object A Focusing on Object B

mv1
�

mv2
�

Ft
�

mv1
�mv2

� Ft
�

 -  = 

MV1

�

MV2

�

ft
�

 -  = MV1

�
MV2

�
ft
�

mv1
�

mv2
�

Ft
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�
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Ft
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ft
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These equations can be represented as vectors, as shown in the preceding figure on 
the left. The vectors can be rearranged to combine the change in momentum and impulse 
for objects 1 and 2, respectively, with the law of action and reaction, to get the vector on the 
right.

Elastic and Inelastic Collision

It’s important to note that problems involving collision cannot always be solved using the 
law of conservation of momentum alone. In the real world, we must consider the dissipation 
of kinetic energy and other factors. We’ll learn more about kinetic energy in the next chapter.

However, we can easily apply the law of conservation of momentum in two ideal situ-
ations—a perfectly elastic collision, or a perfectly inelastic one. The first example here was a 
perfectly elastic one—two objects that move separately after their collision, losing no energy 
in the process. Think of an elastic collision as something like two super-balls hitting each 
other—in the real world, the collision of atoms is said to be elastic. Now let’s take a look at 
an example to better understand what an inelastic collision is.

An inelastic collision is one where the colliding objects combine to form a singular 
object in motion after their collision. An example of this would be a tackle in football, where 
after striking each other, the two players travel together as one.

In this example, assume that object A with mass m and velocity v is combined with 
object B with mass M and velocity V1. At this time, we get the following equation:

p = (m + M)V2

The two objects achieve velocity V2 after they are combined. Applying the law of con-
servation of momentum, we get the following equation:

mv + MV1 = (m + M)V2 

mv1
�

mv2
�

Ft
�

MV1

�

MV2

�

ft
�

 = mv1
�mv2

� MV1

�
MV2

�
 +  + 

mv1
�mv2

�

MV1

�MV2

�

v

m

V1

M m + M

Object A Object B
Combined mass 

of A + B

V2
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Therefore, the velocity after the two objects are combined is as follows:

mv + MV1
—
m + M  

= V2

Units for Momentum

Let’s think about the unit we use to measure momentum. Recall that force is represented in 
newtons (N), but momentum doesn’t use a special unit of measure. But from the equation 
momentum = mass × velocity, you can tell that:

units for momentum = units for mass × units for velocity  
= (kg) × (m/s) = (kg × m/s)

You can also use the fact that a change in momentum equals impulse to determine 
the units for momentum. The units for momentum are the same as the units for impulse. 
Therefore, the following expression is also true:

units for momentum = units for impulse = units for force × units for time  
= (N) × (s) = (N × s)

This seems different from the units we just calculated, (kg × m/s). However, given (N) = 
(kg × m/s2), you get:

(kg × m/s2) × (s) = (kg × m/s)

Both units are identical. We’ve learned that the units for momentum are (kg × m/s), 
or (N × s).

Law of Conservation of Momentum for Vectors

Since momentum is a vector, to follow the law of conservation of momentum, we must con-
sider the orientation of momentum as well. In other words, when momentum is conserved, 
we must conserve both its orientation and its magnitude. Therefore, if the orientation of 
momentum changes (as in the example of a collision of coins on page 121), you need to calcu-
late this change by dividing momentum into separate horizontal and vertical components, as 
vectors.

Assume a perfectly elastic collision in which object A collides with stationary object B, as 
shown in the following figure. 

Assume m for the mass of object A, v1 and v2 for its velocity before and after the colli-
sion, M for the mass of object B, and V for its velocity after the collision. Place the x-axis on 
the vector representing the velocity of object A before the collision, assume θ and φ for the 
angles made by object A and object B after the collision, respectively, and assume v1 = |v1|, 
v2 = |v2|, V2 = |V2|. 
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We’ll then split the velocities into their constituent parts, like so, in the form of  
v = (vx, vy):

v = (v1, 0), v2 = (v2 cos θ, v2 sin θ), V1 = (V cos φ, −V sin φ)

Now that we’ve done that, consider that the law of momentum must hold true in both 
the x and y directions. Note that the object initially has no momentum in the y direction. So 
that means that the following must be true:

For the x direction:  mv1 = mv2 cos θ + MV cos φ

For the y direction:  0 = mv2 sin θ − MV sin φ

When a 500 yen coin collides with a 100 yen coin, the 100 yen coin often bounces 
backward. In this case, θ > 90°, so cos θ < 0. The following figure shows an example where 
θ < 90°.

Let’s see how we split the objects’ momentum into horizontal and vertical parts.

If we place these head-to-tail, we can visually see what 
we already know: Momentum has been conserved in the 
system.

In other words, in the y direction, the momentum of 
objects 1 and 2 must offset each other. And the sum of their 
momentum in the x directions must equal mv 1.

We need to know more than the law of conservation of momentum to predict the 
velocity and the angle at which the objects move after the collision. We’ll look at this in more 
detail in the next chapter.

Object A Object B
(at rest)

Object A

Object B
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�
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�
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Law of Action and Reaction vs. Law of Conservation of 
Momentum

Using differential and integral calculus, we can easily derive the law of conservation of 
momentum. Assume v and m for the velocity and mass of object 1 and V and M for those 
of object 2. Suppose no external force is working on these objects. Assuming F

 
mM for 

the force imposed on object 2 by object 1 and F
 

Mm for the force imposed on object 1 by 
object 2, we can apply Newton’s second law as follows:

m
 

d v
—
dt  

= F
 

Mm    and    M
 

dV


—
dt  

= F
 

mM

Substitute these two equations into the following equation for the law of action and 
reaction:

F
 

Mm = -F
 

mM

The following will result: 

m
 

d v
—
dt  

= -M
 

dV


—
dt  

As mass is a constant, the above expression can be transformed into the following:

d (m v   )
—

dt  
= -

 

d (MV

  )

—
dt  

Consolidate these two equations: 

d
—
dt  

(m v   + MV

  ) = 0

This equation indicates that the sum of the momentum of objects 1 and 2 (m v   + MV

  ) 

will not change over time. From this equation, you can derive the law of conservation of 
momentum:

m v   + MV

   = constant

A derivative of zero means that the momentum does not change! The law of conserva-
tion of momentum is derived from both the law of action and reaction and Newton’s second 
law. So you can also say that the law of conservation of momentum stems from the law of 
action and reaction.

You can use the same method to derive the law of conservation of momentum for 
three or more objects.

Warning: 
calculus 
ahead!
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Propulsion of a Rocket

In the Laboratory section on page 126, we learned that an astronaut in space will move in the 
opposite direction of an item he has thrown. This phenomenon occurs according to the same 
principles that drive rocket propulsion. A rocket increases its velocity by belching exhaust at 
a high rate out of its engine, and it moves in the opposite direction of its exhaust. Let’s look 
into this phenomenon in depth.

First, assume that a stationary rocket in outer space discharges a small object with 
mass m at a velocity of v. Then assume M for the sum of mass of the small object and the 
rocket and V1 for the velocity of the rocket after the exhaust discharge. Given the law of 
conservation of momentum (and knowing that these velocities are in the exact opposite 
direction), you get the following equation:

0 = (M − m) V1 − mv

u  V1 =
 

mv
—
M − m 

We’ve solved for the rocket’s subsequent motion, V1. Now, suppose this rocket dis-
charges another object of mass m at relative velocity (velocity as viewed from the rocket) 
−v and in the same direction as the previous discharge. At this time, assuming V2 for the 
rocket’s velocity and noting that the total mass of the rocket before and after discharging the 
second object is M − m and M − 2m, respectively, you get the following equation:

(M − m) V1 = (M − 2m) V2 + m (V1 − v)

Note that the small object moves at a velocity of V1 − v when the rocket is advancing at 
velocity V1. From the expression above, you can find the value of V2 as follows:

v  V2 = V1 +
 

mv
—
M − 2m 

Substituting the value of V2 from that equation into this equation, we find the following:

V2 =
  

mv
—
M − m  

+ 
 

mv
—
M − 2m 

w  V2 = mv (
 

1
—
M − m 

+
 

1
—
M − 2m 

) 

We’ve found the velocity of the rocket after discharging two small objects.

M M - m

-v

m

V = 0 V1
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A real rocket will continue to discharge small objects—so let’s derive a general expres-
sion for the rocket’s velocity after discharging n small objects. Let’s assume that the rocket 
continues to discharge small objects with mass m at relative velocity v. 

Assuming Vn for the velocity of the rocket when it discharges n small objects, the law of 
conservation of momentum is expressed as follows: 

[M − (n − 1)m] Vn − 1 = (M − nm)Vn + m(Vn − 1 − v)

Thus, Vn is expressed as follows:

Vn = Vn - 1 +
 

m
—
M − nm  

v

By using this expression repeatedly, you can find the following:

x  Vn = (
 

1
—
M − m 

+ . . . +
 

1
—
M − nm 

) mv =
 

n

Σ
k = 1  

m
—
M − km 

v

A real rocket continuously discharges exhaust from its rear engines, so we will trans-
form expression x for such a case. Assume that the rocket emits a jet of small mass Δm at 
one-minute intervals Δt at relative velocity −v. Assuming t for the time from the stationary 
state to the nth jet exhaust, t = nΔt is true. Assume V(t) is a function describing the rocket’s 
velocity with respect to time, and transform expression x into m  Δm, Vn =  V(t) to find 
the following:

y  V(t) =
 

n

Σ
k = 1  

Δm
—

M − (Δm / Δt) (kΔt) 
 v

At a point where the jet interval Δt is divided into infinitely small sections—that is, when 
Δt  0, you can find the sum using integral calculus.* To work with integral calculus, note 
the following transformations: n becomes ∞ and Δm / Δt becomes dm / dt (mass lost in 

* The expression Dt  0 can be read aloud as “the change in time approaches zero.”

M - (n - 1)m

Vn - 1 Vn - 1 - v

m

Vn

M - nm

As viewed from the rocket with velocity Vn - 1, the small 
object is discharged at velocity −v to the rear of the rocket.

Warning: 
calculus 
ahead!
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unit time, or mass that is discharged in the form of fuel exhaust). Transform the equation as 
follows: Δm  (dm / dt) dt. The following equation will result: 

z  V(t) = v ∫0
t

 

1
—
M − (dm / dt) t  

(
dm
—
dt  

) dt

= v ∫0
t
 
 

1
—
M (dm / dt)-1 -t  

 dt

If exhaust discharge in unit time is uniform, the following is true: 

dm / dt = α    (a constant value) 

This means that alpha (α) is a measure of how much mass the engine is discharging 
per unit time:

{  V(t) = v ∫0
t

 

1
—
(M / α) - t 

dt = v [-loge (M / α - t)] 0
t

= v loge (
 

M
—
M - αt  

)

Expression { represents the velocity of a rocket with initial velocity V(0) = 0. Note 
that αt is the total mass of the exhaust emitted by the rocket in time interval t. Therefore, 
assuming that the initial total mass of fuel carried in the rocket is m0, the rocket consumes 
all the fuel in time t (t = m0 / α) and then shifts to uniform motion from accelerated motion 
(as shown in the following figure).

t0

V(t)

m0 / α





Energy

4



Work and Energy

Awesome! 
What a view.

We can see 
everything 
from here.

And it’s not 
even a far 

drive.

Do you 
come here 

often?

Yeah...

When I get stuck 
on a problem I 
just can’t solve, 

I come here 
for a change in 

scenery.

It’s beautiful. 
Thanks for 

showing me this 
place!

Well, I didn’t 
bring you 

here just to...
nevermind.
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...It’s quiet 
here.

Just right 
for our last 

lesson. Yes, it is.

What Is Energy?

Now, you 
know that 

walking up a 
slope or a 
staircase

is far more 
tiring than 
walking on 

flat ground.

In fact, we know 
that the human body 

consumes about three 
times as much energy 
when climbing stairs 

compared to just 
walking.

Really?
Look 

how much 
energy it 

takes!

Megumi's 
energy 
meter

Depleted!



But we see the term 
energy all over the 

place, don’t we?

Yeah!  
Like energy-

efficient cars, 
green energy, and 

energy drinks!

Energy is a word a 
lot like force. People 

use the term rather 
loosely to describe 

things, but...

Wait!  
You mean...

Energy has a 
specific meaning 

in physics?

Yes.

Just like how 
force is defined 

according to 
the laws of 

motion,

Energy also 
has a strict 
definition.
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That reminds 
me—I’ve heard 

the terms kinetic 
energy and 

potential energy 
before.

A moving object 
contains energy 

that is referred to 
as kinetic energy. 

It represents 
the energy of 

motion.

It sounds similar 
to momentum. But 

kinetic energy 
must be different, 

right?

Yes, they are 
different. Momentum 
is governed by the 

law of conservation 
of momentum. But 
energy must also 

be conserved.

You mean that 
there’s a law 

describing the 
conservation of 

energy, too?

Yes. Energy can 
take many forms, 
though. There’s 
kinetic energy,

potential 
energy, chemical 
energy, thermal 

energy,

nuclear 
energy, and 
many more.

Uh, are you 
okay?

Don’t you 
like it?

Want a 
drink?

Y
u
c
k
!

Glug 

gulp

Ahhh!



Ahem. Energy 
exists in many 

forms,

and it is 
possible to 
transform it 

between these 
forms. So energy is 

like a shape 
shifter...

Even though these 
forms are very 

different, the total 
amount of energy stays 

the same. This is the 
law of conservation 

of energy.

Let’s use a 
real-life 
example,

like a 
headlight on 

a bicycle.

The headlight 
converts the 

kinetic energy of 
the turning bicycle 

wheel into electrical 
energy and then into 

light energy.

Oh, yeah! 
I get it!

Total amount of energy is the same
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In the same way, 
an electric car 

converts electric 
energy into kinetic 

energy.

What about 
regular 
cars?

A gasoline-
powered 

car uses a 
combustion 

engine

to convert 
thermal energy 

into kinetic 
energy.

But that thermal 
energy is transferred 

from the chemical 
energy stored in 

gasoline.

Again, the total 
amount of energy 

is conserved, 
throughout the 

process.

The human body does 
the same thing, using 
food and oxygen as 
energy sources. The 
body converts this 

chemical energy

 into the kinetic 
motion of our 
muscles, and 

thermal energy, 
which maintains 

our body 
temperature.

Electric energy thermal energy

kinetic energy kinetic energy
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So even in our 
bodies, energy is 
changing form.

We’re really 
just changing it 
into a different 

form.

Energy is always 
circulating, but 

the total amount 
of energy remains 

constant.

So when we 
“consume” 
energy...

But let’s get 
a little less 
abstract and 

discuss

potential energy 
and kinetic energy. 

These are both 
kinds of mechanical 

energy. Potential 
energy?

Hmm...

We’ll talk 
about that 

later.
Let’s start 
with kinetic 

energy.

Okay!!

Boy!
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The energy of an 
object in motion 
can be expressed 

as follows:

You said speed, 
not velocity!

But 
wait!

Good point!

Since speed is a quantity 
with only a magnitude, 
kinetic energy must 

also be a quantity with 
only a magnitude. We’ll 
use the variable v for 

simplicity’s sake.

It will never be 
negative.

What do 
you mean?

Let’s compare 
kinetic energy 
to momentum.

Do you 
remember this 

equation?

Of course!

Kinetic Energy = ½ × Mass × Speed × Speed

KE = ½mv2

Momentum = mass × velocity

p = mv
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Momentum is a 
vector quantity 
that has both 
magnitude and 

direction.

I see—so 
kinetic energy 
doesn’t have 

an orientation.

Right. Also, 
even when the 
momentum of 
one object is 

equivalent to that 
of another,

their kinetic 
energy 

may not be 
equal!

Oh, yeah?

For example, compare the 
momentum of an object 
with a mass of 1 kg and a 
velocity of 1 m/s with...

An object with a 
mass of 0.5 kg and 
a velocity of 2 m/s. 

The two have the 
same momentum:  

1 kg × m/s.

But, in the case of 
kinetic energy, the value 

for the first ball is  
½ × 1 kg × (1 m/s)2 = 0.5J. 
For the second ball...

Energy is equal to  
½ × 0.5 kg × (2 m/s)2 = 1J

p = 1 kg × m/s

KE = 0.5J

p = 1 kg × m/s

KE = 1J
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Wait!  
What’s a J?

J stands for 
joule, a unit 

for measuring 
energy.

1J = 1 kg × m2/s2, 
according to 
its established 

definition.
What?!

One joule is 
equivalent to the 
energy required 

to lift a 102 g 
object directly 
upward 1 meter.

Energy in joules 
can be converted into 

values in kilowatt 
hours (how electrical 
energy is measured) 

or into calories, which 
we use for food.

Because these 
are units for 

measuring energy, 
you can easily 
convert them.

The caloric 
value of a piece 

of cake is...

quite high.

What?

Oh, yes, 
it is.

...

A piece of cake 
weighing 50 g has 

about 170 kilocalories, 
or 710,000J.

1J

0.2389 cal

2.78 × 10−7 kWh

Shocked
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Laboratory

What’s the Difference between Momentum and 
Kinetic Energy?

The difference between momentum and kinetic energy is easy to see when 
we consider two or more objects together.

Oh, yeah?

Let’s recall the scenario where you were stranded outside your spaceship 
(page 126), and you used the law of conservation of momentum to return to 
the ship. Your momentum changed as a result of the momentum of the 
wrench, which you threw in the opposite direction. And, as I’m sure you 
recall, we use the equation p = mv to express the relationship between 
momentum, mass, and velocity.

Sure, I remember.

Before you threw the wrench, the momentum for both objects was zero 
(as v = 0). After throwing the wrench, given the law of conservation of 
momentum, we know the following: 

the sum of the momentum of the wrench and astronaut  
= mv + MV = 0

Thus, we know that mv = −MV. In other words, the momentum of the 
wrench (mv) and your momentum (MV ) are equivalent in magnitude and 
opposite in direction. They must equal zero when added together.

Since momentum is a vector, it has an orientation! So two momentums 
with equivalent magnitude and opposite directions will cancel each other 
out.
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Now, let’s think about the kinetic energy of the wrench and that of the 
astronaut. Before throwing the wrench, both are stationary, and the 
momentum is zero for both objects. After throwing the wrench, the sum of 
the energy of the two objects in motion is not zero:

KEwrench + KEastronaut = ½ mv2 + ½ MV2 > 0

But you said energy is always conserved!

This kinetic energy was generated when you threw the tool. Consider the 
law of conservation of energy—the amount of energy lost in your body 
should be the same as the amount of kinetic energy gained in these two 
objects.

Well, okay.

While it’s difficult to accurately measure the energy expended by the 
human body, we can say that it’s possible to determine a decrease of 
energy in the body by finding the energy transferred by that body.

In other words, I know that my body has lost at least as much energy as I 
have gained in the objects I’ve thrown, right?

Yes, that’s it. Now you need to remember, we must keep in mind the dif-
ferences between energy and momentum.



potential 
refers to the 
stored ability 
to do work.

Potential Energy

Earlier, I mentioned 
that mechanical 
energy includes 

kinetic energy and 
potential energy.

You can think of 
potential energy 
as the energy of 

position.

What does 
that mean?

Well,

So does potential 
energy mean 

stored energy?

Let’s use your 
high jump as an 

example.
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At the moment you 
reach the highest 

position in your jump, 
your kinetic energy 
disappears (v = 0).

At this point, 
you possess 
gravitational 

potential energy, 
not kinetic 

energy.

But as you fall, your 
kinetic energy increases. 
In other words, at the 
highest point, you are 

stationary. So there must be 
some hidden stored energy 

that can generate kinetic 
energy.

So that’s 
potential energy.

Yes, the potential energy 
of a particular height 

transforms into kinetic 
energy in a falling 

object.

If Ryota holds an object 
at this height, he stores 
potential energy in that 

object.

The object in Ryota's 
hand has potential 

energy.

When the object falls, 
its potential energy 

transforms into kinetic 
energy.



The potential 
energy that 
comes from 

height is called 
gravitational 

potential energy

because its 
source is the 

gravity of earth.
You mean there 

are other kinds of 
potential energy?

Certainly. For 
example, consider 
a rubber band or 

a spring.

He has so 
many toys...

When it's 
stretched out, 
a rubber band 

stores potential 
energy.

When you release 
the slingshot, the 
potential energy 

of the rubber band 
turns into kinetic 

energy for the shot.

A rubber band or 
spring has energy for 
restoring itself to its 

original length. This kind 
of potential energy is 

called elastic potential 
energy.

166 C hapter 4  Energy



You must lift an object 
or pull the end of a 
rubber band to give 
an object potential 

energy.

In the same way, 
you must impose 
a force on an 

object to create 
kinetic energy.

This is 
referred to 

as work.

Thus, in order to 
transform energy, 
you must impose 
a force over a 

distance.

Well, it doesn’t 
seem to have 

anything to do 
with business 

casual.

You’re right. Work 
in mechanics is 

defined precisely 
as follows:

work =  
displacement of an object ×  

the component of force applied  
in the same direction

See?

Simply put, work is 
equal to the distance 

multiplied by the 
force...

Well, yes, but we 
have to consider 
the orientation of 
that force, too.

Sproinnng!

component of 
force applied in 
the direction of 

displacement

Object

Force

Displacement of the object
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When you lift an 
object directly 

upward, the work done 
is equal to the force 
applied multiplied by 
the distance lifted.

However, if we simply 
hold an object without 
moving it, we are not 

doing work in the 
sense of mechanics...

even if we get 
really tired.

You do work 
when lifting 

a bag.

But holding 
that bag is 
not work.

I see. Even though 
I get tired, that 

doesn’t mean I’ve 
done work.

You should think of 
work as a means 
of increasing or 

decreasing an 
object’s energy. 

After doing work on 
an object, you can 

say that...

the object must have 
kinetic or potential 

energy. But you 
can’t say, “an object 

has work.” Work 
is performed on 

objects by a  
force.

Okay, I 
get it!

Ryota’s bag is heavy!

Force

Force

Moving

Holding

Whew!

Puff



Work and Potential Energy

So, you can increase 
potential energy by 

doing work.

Yeah, if you do work 
to lift an object, 

its potential energy 
increases.

For example, let’s 
consider that bag again.

Here, work has 
been done.

The orientation of 
the force and that of 

moving the bag results 
in a positive value for 
the amount of work.

That means the 
potential energy 

has increased.

force from the hand

×

height the object is raised
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Is the value of work 
negative if I lower 

the bag?

Exactly.

Potential 
energy 

increases

Potential 
energy 

decreases

When you decrease the 
bag’s potential energy, the 
orientation of the force 
is opposite the direction 

of motion, meaning 
that negative work is 

done on the bag.

Similarly, when 
you pull a rubber 

band, you are 
doing positive 

work,

since potential 
energy is 
stored.

Force

Moving

Force

Moving

Positive work Negative work

F

Strr
rr

etch



But let me be 
clear: Work is not 
limited to forces 
imposed directly 

upward.

Well, let me think...
we could use a 

pulley—or a ramp.

Yes, by using these 
methods, you reduce 
the amount of force 
you have to apply to 

an object to gain 
potential energy.

In these cases, the 
distance that the object 
must move is greater, 
but the force applied 

is smaller.

However, the total 
work done is the same, 
if they’re being raised 

to the same height.

Oops!

This is a 
consequence 

of the 
conservation 
of energy.

I see.
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Laboratory

Work and the Conservation of Energy

Let’s consider a scenario in which we are lifting a heavy load to a certain 
height. The simplest way to do this is to lift straight up. The following dia-
gram shows how it looks.

We are lifting a load with mass m to height h.

Let’s consider how much work we must do to lift the load to a height of h 
by imposing a force equal to the force of gravity of the mass—that is, we’ll 
impose a force upward equivalent to the force downward from gravity. 
Assuming g for gravitational acceleration, we know that the force down-
ward is mg:

work upward = force of lifting × height h = mgh

Note that for simplicity’s sake, we won’t take into account friction or air 
resistance in these examples. But this is a hard way to lift something so 
heavy!

Hmm . . . maybe it’d be easier if we pushed the load up a ramp.

Yes, let’s consider the case of pushing the load up an incline.

Lifting force

h

mg
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Look at this diagram. The magnitude of the force needed to push the load 
up this ramp (F) is equal to the component of the force of gravity parallel 
to the ramp (PR). So, if the ramp has a length of d, the work required to 
move the load to height h can be represented as:

work = Fd

Now, you know intuitively that F is smaller than mg, and d is larger than h. 

That makes sense. Is that why it takes the same amount of work to push 
the load up a ramp as it does to lift the load straight up?

Yes, indeed. Now let’s show why this works, mathematically. r ABC repre-
sents the ramp in the figure, and rPQR represents the composition of the 
force mg. These two triangles are similar—this means that ∠CAB = ∠RPQ. 
This also means that the proportion of their corresponding sides must be 
the same, as well. Thus, the following must be true:

AB
—
AC  

=
 

PQ
—
PR

Let’s make this a little less abstract. The line segment AB equals d (length 
of ramp) and AC equals h (height). Similarly, the line segment PQ equals 
mg (the force downward, due to gravity), while PR equals F (the force 
applied to offset a portion of that force).

Lifting 
force (F)

A

CB

R P

Q

Component of 
weight (PR) d

Weight (mg)

h
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That means: 

d
—
h  

=
 

mg
—
F

Look, with just a little rearranging of this equation we get the following:

Fd = mgh

Therefore, the work to lift a load using a ramp must be equal to the work 
to lift that load straight upward.

Also, please note that our results are the same, regardless of the angle 
of the ramp. Given the conservation of energy, regardless of the lifting 
route, the work done for lifting an object with mass m to height h is equal 
to the following:

force required to balance gravity × height = mgh

So, whatever method you use to lift something, the amount of work you 
do is the same.

To put it another way, your work increases the potential energy of the load 
by mgh. 

And I bet it works for negative work, too. That is, you’d see a decrease in 
potential energy of mgh if you lower an object by mgh.

Yep, that’s right.



Work and Energy

Work isn’t 
only done when 
increasing or 
decreasing 
potential 
energy.

Work can 
also affect the 
kinetic energy 
of an object!

You mean work is 
also done when 

we move an object 
or bring a moving 
object to a halt?

Are you still 
listening to me, 
Ninomiya-san?

Yes, go on 
with the 
lesson.

Well.

Ahem.

While you impose a 
force for a given 

distance on an object 
at rest, that object’s 

kinetic energy 
increases.

Imposing a 
force on an 

object

Generates 
kinetic energy.

What’s 
happening? 

I feel 
like I’m 

shrinking...

I’m all 
grown 

up!

Awww! 
How 
cute!

What the...?

F

Squeeeeal



Whoa. This is true 
for objects in 

motion as well. In 
other words, the 
kinetic energy of 

an object increases 
even more

if you impose 
a force in the 

direction of the 
object’s motion.

For some 
reason, you 

remind me of a 
pachinko ball.

Since energy is 
conserved, we know 

the following:

work done on the object =  
change in the object’s kinetic energy

This relationship 
must hold true.

Ah, yes.

If the force we 
impose on an 

object is in the 
direction of the 

object’s  
motion—

that is, when the 
force and velocity 
are parallel—we 
will do positive 

work.
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We know that 
there’s been a 

positive change in 
kinetic energy—that 

is, the object is 
speeding up.

Likewise, you can 
stop an object in 

motion by imposing a 
force in a direction 

opposite to its 
velocity.

Reducing its 
kinetic energy, 

I suppose.

At this time, the 
orientation of velocity 

and the force are 
opposed to each other, 
so the value of work 

will be negative.

Therefore, the 
change in kinetic 

energy also takes 
a negative value—

it decreases.

I want some 
Pocky, mommy!

Tah-rah

The 

Kinetic 

Kid

That was 
bizarre. 

I'm glad I’m 
back to my 
old self 

again.

Whew!

Work and Energy  177



178 C hapter 4  Energy

Laboratory

The Relationship Between Work and Kinetic Energy

Let’s examine how we can derive an equation that expresses the relation-
ship between work and kinetic energy. Suppose we continue to impose 
force F on a cart in motion, in a direction parallel to that cart’s velocity. 
That cart has mass m and starts with an initial, uniform velocity of v.

That means an additional force is imposed on the object in motion.

At this time, the following is true:

work done on the object = Fd

Also, since we’ve represented the final velocity as v2, we can represent the 
change in the object’s kinetic energy as the following:

change in kinetic energy = ½ mv2
2 − ½ mv1

2

And since we already know that the change in kinetic energy is equal to 
the work done on the object, we can express the following relationship:

½ mv2
2 − ½ mv1

2 = Fd

Aha.

Initial velocity v1 Final velocity v2

Distance d, the distance that a force is applied

Force F
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We can also derive this equation another way. Since F is defined as con-
stant, the cart is experiencing uniform acceleration. Therefore, if we rep-
resent the cart’s acceleration with a, we know that the following must be 
true:

v2
2 − v1

2 = 2ad

(Why is this so? See expression w on page 85.) To get closer to our original 
expression, we’ll substitute using Newton’s second law:

F = ma, or rearranged just a little, a =
 

F
—
m  

And we’ll get the following:

v2
2 − v1

2 =
 

2Fd
—
m  

Then if you simply multiply both sides by ½, you’re there!

½ mv2
2 − ½ mv1

2 = Fd

I can get it right if I calculate very carefully.



Braking Distance 
and Speed

Using what we 
know about the 

relationship between 
kinetic energy and 

work, let’s consider 
a car’s braking 

distance.

What do you 
mean, exactly?

Well, I guess it’s 
not just for cars. 

It’s the distance that 
any object in motion 

requires to stop, 

given a certain 
force in the 

opposite direction.

Given that we know a 
change in kinetic energy 

is equal to the work 
performed, we know that 

the following must be true 
of bringing an object in 

motion to rest:

½ mass × speed2 = force of the brakes × 
distance the brakes are applied

½ mv2 = Fbrakes × d



If we rearrange 
the equation, we 

can solve for the 
braking distance!

d =
 

½ mv2

—
Fbrakes

This equation means that 
the greater the mass 

(m) and the speed (v) of 
the vehicle become, the 
greater the required 
distance to brake (d).

And the larger the 
force of the brakes 

( Fbrakes ), the shorter the 
distance required to 
come to a complete 

stop.

But we’ve 
multiplied 

the speed by 
itself!?

That means that the 
braking distance (d ) is 
proportional to the 
speed raised to the 

second power.

The braking 
distance is 

proportional to 
the speed raised 
to the second 

power.

When the initial 
speed is doubled...
does that mean the 
braking distance is 

quadrupled?

Speed

b
r
a
k
in

g
 d

is
ta

n
c
e



Aha, that is excellent 
insight into their 
relationship. It is 

dangerous to assume 
that the braking 

distance is linearly 
proportional to 

a car’s speed.

Yeah, 
definitely.

The braking distance 
is in fact quadrupled 
when your speed is 

doubled.

For a bicycle, it’s 
not such a big deal, 
but for automobiles, 
it can have serious 

consequences.

For example, suppose a 
car is traveling at 40 km/h, 

and its braking distance 
is 10 m. If this same car is 

traveling at 120 km/h, 
or at a velocity three 

times higher, what is the 
braking distance?

Ummm... 
since the speed is 

three times higher, we 
just have to square 

that. So 3 × 3 = 9 times 
greater, or  

10 m × 9 = 90 m.



Safe drivers 
would do well 

to keep this 
principle in mind.

If we mistakenly assumed 
that our stopping distance 

was linearly related to 
speed, we'd think it was 
only 30 m. We'd be off 

by 60 m!

Despite this driver’s 
confidence, a grisly 

accident is very 
possible, since the 
braking distance is 

so large.

I hear that all 
the best driving 

schools teach that 
the braking distance 

is proportional 
to the velocity 

squared.

Oh, I’m 
sure.

You’d 

better 

start 

braking 

now!

Don’t 

worry, 

I still 

have 

time!

Vrrrrrroom

Yikes!
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The Conservation of Mechanical Energy

Transforming Energy

So, now we know 
how kinetic energy 

and potential 
energy can be 

transformed into 
each other. Yes— 

energy must be 
conserved, just 
like momentum.

Let’s reconfirm 
that law using 
the example of 
your high jump.

When you jump off 
the ground, your 
muscles work to 

give kinetic energy 
to your body.
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After leaving the 
ground, the higher you 

are, the less kinetic 
energy you have.

You have no kinetic 
energy at the peak 
of your jump, since 

your velocity is 
zero.

At this time, your 
potential energy is 

at its maximum!

You see, this 
is how kinetic 

energy changes to 
potential energy.

After falling from 
your peak position, your 

potential energy is 
converted into kinetic 

energy. During your landing, 
the mat does negative work 

on your body, as your 
kinetic energy decreases.
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Potential energy 
can take other 
forms besides 
gravitational.

I have something 
just for the 

occasion. Let’s 
try another 
experiment.

What’s this 
one going 

to be?

Here you 
are.

It’s a 
present 
for you.

Really? 
For me?

Press the 
button to open 

the box.

Wow, you 
didn’t have 

to...

P
o
p

Click

Pit-a-pat
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This toy worm 
has a spring 

inside.

While it is in the 
box, the spring is 

contracted, storing 
potential energy. When the lid is 

removed, the potential 
energy becomes 
kinetic energy.

As a result 
the toy has a 
velocity! In 

this case, into 
your face.

Conservation of 
Mechanical Energy Boy, I never thought 

that an athlete like you 
would be...

Potential energy 
is present

Potential energy 
becomes kinetic 

energy

Velocity

Ack!
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so scared by 
a little toy 

worm.

I’m sorry.

Not to change 
the subject, but 
I’m wondering if 

we can talk about 
the conversion of 

kinetic and potential 
energy in more 

detail...

...

Don’t ever play such 
a childish practical 
joke on me again!

I won’t dare! 
I promise!

Okay, fine. So?

Our earlier high-
jump example 
involved the 

human body, which 
complicates 

matters.

So let’s look at a 
simpler example: 

a ball thrown 
into the air.

Harumph.

Relieved
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When a ball is 
thrown straight 

upward, the higher 
it goes, the more 
potential energy 

it gains.

And of 
course, 
it loses 
kinetic 

energy in 
the same 

way.

Just like me and 
my high jump.

At the peak, all 
kinetic energy has 
been changed into 
potential energy.

As the ball comes 
down, that potential 
energy is converted 
into kinetic energy.

Wherever the 
ball is, the sum 
of these two 

forms of energy 
is constant. 

It is referred 
to as the law of 

conservation 
of mechanical 

energy.*

* This is simply an application of the 
law of conservation of energy!

Mechanical energy

Potential 
energy

Kinetic 
energy

Height

(Peak)



However,  
in order for this 
law to hold true, 
we must consider 
air resistance and 

other friction to be 
negligible.

Aha!

Friction and air 
resistance can cause 

energy to change 
forms, too.

Air resistance can 
be thought of as 
collisions with 

molecules of air, 
which gives them 

kinetic energy. This is 
a change in energy.

In this case, the law 
of conservation 
of energy is still 
working—just at a 
microscopic level!

It’s an 
important law, 

isn’t it?

Just as 
I guessed!

Bonk!
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Laboratory

The Law of Conservation of Mechanical Energy in 
Action

Let’s prove that the law of conservation of mechanical energy applies 
when throwing a ball straight upward.

First, we know that the equation for a change in kinetic energy and work is 
as follows:

  ½mv2
2 − ½mv1

2 = Fd

That is:

the change in KE = work

Yes, we confirmed that earlier.

In this case, the work Fd represents the work done by gravity. Assume that 
the ball starts at height h1 with velocity v1. After traveling distance d, it is 
at height h2, and its velocity has diminished to v2. The distance d can be 
thought of as the change in height—or h2 – h1.

Yeah, so what’s the big deal? Are you trying to show that the force of grav-
ity is doing negative work on the ball?

d = h2 - h1

h2

h1

Force of gravity
F = -mg

Velocity v2 at point h2

Velocity v1 at point h1
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Exactly. The force of gravity is acting against the direction of the velocity. 
So it’s expressed as:

F = −mg

That means that the work done by the ball (force × distance) is equal to:

Fd = −mg(h2 − h1)

Substituting values from the first equation , we get the following:

½ mv2
2 − ½ mv1

2 = −mg(h2 − h1)

Now, let’s rewrite it a few times, first expanding the terms on the right 
side:

½ mv2
2 − ½ mv1

2 = mgh1 − mgh2 

Then, make a little switcheroo, and we have something that should be 
familiar:

½ mv2
2 + mgh2 = ½ mv1

2 + mgh1

Yes, it is. It’s showing that the sum of the kinetic energy and potential 
energy at both h1 and h2 must be the same.

Yes, that’s it exactly. 

So the left side of this equation is the total mechanical energy at point h2, 
and the right side is the total mechanical energy at point h1.

Yes, we’ve derived an equation that indicates that the sum of the mechani-
cal energy must be equal at any two points of a ball’s path, when it is 
thrown directly into the air.

Yes, I see that.
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Now, let’s use this equation to calculate something a bit different—the 
velocity (v1) at which you need to throw a ball to reach a certain maximum 
height (h2). Since the ball’s velocity reaches zero at the peak, we know it 
has no kinetic energy at that time. 

And for simplicity’s sake, let’s set h1 equal to 0—that is, we’ll measure h2 
from the ball’s launching point. That is, h2 will equal d, the distance the ball 
travels. 

This means that the kinetic energy the ball has at its launching point must 
equal the potential energy it has at its height.

Therefore, the following is true:

PE2 = KE1

mgd = ½ mv1
2

Wait, I think I see something interesting here—mass appears on both 
sides of this equation. That means that the mass does not affect the 
relationship!

You’re right! Let’s solve for the initial velocity v1:

mgd = ½ mv1
2

gd = ½ v1
2

2gd = v1
2

2 1gd v=

If we just use real numbers in this equation, we 
can find the required initial velocity to reach a 
particular height!



Finding the Speed and 
Height of a Thrown Ball

Now let’s apply the 
equation we just 

derived

to find the speed at 
which a ball must be 
thrown to reach a 

height of 4 m.

Let’s assume 
that we are 

throwing it from 
a reference point 

of 0 m,  

so that h2 = d , 
as we did before.

v gd1 2=

And we know that  
g = 9.8 m/s2 and 

d = 4 m.

Let me see...

v gd1 2=

v1 2 9 8 42= . m
s m× ×

v1 = 8.9 m/s!

Is that 
right?

Yep, perfect!

Converting that to 
kilometers per hour, 

you get 8.9 m/s × 
3600 s/h × 1km / 1000 m 

= 32 km/h. Aha!

Using this expression, 
maybe we can 

calculate how high a 
ball would go with 
an initial velocity of 

100 km/h...

Yes,  
let’s see... 
we know  
d = v1

2 / 2g

So it will reach a 
height of about 

39 m.

Wow.

You’re so 
fast! Just 

like a Physics 
Olympian.
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Laboratory

Conservation of Mechanical Energy on a Slope

The law of conservation of mechanical energy holds true, even when 
you’re not talking about balls in the air, right? Wouldn’t it work for lots of 
other situations, too, like an object on a slope?

Well, let’s examine a case where you slide a box from height h to height 0. 
On the way down, let’s assume that the box attains velocity vA at height hA, 
velocity vB at height hB, and so on.

Since v = 0 at the highest height, the initial potential energy the box has 
is equal to all its mechanical energy. But we also know that the potential 
energy at point h is mgh, so we could express that as:

PEh = mgh
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Now, how can you express the kinetic energy (KE0) the box has at point 0? 

We already know that kinetic energy is equal to this:

	 KE0 = ½ mv2

Exactly! And we know that kinetic energy at h = 0 must equal the potential 
energy at point h:

	 PEh = KE0

But furthermore, due to the conservation of energy, we know that the sum 
of the mechanical energy must stay the same at all intermediate points on 
this slope. That is:

	 KEA + PEA = KEB + PEA

	 ½ mvA
2 + mghA = ½ mvB

2 + mghB

And this also implies that the potential energy is equivalent at two points 
of the same height, like point B in the figure. At these two points, the 
box’s kinetic energy is equivalent, even if the orientation of its velocity is 
different. 

hA

vA

vB

vB

hB hB

h

v

v = 0

h = 0

At the same height, kinetic energy is equivalent
even if the orientation of velocity is different.
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Kinetic energy is not associated with the orientation of velocity!

Yes, sir! Er, ma’am. Kinetic energy only has a magnitude. Similarly, poten-
tial energy only depends on height.

If we extended this slope, would it be possible for the box to go back up to 
its original height again?

Yes, it would be possible, provided that friction and air resistance are negli-
gible. Of course, it’d be impossible to go beyond that original height of h. 

hh

v = 0, KE = 0



Your last diagram 
makes me feel like 

riding a roller 
coaster.

Oh yes, an 
amusement 

park
is a  

treasure trove 
of physics in 

action.

Argh! You’re 
always sooooo 

interested in 
physics...

What?

Nevermind. 
I’m talking to 

myself.

Now...

I think we’ve 
covered the 

basics of 
the laws of 
mechanics.

I’m glad 
you stuck 

with it.

Thank 
you.

With your help, 
I’ve started 

to understand 
what physics is 

all about.

Great! And if 
you’ve come 

to be fond of 
physics, even if 
just a little...

I’m glad too.
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So, you’ll 
come see my 
next match 
with Sayaka, 

won’t you?

Oh, I can't.

I’m supposed 
to give a 
physics 

presentation 
that day.

Oh...

Really?

That’s too 
bad. I wanted 
you to see 

me win!!

...

Oh well.

I hope we 
still get to 

see each other 
sometimes!

Pit-a-pat
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Units for Measuring Energy

The units for energy can be found by applying the definition of mechanical energy, which is 
as follows: 

kinetic energy = ½ × mass × (speed)2

From the expression above, we find the following:

units for energy = units for mass × units for speed × units for speed

1 joule = kg × m2 / s2

Note  As ½ does not affect the units, you can omit it when determining the units.

Since energy is a very common physical quantity, a special unit, the joule (J), is 
assigned to it. On the other hand, given the fact that the variation in kinetic energy equals 
the work done (which we learned on page 176), the following is true:

units for energy = units for work

Therefore, the following expression is also true:

units for work = units for force × units for distance = (N) × (m) = (N × m)

At first glance, this unit, (N × m), looks different from a joule (kg × m2/s2). However, 
recall that a newton (N) is simply equal to 1 kg × m/s2. So by multiplying force and distance, 
we do indeed have the same unit. 

To get an idea about how much energy is represented by 1J, it is useful to keep in mind 
that 1J equals 1 (N × m). In other words, you can say, “1J represents energy generated from 
work that moves an object by 1 m and continues to impose a force of 1N on it.”

Additionally, given that the force of gravity on an object with mass of 1 kg is 9.8N, the 
mass of an object under exactly 1N of gravity is 1 / 9.8 kg = 0.102 kg = 102 g. This is what 
I meant when I said, “One joule is equivalent to the energy required to lift a 102 g object 
directly upward 1 meter” (on page 161).

Besides the joule, another common unit for measuring energy is the calorie (cal), which 
is used for thermal appliances such as heaters and food. One calorie (1 cal) represents the 
thermal energy required for increasing the temperature of one gram of water by 1°C under 
one atmosphere of pressure (1 atm). Relative to a joule, this unit is defined as follows: 1 cal 
= 4.2J.

When talking about food, the kilocalorie (kcal) is used. One kilocalorie is defined as 
1,000 calories. Although the term calorie is used informally when talking about food and 
diet, the scientific unit being referred to is in fact the kilocalorie.

For example, the energy in 50 g of ice cream is about 100 kcal. If you convert it into 
joules, you get the following:

100 kcal = 100000 cal = 4.2 × 100000J = 420000J
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It seems like quite a high value, but it isn’t really, if you compare it to the amount of 
energy we need to survive. According to data from the Japanese Ministry of Health, Labor 
and Welfare, the daily energy requirement is about 2,200 kcal for a 17-year-old female and 
about 2,700 kcal for a 17-year-old male. Kilocalories are converted into joules like this:

2200 kcal × 1000 cal/kcal × 4.2J/cal = 9240000J

Let’s see how much that is. Since the energy required to lift a load with mass of 1 kg 
one meter is 9.8J, that value is nearly the amount of energy required to lift a mass of one 
million kilograms just one meter! That indicates we need a tremendous quantity of energy 
every day in order to maintain life.

Potential Energy

Kinetic energy resides in an object in motion. In contrast, potential energy is not stored 
inside an object—it’s usually energy that comes from an object’s position. Typical forms of 
potential energy include gravitational potential energy and the potential energy of an elec-
trostatic field, which provides the attractive and repulsive force of electricity.

You can also regard the elastic energy of springs and rubber as a form of potential 
energy. However, different factors are involved in storing this potential energy in different 
materials. The resilience of springs comes from the spring’s contraction to its original state—
a spring wants to recover its stable initial position after gaps between atoms (dependent on 
the potential energy of the electrostatic field working among atoms) are slightly displaced. 
A coil-type spring used in the real world is designed to transform minor distortion occurring 
on a straight metal rod into greater displacement by adopting a coiled shape.

On the other hand, the elasticity of rubber originates in the activity of polymer mol-
ecules to recover the initial state with a greater “disorder,” where they are very closely curled 
up, after a state with a lower “disorder,” in which molecules are expanded and aligned.

State with smaller gaps between atoms (unstable, with a high potential energy level)

Natural state

Expanded

Contracted
Force

Distorted

State with wider gaps between atoms (unstable, with a high potential energy level)

Natural state of gaps between atoms (stable, with a low potential energy level)
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Springs and the Conservation of Energy

Let’s think about resilience of a spring as an example of the conservation of energy. 

When you compress* a spring with spring constant k (you can think of k as a measure 
of how springy your spring is in N/m) by x (the distance beyond its natural length), the 
potential energy stored in the spring can be expressed as follows:

PE = ½ kx2

This stored energy is called elastic potential energy. If we place a mass m next to 
this spring and the opposite side is fixed, what is the force it will receive? And what will its 
velocity be?

* Note that springs work the same way if you stretch them, as well. These equations will hold true in 
cases of stretching and compression.

State with lower disorder

Polymer molecules of rubber

State with higher disorder

Expand Release

Spring at rest
Length l1

Compressed spring
Length l2

x (displacement) = l1 - l2

l1

l2 x



Springs and the Conservation of Energy  203

Well, we know that due to the conservation of energy, that mass’s kinetic energy must 
be equal to the spring’s potential energy. That means that the following must hold true:

PEspring = KEmass

½ kx2 = ½ mv2

Solving for v, we get:

v
kx
m

=
2

 

Also, as the spring expands, we know that the object is subject to force:

F
d

dx
kx kx= =

-
-( )1

2
2

Without saying, calculation of work done when the spring with resilient force F = -kx 
expands by amount x relative to its natural length gives us the following:

W = =( )
0

1
2

2

−x
kx dx kx∫ -

This matches potential energy. This is only reasonable, given the conservation of 
energy.

Velocity for Throwing Upward and Height Attained

On page 194, in response to Megumi’s question about how high a ball would go if it was 
thrown with an initial velocity of 100 km/h, I answer that it is 39 m.

Let’s find out why. Given that we know that the following equation holds, you can solve 
for h, the height attained by the object thrown:

v1
2 = 2gh

h =
 

v1
2

—
2g

The spring wants to return 
to its natural state and will 
exert a force on mass m.

m

Warning: 
calculus 
ahead!
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Now, plugging in some real numbers for this, we know that 100 km/h equals the 
following:

100 
km
—
h

 × 1000 
m
—
km

 × 
1 h
—
3600 s

 = 27.78 
m
—
s

  

Now let’s put that value into our equation and see what we find:

h = 
v1

2

—
2g

h = 
27.782
—
2 × 9.8 m/s2

h = 39.36 m

The Orientation of Force and Work

As you know, we represent work in terms of force and the distance (or the displacement) 
a force is applied to an object. Let’s consider an object being moved over displacement d, 
undergoing a force F as shown below. 

When the orientations of a force and displacement do not match, we must take this 
into account. In the example above, work (W ) is represented as follows:

W = F

xdx + F


ydy

We’ve split the forces and displacements into their horizontal (x) and vertical (y) compo-
nents. However, in this case, we know that the vertical displacement of the box is 0, as the 

dx

Displacement

F

θ

Force F

sin θF = Fy

cos θF = Fx
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box is moving on level ground. Therefore, we can neglect that term in our calculation of the 
total work done on the box:

W = F

xdx 

W = F

 cos θ × dx 

It’s also worth noting that we just performed a dot product. So . . . what’s that? Well, 
work and energy are scalars—they have no orientation. But force and displacement are both 
vectors, as they have an orientation. The multiplication of two vectors in this way is called a 
dot product.

In a case where the force is in a direction opposite to the displacement, the work is said 
to be negative. This kind of work results in a deceleration. 

Additionally, when the orientation of force is perpendicular to the displacement, given 
that cos 90 = 0, no work is done. A typical case in which the orientation of force is perpen-
dicular to that of displacement is uniform circular motion. While force is working toward the 
center of the circle (centripetal force), kinetic energy does not change because the value of 
work is zero. Because of this, an object can move in a circular direction at a uniform speed.

Finding an Amount of Work with Nonuniform Force 
(One‑dimensional)

In the case of a uniform force, we can express work as the product of the displacement and 
the force in the direction of the displacement. But many times, forces are not constant.

To deal with nonuniform forces, we can break up the force into short segments. If we 
break it up into tiny enough pieces, we can say the force is constant during each segment. 
We can look at any one of these segments, which we will label with a subscript i, and the 
work can still be expressed as the product we have seen before:

1
2 1

2 1
2

2mv mv F xi i+ - = ∆

Orientation
of the force

The orientation of the velocity
matches that of the displacement.

Warning: 
calculus 
ahead!
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Of course, this is true for every segment i, so we can add up all of these to find the 
work done across the entire displacement, from x1 to x:

( ( (1
2 2

2 1
2 1

2 1
2 3

2 1
2 2

2 1
2 4

2 1
2 3

2

1

mv mv mv mv mv mv

F x F

- - -) + ) + ) + ... =

+∆ 22 3∆ ∆x F x+ + ...

By looking closely at the left-hand side, you can see that most of the terms will cancel! 
We are left with just two terms:

1
2

2 1
2 1

2mv mvn -

So we can rewrite this equation as:

1
2

2 1
2 1

2

1

mv mv F xn i
i

n

- =
=
∑ ∆

We have added up the little pieces of work done at each instant to get the total change 
in energy—the work W. You’ll see that this looks awfully similar to the definition of an inte-
gral. It turns out that if we make the sections infinitely small by making n go to infinity, then 
we can change the summation to an integral by the rules of calculus:

W F x
x

n
i

i

n

= lim
=

∆ →
→∞
∑ ∆

0
1

W F x dx
x

x
= ( )

1
∫

Note  F here does not denote a function. Remember, that F stands for force!

This is much easier to see graphically, as all we are doing is adding up the area under 
the curve on a plot of F vs. x. An integral is exactly this, in the limit of making the width 
of the segment go to zero. 

F F

x1 x1x x∆x

xi
i

n

=
=
∑ ∆

1

W F W F x dx
x

x
= ( )

1
∫
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In conclusion, the statement, the change in kinetic energy between two points is equiv-
alent to the work done on the object within that segment, means the following:

W F x dx
x

x
= ( )

1
∫

When the above is assumed, the statement can be expressed as:

1
2

2 1
2 0

2mv mv W- =

Note that v in the equation above equals the object’s final velocity, vn.

Nonconservative Force and the Law of Conservation of 
Energy

Not all forces can be expressed as having a potential. Forces such as these are said to be 
nonconservative. Friction is a typical nonconservative force. When a nonconservative force 
is doing work, the energy of a system goes down. For example, if you push a book across a 
table, it will slide to a stop. This doesn’t mean that energy is not conserved—just that it went 
somewhere that you can’t easily get it back. For example, the book gave kinetic energy to 
the molecules of the table in the form of heat.

Friction: A Nonconservative Force

Now let’s examine the force of friction, an example of a nonconservative force. First, let’s 
assume a mass of m is in motion with velocity v1.

If the object had no forces working on it, it would continue to travel with velocity v1 
forever—that’s just Newton’s first law in action. But life isn’t so simple. Let’s assume this 
object’s motion is impeded by the force of friction between the bottom of the object and the 
surface that it’s traveling on.

The magnitude of this force depends on two factors: the normal force and the coef-
ficient of friction. But what are those, you ask? Well, the normal force is simply the force 
perpendicular to the surface a body travels on. The larger an object’s mass, the larger the 
normal force, and the larger the force of friction itself. In the example above, the normal 

m
v1

m
v1Ffriction

scr��ch!
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force is simply the weight of the mass, (F = ma, so in this case, Fnormal = m × g). We’ll look 
at a more complicated example of normal forces shortly to see how the normal force differs 
from the weight of an object.

The coefficient of friction is simply a measure of how “sticky” two surfaces are. Rubber 
on concrete, for example, has a very high coefficient of friction. But the coefficient of fric-
tion between ice and an ice skate is very low. We use the following formula to determine the 
frictional force working on an object:

F = μ × Fn 

force of friction = coefficient of friction × normal force

Since F = ma, we know that the normal force is simply the mass times the acceleration 
due to gravity. That is, Fn = m × g:

F = μ × m × g 

The variable μ we use to represent the coefficient of friction is the Greek letter mu 
(pronounced “mew”). Scientists can determine the coefficient of friction of two objects 
through direct observation and experimentation. The coefficient of friction ranges from very 
close to zero to greater than one. 

But wait, how do we determine the direction of that frictional force? And what hap-
pens when the object finally comes to rest? Well, let’s use common sense: Friction works to 
oppose motion. It’s always in the opposite direction of velocity or an imposed force (includ-
ing cases when the object is at rest). And the equation above isn’t true in every case. This is 
simply the maximum possible force exerted by friction on the object. When it’s at rest with 
no outside forces imposed, there will be no frictional force. Friction won’t move the object 
backwards, of course!

Friction on a Slope

Now let’s consider a more complicated scenario. A small mass of m is on a ramp with 
angle θ. The mass m is attached to a larger mass M by a rope, which exerts a force on the 
smaller mass, in a direction parallel to the ramp.

m

Fn

m  ×  g
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If there are no other forces to consider, the only forces on mass m are the force of 
gravity, m × g, and the force of the tension of the string, M × g. To determine the accel-
eration of the mass m, we’ll decompose the force of gravity into a force that opposes the 
direction of motion (that is, one parallel to the direction of the ramp and the tension of the 
rope attached to mass M), and a force perpendicular to the ramp itself. 

We know that the right triangle formed by the decomposition of this force is similar to 
the triangle formed by the ramp (that is, it has the same angle, θ). This means that the force 
opposing the tension of the rope is equal to mg sin θ. The force that’s perpendicular to the 
ramp and the motion of mass m is equal to mg cos θ. If there’s no friction at work, we can 
ignore this force, as it’s offset by a force perpendicular to it, imposed by the ramp itself. This 
is simply Newton’s third law in action.

Mm

θ

m

θ

Fgravity = mg
θ

mg sin θ

mg cos θ

F norm
al
 

mg si
n θ

mg co
s θ

Mg
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Now that we know all this, can you determine how this system works if we take into 
account the friction between mass m and the ramp? First, let’s think about the normal force. 
Earlier, I said that it’s the force perpendicular to the surface. That means that the force of 
the object perpendicular to the ramp, mg cos θ, is equal to our normal force. The force of 
friction for this object is as follows:

Ffriction = μ mg cos θ

Taking into account all forces on the object parallel to the ramp (mg cos θ is offset by 
the normal force), we have the following relationship:

Fnet = Mg – mg sin θ – μ mg cos θ

net force = weight of M − component force of gravity − force of friction

Knowing all this, we can determine how quickly object m will accelerate up the ramp!

Colliding Coins and the Conservation of Energy

In Chapter 3, we examined collision of coins, the conservation of momentum, and how it 
must hold true in two dimensions (page 144). In this example, we know that the 100 yen 
coin’s initial momentum in the x direction must match the final momentum of both coins in 
the x direction. In the following equations the 100 yen coin has mass m and the 500 yen 
coin has mass M:

u  mv1 = mv2 cos θ + MV2 cos φ

And because the 100 yen coin has no initial momentum in the y direction, we know 
that the momentum of both coins in the y direction must offset each other:

v  0 = mv2 sin θ - MV2 sin φ

mg si
n θ

µ m
g co

s θ

Mg

Warning: 
Serious 
algebra 
ahead!
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Assuming that this is a completely elastic collision (that is, kinetic energy is conserved), 
we also know the following:

initial kinetic energy = final kinetic energy

w  ½mv1
2 = ½mv2

2 + ½MV2
2

For these three equations (, , and ) we have four unknowns—v2, V2, θ, and φ. It’s 
not possible to find exact solutions, since we have too many variables to solve for and not 
enough equations. However, we can explore the relationships between these variables. So 
let’s examine the 100 yen coin and the relationship between the ratio of its initial and final 
velocity (v2 / v1) to the subsequent scattering angle (θ). For simplicity, we’ll assume that 
m < M. (The collision of the 100 yen and 500 yen coins satisfies this condition.)

First, let’s solve our equations to get rid of the variable φ. We’ll solve for sin φ and 
cos φ, for simplicity’s sake. First, let’s consider equation , where it looks like we can easily 
solve for cos φ:



 

MV mv mv
mv mv

MV

2 1 2

1 2

2

cos cos

cos
cos

ϕ θ

ϕ
θ

= −

=
−

Now let’s solve for sin φ in equation :



 

MV mv
mv

MV

2 2

2

2

sin sin

sin
sin

ϕ θ

ϕ
θ

=

=

With these two relationships in hand, we can substitute these equations ( and ) into 
a basic trigonometric relationship, which holds true for any angle:

  sin cos2 2 1ϕ ϕ+ =

Be warned that the algebra required in this section is tricky! After solving for V2
2, you 

should get the following:

  V v v v vm
M2

2 2
1
2

1 2 2
2= ( -2 +) ( cos )θ

m
x

Mv1

500 yen coin

100 yen coin

θ

φ

v2

V2
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We know energy has been conserved, so we know that equation  must hold true. So 
let’s substitute equation  into equation . Then we’ll only have three variables to consider: 
v1, v2, and θ, just as we wanted. Try solving for v2. (Hint: You may need to use the quadratic 
formula.)

After all your work, you’ll discover the following relationship:



 
v v

m
M

m
M

m
M

2

2 2

1

1

1
=

( + - (

+

)cos ) sinθ θ

Additionally, assign θ = 0 for this expression, and you’ll find v1 = v2. This is relevant to a 
case where object 1 passes by object 2 without colliding.

On the other hand, assuming a case where the objects bounce back in opposing direc-
tions and θ = 180˚, you get the following:



 
v v

m
M
m
M

2 1

1
1

=
+
−

This equation indicates that as mass M becomes much larger than mass m, the fol-
lowing relationship holds true: v2 = v1. (This is because the term (m / M) approaches zero.) 
This means that an object with smaller mass having a head-on collision with a huge object 
bounces back at the same velocity it had before it hit the larger object. On the other hand, 
when M = m, v2 = 0. You can reconfirm this relation by causing a head-on collision of two 
100 yen coins by replacing the 500 yen coin with another 100 yen coin, taking care not to 
allow an oblique course. After the collision, the 100 yen coin halts and the other 100 yen 
coin previously in a stationary state starts traveling at the same speed. In this case, we can 
easily find that V2 = v1 from equation . The two coins essentially swap velocities.

Now let’s plot on a graph the relationship between the scattering angle (θ) and the 
velocity ratio v2 / v1 for the 100 yen coins before and after the collision. Since the mass of 
a 100 yen coin is 4.8 g, while that of a 500 yen coin is 7.0 g, we get m / M = 4.8 / 7.0 = 
0.69. We’ll use this result in equation , then solve for v2 / v1, and plot the results. Here’s 
the actual equation that we’ll graph:



 

v
v

2

1

2 20 69 1 0 69
1 0 69

= + −
+

. cos . sin
.

θ θ
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This graph should make intuitive sense to you after some consideration. If the scatter-
ing angle is greater (that is, the coins’ collision is a glancing strike), the secondary velocity of 
the coin (v2) will be smaller, thus the relationship of v2 / v1 will be smaller as well. Note that 
if you use objects of different masses, this relationship (and the graph that represents it) will 
change.

1

0.8

0.6

0.4

0.2
0 45° 90° 135° 180°

Scattering angle θ

Velocity ratio: v2 / v1

I am so ready for 
this rematch!
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Bring it!

No matter 
how powerful 
her smash is...

The 
relationship 

between 
momentum and 

force...

determines the 
velocity of my 

return.

So...

Velocity 
after 

striking

Velocity 
before 
striking

Force

Momentum 
after 

striking

Impulse given 
by the racket

Momentum 
after 

striking

S
Q
u
e
a
k
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The velocity 
also 

determines its 
subsequent 

motion!

Yoinks!

Oh, that’s 
very 

observant 
of you.

Ryota taught 
you well!

But Ryota...

He didn’t 
make it today, 

did he?

You know 
everything you need 

to know. All you 
have to do to win 
is concentrate!



Oops!

Advantage, 
Sayaka.

Now,

I’ve got you, 
Megumi.

Hey!

Not yet, 
you don’t.

Ninomi...

Me—MEGU!!

Pant
Pant...

Tum

Pant
Pant...



Ryota!?!?!

I made it... You’re here!!

...

I asked the 
organizers 
to delay my 

presentation.

Tee-hee! 
That’s great.

Megu, 
remember, just 
concentrate on 

the game.
All right!

I can win this 
thing. It’s my 

serve.



Hey, you 
finally called 

me Megu!

What’s 
going on 
between 

these two 
weirdos?

Momentum

Impulse

Smash the 
ball!

Destroy it, 
crush it!
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Ace!

That was 
so fast.

She’s so much 
better!

I wonder who 
her new tennis 
instructor is!!

Again!!
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Way to go.

Ace!
Advantage to 

Megumi!

I can’t go 
down like 

this.

I’m number 
one.

Let’s do this 
thing. Just 
one more 

serve.

One more 
time.

Concentrate, 
Sayaka!!

I can do this!!
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I remember 
your lessons 

perfectly,  
Ryota.

Make my body 
flexible.

Maximize force 
when the racket 
strikes the ball!
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Game, set, 
match!

Won by Megumi!

I...

I did it!  
I won, Ryota!

Huh?!

ACE!



224  Epilogue

Hey, you!
You can’t get 
away from me, 

you know.

Um...

Ahem.  
Will you be my 

partner for the 
next doubles 

match?

...

Sure,  
it’s a done deal.

You know 
Ryota,

this feels like 
a force of 
attraction.

Perhaps 
it is...

What are you 
two talking 

about?!



Making Sense of Units

When it comes to classical mechanics, there are only three base units. Using these three 
simple measurements, you can derive more complicated units of measure like the newton 
and the joule. The three base units are as follows:

meters, m  
(which measure distance)

seconds, s  
(which measure time)

kilograms, kg  
(which measure mass)

Velocity and Acceleration 

Let’s explore how we can combine these three units to derive new ones. First, let’s explore 
velocity and acceleration:

velocity =
 

change in distance (m)
—

time (s)  
= m/s

acceleration =
 

change in velocity (m/s)
—

time (s)  
= m/s2

Given these relationships, you can see that velocity is defined as a change in distance, 
and acceleration is simply the change of that change! Students of calculus know that this 
means that velocity is the first derivative of distance, and acceleration is the second deriva-
tive of distance (both with respect to time).

Force

Given Newton’s second law, we know force equals mass times acceleration (F = ma):

force = mass (kg) × acceleration (m/s2) = kg × m/s2 = N

To save ourselves a headache, we call a kg × m/s2 a newton (N). Remember this rela-
tionship, as it will be important in deriving other units!

1 kg × m/s2 = 1N
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Momentum and Impulse

Momentum is an important physical quantity to measure, especially when considering colli-
sions, landings, and impact. It is defined as:

momentum = mass (kg) × velocity (m/s) = kg × m/s

Impulse, as you’ve already read in Chapter 3, is just a change in momentum, and it can 
be calculated like so:

impulse = force (N) × time (s) = kg × m/s

Why does this calculation work? Remember that 1N = 1 kg × m/s2. Note that the unit 
for momentum, kg × m/s, has no shorter name.

Energy and Work

Kinetic energy is defined like so:

kinetic energy = ½ × mass (kg) × velocity2 (m/s) = kg × m2/s2 = J

Just as we did with force, we’ll use a simpler name for the unit of energy—the joule (J), 
which is named after English physicist James Prescott Joule. Gravitational potential energy 
can be calculated like this:

potential energy = weight (N) × height (m) = kg × m2/s2 = J

And naturally, our units match those of kinetic energy. Work is a measure of the energy 
transferred by a force over a distance. Notice the similarities in this equation to the previous 
one:

work = force (N) × distance (m) = kg × m2/s2 = J 

The result of all these calculations is the joule, our unit for energy—just as it should be! 
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SI Prefixes

You can add a prefix to a unit in order to increase or decrease its magnitude. These prefixes 
for different powers of 10 are called SI prefixes, and they come from internationally deter-
mined rules for units called the International System of Units (SI units). For example, 1 kilo-
meter (km) is equal to 1,000 meters, 7 megajoules (MJ) are equal to 7,000,000 joules, and 
3 nanograms (ng) are equal to 0.000 000 003 grams.

Note  The symbols for prefixes higher than kilo are capitalized.

Symbol Name Power of ten

y yocto- 10−24

z zepto- 10−21

a atto- 10−18

f femto- 10−15

p pico- 10−12

n nano- 10−9

μ micro- 10−6

m milli- 1/1000

c centi- 1/100

d deci- 1/10

da deka- 10

h hecto- 100

k kilo- 1000

M mega- 106

G giga- 109

T tera- 1012

P peta- 1015

E exa- 1018

Z zeta- 1021

Y yotta- 1024





A

absolute value symbols, 37, 
40, 42

acceleration (a)
defined, 37, 46–47, 50–52, 

66–69, 112, 225
downward, 25–26, 41, 

79–82, 88, 90–91, 95–97, 
172–173

gravitational, 80, 82, 
94–96, 172

law of, 40–41, 58, 66–72, 
90–93, 100, 111–116, 
139–140, 146, 179

orientation of, 78–84, 90–92
three rules of, 85–86
uniform accelerated motion, 

51, 85–86, 90, 101
units for measuring, 50, 92
using calculus to find, 99–100
velocity and, 50–52, 90, 225

action and reaction, law of, 4, 
15–20, 33–36, 40, 42, 
43, 74, 83, 92, 93, 142, 
143, 209

vs. equilibrium, 23–30
vs. law of conservation of 

momentum, 120–125, 146
atoms, 143, 201
attractive forces, 43, 201

B

balance of forces, 21, 25–26, 
39–41, 61, 87

base units, 225
body temperature, 157
braking distance (d), 180–183

C

calculus, 55, 99–100, 101, 146, 
148, 203, 205–207

calories (cal), 161, 200, 201
center of gravity, 42, 126

centripetal force, 205
circular motion, 96, 205
coefficient of friction (μ), 207–208
collisions

coin, 210–213
elastic and inelastic, 143–144

commutative law, 38
conservation of energy, law of, 

155–156, 163, 171–174, 
189, 190, 196, 202–203, 
207, 210–212

conservation of mechani-
cal energy, law of, 184, 
187–193, 195–197

conservation of momentum, 
law of, 120–128, 141–149, 
155, 162, 210

constant velocity. See uniform 
velocity

cosine, 89

D

deceleration, 51, 67, 205
direction

of a force, 18, 21–22, 29, 
37–39, 40, 42–43, 47, 49, 
62, 67, 75, 78–79, 82

horizontal (x), 61–62, 87–92, 
96–98, 144–146, 204, 210

vertical (y), 61, 79, 87–91, 92, 
96–98, 144–146, 204, 210

disorder state, 201–202
displacement, 47, 52, 85, 99, 

100, 101, 167, 201, 202, 
204–206

distance
braking (d), 180–183
calculating using v-t graphs, 

100–101
calculating when velocity 

varies, 53–57
defined, 47
energy and, 167, 168, 171, 

175, 178, 191, 200

downward acceleration, 25–26, 
41, 79–82, 88, 90–91, 
95–97, 172–173

E

Einstein, Albert, 93, 95
elastic collisions, 143, 210–213
elastic potential energy, 164–165, 

166, 202
electrical energy, 156–157, 

161, 201
electromagnetic forces, 43
electrostatic fields, 201
energy

conservation of, law of, 
155–156, 163, 171–174, 
189, 190, 196, 202–203, 
207, 210–212

conservation of mechanical, 
law of, 184, 187–193, 
195–197

defined, 153–161, 200–201
elastic potential, 164–165, 

166, 202
electrical, 156–157, 161, 201
friction and, 207–210
gravitational potential, 

165–166, 226
kinetic, 178–180, 184–185, 

187, 189–193, 196–197, 
200, 201, 203, 205, 207, 
211, 226

light, 156
mechanical, 158, 164, 

184–193, 195–197, 200
vs. momentum, 159–163
nuclear, 155
potential, 155, 158, 164–171, 

174, 175, 184–189, 
192–197, 201–203, 226

thermal, 155, 157, 200
transforming, 184–187
units for measuring, 161, 

200–201

Index
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equilibrium
breaking, 27, 41
defined, 20–22
vs. law of action and reaction, 

23–30
vector forces and, 38, 39–40

equivalence principle, 93
equivalent magnitudes, 40, 

62, 162

F

forces (F), 18, 43
attractive, 43, 201
balance of, 21, 25–26, 39–41, 

61, 87
composition and decomposi-

tion of, 87–88
defined, 3, 6–7, 21, 71–72, 

92, 112
electromagnetic, 43
equilibrium and, 38, 39–40
finding precise value of, 73
gravity, 21–27, 30–32, 39, 40, 

42, 58–59, 76, 77, 79, 88, 
91–94, 96, 172, 173, 191, 
200, 209–210

horizontal, 87–88
maximum possible, 208
net, 39, 40–41, 58, 60–61, 

64–66, 72, 90, 210
nonconservative, 207
nonuniform, 205
nonzero net, 41
normal, 207–208, 210
orientation of, 75–78, 90–92, 

169, 204–205
repulsive, 43, 201
splitting, 87–89
units for measuring, 43, 70, 

72, 92, 119, 144, 200
vertical, 87–88

free-body diagrams, 41–42
friction

air resistance and, 64, 
190, 197

coefficient of, 207–208
energy and, 207–210

G

general relativity, 93
gravitation, universal, 32, 43, 

94–95
gravitational acceleration, 80, 82, 

94–96, 172
gravitational mass, 93
gravitational potential energy, 

165–166, 226
gravity, center of, 42, 126
gravity, force of, 21–27, 30–32, 

39, 40, 42, 43, 58–59, 
76, 77, 79, 88, 91–94, 
96, 172, 173, 191, 200, 
209–210

H

head-to-tail method, 62, 86–87, 
88, 145

height, determining, 165, 169, 
171–174, 189, 191–197, 
203–204

horizontal (x) direction, 61–62, 
87–92, 96–98, 144–146, 
204, 210

I

impulse and momentum, 
104–105, 111, 113–116, 
118, 129–130, 132, 136, 
139–144, 215, 225

inelastic collisions, 143
inertia, law of, 40, 41, 58–65, 69, 

82–83, 90–92, 126, 207
inertial mass, 93
integral calculus, 101, 146, 148
International System of Units (SI), 

prefixes, 227

J

Joule, James Prescott, 226
joules (J), 161, 200–201, 226

K

kilocalories (kcal), 161, 200, 201
kilograms (kg), 92, 119, 201, 225
kilowatt hours (kWh), 161

kinetic energy, 178–180, 
184–185, 187, 189–193, 
196–197, 200, 201, 203, 
205, 207, 211, 226

L

laws
conservation of energy, 

155–156, 163, 171–174, 
189, 190, 196, 202–203, 
207, 210–212

conservation of mechanical 
energy, 184, 187–193, 
195–197

conservation of momentum, 
120–128, 141–149, 155, 
162, 210

Newton’s first, 40, 41, 
58–65, 69, 82–83, 90–92, 
126, 207

Newton’s second, 40–41, 
58, 66–72, 90–93, 100, 
111–116, 139–140, 146, 
179, 225

Newton’s third, 4, 15–20, 
23–30, 33–36, 40, 42, 43, 
74, 83, 92, 93, 120–125, 
142, 143, 146, 209

light energy, 156

M

magnitude, 19, 21–22, 24, 25, 
27, 29, 37–42, 49, 59, 77, 
86–87, 90–96, 100, 108, 
117, 118, 139, 144, 159, 
160, 173, 207

mass (m), 32, 43, 90
defined, 41–42, 68–69, 

90, 207
determining weight with, 

94–96
gravitational, 93
gravity and, 43, 80
inertial, 93
kilograms (kg), 92, 119, 

201, 225
measuring, 68–72, 74, 80, 

93–94
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maximum possible force, 208
measurement, 68–72, 93–94
measurement units

base, 225
calories (cal), 161, 200, 201
joules (J), 161, 200–201, 226
kilocalories (kcal), 161, 

200, 201
kilograms (kg), 92, 119, 

201, 225
kilowatt hours (kWh), 161
meters (m), 49, 53, 225
meters per second (m/s), 

49, 118
meters per second squared 

(m/s²), 50, 92
newtons (N), 43, 70, 72, 92, 

119, 144, 200, 225
seconds (s), 49, 53, 54, 75, 

81–82, 118, 132, 225
SI prefixes for, 227

mechanical energy, 158, 164, 
184–193, 195–197, 200

mechanics, 34, 41, 134, 138, 
167, 168, 198

meters (m), 49, 53, 225
meters per second (m/s), 49, 118
meters per second squared 

(m/s²), 50, 92
momentum (p)

calculating, 107–110, 
117–119, 225

changes in, 111–116, 119, 
121–122, 134–136, 140

collisions, 143–144, 145, 146
conservation of, law of, 

120–128, 141–149, 155, 
162, 210

vs. energy, 159–163
defined, 37, 84, 106–110, 

139–140, 159, 225
impact reduction, 129–132
impulse and, 104–105, 111, 

113–116, 118, 129–130, 
132, 136, 139–144, 
215, 225

mass differences, 109–110
orientation of, 139, 144–145
outer space and, 126–128, 

147–149
velocity and, 107–110, 

112–113, 113–116
motion. See also acceleration; 

Newton’s three laws of 
motion

calculating, 10, 75–84
circular, 96, 205
parabolic, 96–99
simple, 46
uniform, 65, 90, 149
uniform accelerated, 51, 

85–86, 90, 101
units for measuring, 144, 226

mu (μ), 207–208

N

negative vectors, 38
net forces, 39, 40–41, 58, 60–61, 

64–66, 72, 90, 210
Newton, Isaac, 40, 43, 92, 122
newtons (N), 43, 70, 72, 92, 119, 

144, 200, 225
Newton’s first law, 40, 41, 

58–65, 69, 82–83, 90–92, 
126, 207

Newton’s second law, 40–41, 
58, 66–72, 90–93, 100, 
111–116, 139–140, 146, 
179, 225

Newton’s third law, 4, 15–20, 
33–36, 40, 42, 43, 74, 83, 
92, 93, 142, 143, 209

vs. equilibrium, 23–30
vs. law of conservation of 

momentum, 120–125, 146
Newton’s three laws of motion, 

33–35, 40–42, 83–84, 90
nonconservative forces, 207
nonuniform forces, 205
nonzero net forces, 41
normal forces, 207–208, 210
nuclear energy, 155

O

orientation
of acceleration, 78–84, 90–92
of force, 75–78, 90–92, 169, 

204–205
of momentum, 139, 144–145
of velocity, 76, 78, 81–82, 

90–92, 196, 197
of work, 204–205

outer space, 43, 63–64, 69, 90, 
95, 126–127, 147

P

parabolas, 78, 91, 98
parabolic motion, 96–99
physics, defined, 34–36, 83
potential energy, 155, 158, 

164–171, 174, 175, 
184–189, 192–197, 
201–203, 226

propulsion, rocket, 147–149

Q

quadratic functions, 98

R

reaction forces. See action and 
reaction, law of

relative velocity, 63, 147–148
repulsive forces, 43, 201
rubber/rubber bands, 166–167, 

170, 201, 202, 208

S

scalars, 37–39, 40
seconds (s), 49, 53, 54, 75, 

81–82, 118, 132, 225
SI (International System of Units), 

prefixes, 227
simple motion, 46
sine, 89
space. See outer space
speed

braking distance and, 
180–183
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speed, continued
defined, 3, 29, 41, 46, 47–49, 

53–55, 81, 159
finding, 194, 200, 205

springs, 166, 187, 201–203
static state, 21, 25, 30, 40, 41, 

59–62, 65
stored energy. See elastic poten-

tial energy

T

tangent, 89
thermal energy, 155, 157, 200
time, 49, 53–57, 75, 81–82, 

85–86, 100–101, 118, 132
trigonometry, 88–89

U

uniform accelerated motion, 51, 
85–86, 90, 101

uniform motion, 65, 90, 149
uniform velocity, 53, 55, 64, 81, 

90, 91, 96, 99, 100, 178
units. See also measurement 

units
base, 225
converting, 225–226
SI prefixes for, 227

universal gravitation, 32, 43, 
94–95

V

vectors, 21, 37–40, 49, 160
adding, head-to-tail method, 

62, 86–87, 88, 145

velocity (v), 37, 85–86
acceleration and, 50–52, 

90, 225
change in, 50–52, 74, 81, 85, 

90–91, 112–113
defined, 46–49, 225
orientation of, 76, 78, 81–82, 

90–92, 196, 197
relative, 63, 147–148
uniform, 53, 55, 64, 81, 90, 

91, 96, 99, 100, 178
units for measuring, 49, 118
using calculus to find, 99–100

vertical (y) direction, 61, 79, 
87–91, 92, 96–98, 
144–146, 204, 210

v-t graphs, 53–57, 73, 85, 
100–101

W

weight, determining, 60–62, 68, 
94–96

weightless state, 63, 69, 93
work (W )

conservation of energy and, 
172–174

defined, 167–169, 226
kinetic energy and, 175–179, 

180, 226
orientation of, 204–205
potential energy and, 

169–171, 175–177, 226

Z

zero-gravity feeling, 63, 96
zero vectors, 38



So that 
means 
you’ll 
be my 

partner!

Uhhhhh...

Who’s 
that guy??

Um, an 
acquaintance 
of sorts...Grab!
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Megumi is an all-star athlete, but she’s a 

failure when it comes to physics class. And 

she can’t concentrate on her tennis matches 

when she’s worried about the questions she 

missed on the big test! Luckily for her, 

she befriends Ryota, a patient physics geek 

who uses real-world examples to help 

her understand classical mechanics — and 

improve her tennis game in the process! 

In The Manga Guide to Physics, you’ll 

follow alongside Megumi as she learns 

about the physics of everyday objects like 

roller skates, slingshots, braking cars, 

and tennis serves. In no time, you’ll master 

tough concepts like momentum and impulse, 

parabolic motion, and the relationship 

between force, mass, and acceleration.

You’ll also learn how to:

➽	Apply Newton’s three laws of motion to 

real-life problems

➽	Determine how objects will move after a 

collision

➽	Draw vector diagrams and simplify 

complex problems using trigonometry

➽	Calculate how an object’s kinetic energy 

changes as its potential energy increases

If you’re mystified by the basics of physics 

or you just need a refresher, The Manga 
Guide to Physics will get you up to 

speed in a lively, quirky, and practical way.

A Charming Cartoon Guide to Physics!

Find more Manga Guides at www.edumanga.me
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