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The real-world examples that you’ll find in 

The Manga Guide to Electricity will 

teach you:

	What electricity is, how it works, how it’s 

created, and how it can be used

	The relationship between voltage, current, 

and resistance (Ohm’s law)

	Key electrical concepts like inductance 

and capacitance

	How complicated components like 

transformers, semiconductors, diodes, 

and transistors work

	How electricity produces heat and 

the relationship between current and 

magnetic fields

	and much more!

If thinking about how electricity works 

really fries your brain, let The Manga 
Guide to Electricity teach you all 

things electrical in a shockingly fun way. 
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Praise For The Manga Guide Series

“I love, love, love this idea! EduManga is a great concept.”
—The Otaku Librarian

“These books will make studying fun for teens.”
—connectingwithyourteens.blogspot.com

“The art is nicely clean and filled with just the right amount of detail, and the 
characters are quite expressive and given to funny asides.”
—Warren Peace

“This is a perfect addition to a home school curriculum.”
—Parenting Squad

“The series’ shoujo style and spunky schoolgirl heroines make the books a good 
potential fit for those manga readers who’ve made Fruits Basket a hit.”
—Blogcritics.org

Praise For The Manga Guide To Statistics

“This is really what a good math text should be like. Unlike the majority of books on 
subjects like statistics, it doesn’t just present the material as a dry series of pointless-
seeming formulas. It presents statistics as something fun, and something enlightening.”
—Good Math, Bad Math

“The Manga Guide to Statistics is a solid introduction 
to the world of statistical analysis done in a fun and 
accessible way.”
—Active Anime

“Inoue’s art is clean, cute and simplified, and it works with 
machine-like efficiency—the artist not only knows and 
speaks the language of manga, but does so fluently.”
—Newsarama

“For those who’ve been taking math classes in high school 
or college, I think this book will be very helpful in making 
statistics easier to understand.”
—Astronerdboy’s Anime & Manga Blog

“This book is an excellent introductory book on statistics.”
—Golden Triangle PC Club

“This manga succeeds in presenting important statisti-
cal concepts in an accessible and entertaining way. The 
charm of the book lies in the real-world examples it 
uses.”
—Curled Up with a Good Book

Wow!
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Preface

Our current lifestyle necessitates the use of electricity. Electric current is often explained by 
comparing it to flowing water, but since electricity cannot be seen by the naked eye, this 
metaphor can be difficult to understand. What can we do to better understand electricity?

Electricity is very helpful in almost every facet of our lives; it produces light, heat, and 
power. Even though we can see these benefits, we are usually unaware of electricity itself. 
However, if we simply learn the basics, we can get a clear picture of how electricity works.

This book explains fundamental electrical concepts using a story told through manga 
followed by further explanations in written text. There are no complicated explanations—
readers simply listen along with the heroine Rereko as her teacher Hikaru explains concepts. 
Even people who have had a hard time understanding electricity will find Hikaru’s explana-
tions easy to comprehend. 

I am extremely grateful to Matsuda, who provided the artwork, and to everyone at 
TREND-PRO, who produced the book. I would also like to give my sincere thanks to Profes-
sor Masaaki Mitani for checking my work. I am also very thankful to Ohmsha, Ltd. for giving 
me the opportunity to write this book.

I hope that in reading this book you will learn about electricity and gain a familiarity 
with it.

Kazuhiro Fujitaki
December 2006





Prologue: 
From Electopia, 

the Land of Electricity



2  Prologue

However, students 
on Electopia have 
the same kinds of 

problems that 
students on Earth do.

Rereko...

Do you know 
why I called 

you in?

Uh...um...

Well, I've never 
been very smart...

but I honestly 
don't know.

That's okay. You 
almost have the 
right answer.

Electopia

This is a world in which 
electronic devices are a 
little bit more advanced 
than they are on Earth.

*Central 
Electrical 
Training 
School

*

*

* High School 
Teacher's Room
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Let's look at 
This term's final 
electricity exam.

This makes three 
consecutive failing 

grades!

But I'm doing so 
well in my other 

classes!

I'm impressed 
with your 
positive 
attitude.

Nevertheless, 
you're going 

to have to give 
up your summer 
vacation to take 

some extra 
classes.

Wha...?

Did you say give up 
summer vacation!?

That's right! 
You'll go 

to study on 
Earth and 

start with the 
fundamentals!

Harumph.

Don't worry. 
It's not so 

different there. 
And since the study 

of electricity is 
slower, it'll be 

perfect for you!



4  Prologue

B...b...but...If I suddenly 
show up, it'll probably 
be inconvenient for the 

teacher there.

B...b...but, but...My parents 
haven't given permission 
for me to go yet, right?

I already sent 
a letter, so 
it'll be fine.

They said, 
"Go for it!"

You! A smart woman 
like you never makes 

a mistake, do you?

What is it? 
A robot?

It's  
Yonosuke, a 

transdimensional 
walkie-talkie and 

observation robot!

Take this 
with you for 

later.

Take good care of him! You’ll 
also use him instead of a 

passport when going back 
and forth to Earth.

Nice to 

meet you.
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Tokyo, Japan

What a sudden 
downpour...

I'm going to 
get soaked! 

I wish I'd 
brought an 
umbrella.

I'm almost 
home...I guess 
I'll just run...

Uh...

{ Gulp }

The 
next 
day...

Yikes!!

crack!



6  Prologue

Oh. Is this Japan?

Oh! Are you  
Hikaru Sensei?

Huh!? Well, my 
name is Hikaru, 

but...

I'm Rereko! I came 
for summer school!! 
I'm a bonehead...about 
electricity...Please... 

I'm begging you...

No! Wait!  
Wait a minute!

What? Huh...?

Sensei?
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Well, I do electrical 
engineering research 
at the university, so 
I could definitely 
teach you about 

electricity, But... 
who in the world 

are you?

Oh dear!  
Didn't you get 
the letter?

Letter...?

Oh!

That reminds 
me...I did get that 
suspicious letter 

with no postmark...

By any chance, 
could it be this?

Yes, yes! 
That's it.

Well, are 
you the 
Rereko 

mentioned 
in this 

letter...?

That's me!

Dear Hikaru Yano Sensei,

I'm sending my student Rereko to you for 
lessons. I hope that you will agree to give 

this student some lectures. I trust that I can 
count on your kindness.  

Sincerely,

Teteka Sensei
Central Electrical

Training School



8  Prologue

Okay! But...why are we 
standing around talking 
in the rain? Can you give 
me some more details at 

my house?

Yes, certainly!

I'm sorry, but it's 
a little messy.

No 
problem! 

I'm 
sorry to 
bother...

Towel... 
A towel... 
Is that it?

Let's 
see...

........

you...?!

Creak

...At Hikaru’s apartment
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........

...I could have 
sworn it was 
around here 
someplace.

...This is 

outrageous!

Oh my 
god!!!

That d...d...doll 
is talking!?

It's not 
a doll!

Yonosuke is a 
transdimensional 
walkie-talkie and 

observation robot.

What did you 
say? Why don't 
you explain it 

to me from the 
beginning...

Well, um...

Let me 

go!

Hop!



10  Prologue

...so that's what 
happened.

You came 
here to study 
from another 

world.

Electopia is a land 
in which electricity 

is a little more 
advanced than it is 

in this world.

Since the study of 
electricity is thought 
to be so important, 

even kids in my grade 
must know the basics. 

But actually, I'm... 
what can I say? I'm...

A loser!!

So, by taking 
extra classes 
here, you'll try 
to make up for 

the amount you've 
fallen behind?

Teteka Sensei is very 
knowledgeable about 

this world.

30 
Minutes 
later...

Fwap!
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Therefore, I'm sure 
that you are well 

qualified to teach me, 
Sensei.

I wouldn't be 
so sure about 

that...

Please,  
Hikaru Sensei...

Won't you 
please teach me 
the basics of 
electricity?

Since I gave up my 
summer vacation to 

come here, I won't be 
able to return unless 

I finish these extra 
classes...

I know, but... 
I've got research 

to do, and...

........
Well, how 

about this —

As you can see, my 
room is a little 
messy, right?

A little!?

Qui...quite messy, 
okay?



12  Prologue

While I'm at the 
university, maybe you 

could sweep and 
clean up and prepare 

dinner...?

I've just been so 
busy, I haven't had 

much free time.

If you did these 
things for me, 

I'd be saved, and...

Huh?

It's such a 

sloppy mess!!!

I know that! But 
there's gotta be 

some give and 
take, right?

Um, Well, I guess 
I’ll give it a try. 

...Ah...ah…

Okay!  
I'll do my best!

...Ah...ah...

...chooo!!

we completely 

forgot about 

those towels!

Smack!



1
What Is Electricity?



Electricity and 
Everyday Life

Hikaru Sensei! 
I'm just about 

finished!

Phew!
Great, thanks! 

How about taking 
a short rest?

Is something 
the matter with 
the electric tea 

kettle?

Hmm...

"100v, 10A, 1000W"...
Those all have to 
do with electricity, 

right?

Yep!

Shall we start our 
lessons with the units 
used for consumer 

electronic products?

Yeah!
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Let's start with V, 
which stands for 

voltage.

Volts ( v ) are the 
unit representing 

voltage.

Voltage?

Voltage is like a 
pressure difference 

that makes electricity 
flow. You can think of 
it like water pressure 

for electricity.
Huh?

The height of water 
viewed from a given 
reference point is 

called the water level. 
Electricity also has a 
comparable concept 

called potential 
difference.

The units 
for potential 
difference are 

also V.
Is that so?

Electrical Units

V ( V
OLT ) 

= vo
lta

ge
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Just like how water 
flows if there is a 
difference in water 
level, electricity 

also flows if there 
is a difference in 
potential — from 

the high to the low 
potential.

Voltage is the 
difference in potential 

between two points.

On the other hand, 
A (ampere or amp 
for short) is the 
unit representing 
electric current.

Current is the amount 
of electricity flowing 
per second through an 
electric line. In terms 

of water, this would be 
the water volume per 

second.

This makes 
me want to 
eat nagashi 

somen — flowing 
noodles!

Difference in 
water level

Diff
erenc

e in 
wate

r le
vel =

  

Diff
erenc

e in 
po

tenti
al =

 

Vo
lta

ge

Drop = 
Voltage

Water volume flowing per second = Current
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Just Like how the flowing 
water performs work by 
turning this water wheel, 

Does it cook the 
somen?

Enough about the 
somen already!

Okay,  
so what is W ?

W (watt) is the unit 
representing electric 

power (consumed power).

The amount of 
work done per 
second when 
electricity 

flows is electric 
power.

Huh?

Power is…

...obtained from 
this equation.

electricity 
also performs 
various kinds 
of work when 
current flows.

Power (W) = 
 Voltage (V) × Current (A)

Flip

flip
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Since we can rewrite  
this equation as 

Current (A) =
 

Power (W)
—
Voltage (V)

...we can also easily  
find the current.

For this 
electric tea 

kettle...

...we have

 
1000W 
—

100V  
= 10A

don't we?

That's right!

Now let's look at energy. 
the monthly electric bill has 
the unit kWh (kilowatt hour) 
representing the amount of 
electric energy a household 

uses...

Yup... 
I see it!
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This can be obtained by 
multiplying power and 

usage time.

For example, if a 
1200W appliance is 
used for 2 hours, 
how many kilowatt 

hours would 
that be?

Um...1200 times 2

is 2400, isn't it?

Right, it's 2400Wh (watt hours).
So that's 2.4kWh.

If you know this, you 
can figure out the 
electrical utility 
charges for any 

appliance.

If 1kWh costs 20 yen, 
running the tea kettle 
for 2 hours (2.4kWh) 

will cost 48 yen!

You know  
that if several electronic 
appliances that consume 

a large amount of power 
are used at the same time, 
the circuit breaker may 
trip and "blow a fuse," 

right?

Yeah!

1200W × 2 hours = 2
400WH = 

2.4kWh

Electricity in the Home

Beep!



Well, why does the 
breaker trip, and what 
can we do to prevent it 

from happening?

Let's think 
about this 
together.

Okay.

First, let's talk 
about the flow of 
electricity coming 

to the house.

All right!

Power plant

Transformer 
substation

utility pole 
Transformer

Home distribution 
board

The electricity used 
in an ordinary home is 

created at a power plant 
and delivered to each 
home by electric lines, 
after it passes through 

transformer substations 
or transformers on 

utility poles.

Creates 
electricity

Changes voltage 
for power lines

Changes voltage 
for use in the home

Divides electricity 
for each room

click!



Leakage circuit 
breaker

Current limiter Safety breakers

The inside of 
a distribution 

board looks like 
this.

Huh.

If the total current flowing 
through multiple safety 
breakers exceeds the 

maximum current value, the 
current limiter will trip.

In my house, the 
maximum current 
value allowed is 

20A.

So if the current 
is more than 20A, it 
will trip for safety, 

right?

A 
distribution 

board 
divides 

electricity 
for each 

room in the 
house. The 
electricity 

that 
enters the 
distribution 

board

passes 
through 
a current 
limiter, 

enters a 
leakage 
circuit 

breaker, and 
is divided 
among 
multiple 
safety 

breakers.
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These are the safety 
breakers!

If a current of 20A or more 
is flowing, this will trip for 

safety.

So, if the total 
electricity used by the 
electronic appliances 

connected to one 
safety breaker does 

not exceed 20A...

...The safety 
breaker will 

not trip.

Since the voltage of a 
household electrical 
outlet is always 120V, 

let's try calculating the 
total power used by the 
appliances connected to 

one safety breaker and see 
if it exceeds the limit.

For example, if 
we try using the 

electric kettle and 
the rice cooker...

This 
combination 
just makes it 
by a whisker...

20A has not 
been exceeded.

Electric tea kettle 
840W / 120V = 7.0A

Rice cooker 
1500W / 120V = 12.5A

7.0A + 12.5A = 19.5A



Even if it were 
exceeded, we could 
avoid tripping the 

breaker by not using 
both appliances at the 

same time, or...

...we could use one of 
the appliances from 
an outlet connected 
to a different safety 

breaker.

Right!!!

However, there is 
still something we 

must be careful 
about, even if the 

breaker doesn't trip.

There is a value called 
the rated current that is 
determined for a normal 

electrical outlet.

It is generally 15A.

What happens if it is 
exceeded?

Well, even if the total current 
exceeds 15A when multiple electronic 
appliances are used from one outlet, 

the safety breaker will not trip 
as long as the current does not 

exceed 20A, but…

Plug

Plug

Plug

Plug
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If you continue to use 
them like this for a long 
time, the outlet or plug 

will get hot, which is 
dangerous!

...Well, this one is 
okay, since it's not 

plugged in.

Ack,  
Don't scare me!

But for this reason, 
let's stop using several 

electronic appliances with 
high power consumption 

from a single outlet, okay?

Y...yes!!

You should also 

be careful when 

I'm charging!

Huh?  
Do you consume 

that much electricity, 
Yonosuke?

it should be okay if 
we connect him to an 
outlet separate from 

other electronic 
appliances, right?

Yes, but...
my electric 

bill won't be 
okay!!!

Eep!
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How Electricity Works

Around 600 BC, the Greek philosopher 
Thales discovered that when an amber 
ornament was rubbed with a cloth, it 
attracted feathers or pieces of lint.

Ah! Is this, by 
any chance...

...due to static 
electricity!?

Yep!

But, in those days,  
they didn't know about 

static electricity.

Incidentally, the word 
electricity comes from the 
word electron, which means 

amber in Greek.

Huh!

The mysterious force 
that attracts tiny 

objects together can 
now be explained with 

electricity.

Thales
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So let's try to 
close in on the 
true nature of 

electricity!

Actually, the 
true nature of 

electricity comes 
from tiny things 

inside every 
substance.

Huh?

Even in you 
and me?

That's right!  
It's in both you and me. 

All substances are made up of 
collections of teensy little 

particles called atoms.

Hmm.

An atom has 
something called 
a nucleus at its 

center, and things 
called electrons 
revolve around it.

These even tinier 
particles are 
the cause of 
electricity.

If I remember 
correctly, your 

planets also 
revolve around 
your Sun, right?

Is it similar 
to that 

relationship?

The True Nature of Electricity

Atom

Nucleus

Electron

Sun

M

V

E

M

J

S

U

N



It is! The nucleus, which 
corresponds to the Sun, 

consists of protons, which 
have an electrically positive 

property, and neutrons, 
which have no electrical 

property.

Proton
(+)

The electrons that 
revolve around the 

outside have a negative 
property.

eLECTRON 
(-)

If an atom contains 
both positives and 

negatives, is the atom 
itself positive or 

negative?

Since the number of 
protons is usually the 
same as the number of 

electrons, the atom itself 
is electrically neutral.

Now, if external heat 
or light is added to 

an atom...

An electron may 
escape from the atom.  

This is called a 
free electron.

Neutron 
(neutral)

hE
AT

Light

YoW!

Zip!
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What happens if 
it escapes?

If an electron escapes, 
the negatives are reduced, 

and the atom becomes 
electrically positive.

If AN escaped electron 
plunges into another atom, 
the negatives in that ATOM 
increase, and it becomes 

electrically negative.

Aha! The escaped 
electron moves to 

another atom!

An atom that has this 
kind of electrical 
property is said to 

be charged.

So an atom is 
charged when one 
of its electrons 

escapes or when it 
receives another 

electron.

fREE


 E
LE

CT
RO

N

The number of electrons increases, and the 
atom becomes electrically negative.

The number of electrons decreases, and the 
atom becomes electrically positive.

hEAT

Light
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charge is the positive or negative 
electrical property. A proton is 
said to have positive charge and 

an electron negative charge.

Charge...??

Two positive charges 
or two negative charges 
repel each other, while 
a positive and a negative 

attract each other.

It's like the 
North and South 

poles of a 
magnet, isn't it?

Yep! This force 
is called the 

electrostatic force 
or Coulomb's force.

Static electricity 
occurs when a material 

has a positive or negative 
electric charge that is 

not moving.

rEPEL

rEPEL

aTTRACT
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If a substance is positively or 
negatively charged, it tries 
to become neutral again by 

receiving or losing electrons.

It tries to get 
back to its natural 
state, doesn't it?

By the way, objects can 
be conductors, through 
which electricity easily 

flows (like metal)...

...insulators, through 
which electricity has 

difficulty flowing (like 
glass or rubber)...

...and 
semiconductors, 

which are 
midway between 
conductors and 

insulators.

Hmmm.

If there is an insulator between 
a positive and a negative charge, 

the electrons cannot move.

Because the 
electricity has 

difficulty flowing, 
right?

Current and Electrical Discharge

Insulator
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If objects having a 
charge are connected 
by a conductor like a 

copper wire...

...the negative electrons 
move to the positive side.

Then the positives and negatives 
unite to cancel each other 

out, and the CHARGED state no 
longer exists.

This phenomenon is 
called electrical 

discharge.

Hmmm.

Electrical discharge 
also occurs in the air 

or in a vacuum.

A discharge 
can even occur 

in the air?
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This is what lightning is! 
Lightning occurs when tiny 
water droplets in clouds 

rub against each other, and 
the static electricity that 
was produced discharges 

to the ground.

Then an 
enormous 
discharge 
occurs!

Since air is an 
insulator, a 

discharge does 
not occur easily.

When a large amount 
of charge builds up,  

and there is a  
difference in potential  
between the positive  

and negative charges... 
or, in other words, 
when the voltage 

becomes very high...

The insulation of the 
air suddenly breaks 

down, and an electrical 
discharge occurs.

The breakdown 
of the insulation 
creates awesome 

power, right?

It does!  
But it happens  
in an instant.

Hail and ice particles in 
cumulonimbus clouds 

collide with each other, 
and electric charge 

accumulates.

An electrical discharge 
occurs, either within the 
cloud itself or in the 
form of lightning to 

the ground.
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The discharge 
of lightning is 

instantaneous. But when 
we have a continuous 

flow of electrons, we 
have current.

In other words, 
when electrons are 

continuously flowing, 
electricity is flowing.

But one thing we 
need to be careful 
about here is that 

the direction of the 
current is opposite 

to the direction 
of the flow of 

electrons.

Huh?

When electricity was still 
not well understood, it 

was thought that the flow 
of positive charge was in 
the same direction as the 

current.

But later,  
after it was known 
that electrons have 
a negative charge, it 
turned out that the 
direction in which 

the electrons move 
is opposite to the 
direction of the 

current. I see.

Directio
n o

f curr
ent?

Direction of current

Direction of electrons
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There are 
various kinds 
of atoms, and 
a number is 
assigned to 
each one.

This is called 
the atomic 
number.

For example, the 
atomic number 

of copper, which 
is often used in 

electric lines, is 29.

Why is copper 
number 29?

The atomic number is 
the same as the number 

of protons that the 
atom has.

And since 
there are the 
same number 
of protons 

as electrons, 
copper must 

also have 
29 electrons.

There are four orbits 
called electron shells 
around the nucleus of 
a copper atom. Starting 

from the innermost shell, 
these contain 2, 8, 18, and 1 
electron, respectively, for 

a total of 29 electrons.

An electron in the 
outermost shell is called a 

valence electron.

Atomic Structure and Conductivity

Valence electron

Nucleus



So copper has only 
one valence electron, 

right?

A valence electron easily 
becomes a free electron 

because the binding force of 
the atom is the weakest in the 
outermost electron shell.

If external heat or light 
is added to a copper 
atom, that energy is 

concentrated on the one 
valence electron.

Ah! Therefore, the 
valence electron of 
a copper atom easily 

escapes, and electricity 
easily flows, right?

That's right!

In fact, copper atoms 
share their valence electrons 

normally, and since these 
valence electrons aren't 
associated with any single 

atom but move freely between 
atoms, electricity will flow 
easily. This property is what 

defines metals, and gives 
them their characteristic 

large conductivity!

I get it!

N
uc

le
us

H
e
at

Lig
ht

Atom

Atom

Atom

Atom

Pluck!

N
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Static Electricity

Earlier I told you that 
static electricity occurs when 
an object has an electrically 
positive or negative charge. 
Static means that nothing is 
moving — no current flows.

Now let's talk 
about static 
electricity in 
a little more 

detail. Okay!

With sweaters

With door knobs

You know, we also have 
four seasons in Electopia, 

and in winter, it seems 
to cause little shocks 

everywhere... 
it's just awful.

Well, in that sense, static 
electricity is something 
we're relatively familiar 

with. But do you know how 
it is produced and what 

properties it has?

um...it's...

That's what 
I thought!

Ow!

Ow!

Zap

Zap

Zap

Well...
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Static 
electricity 
makes me 

think...

Oh! It’s a 
vinyl sheet!

...of this!

Ahhh!

If I rub this vinyl sheet 
against your hair, your hair 
will be charged positively, 

and the vinyl will be 
charged negatively.

Ack, okay, 
I get it!

Your hair and the vinyl 
are charged to different 

polarities where they 
were rubbed together. 

ARgh!!

Rub Rub

RubRub

Rub Rub
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And now my hair is 
standing on end...

This phenomenon occurs because 
the positive charge that was 
generated on your hair and 

the negative charge that was 
generated on the vinyl attract 

each other. Your positively 
charged hairs are also trying to 

avoid contact with each other.

This is 
freaking 
me out.

The amounts of positive 
charge and negative 

charge generated at this 
time are equal. This is 

because charge is being 
exchanged!

Static electricity 
that is generated 

by friction in 
this way is also 

called frictional 
electricity or 

triboelectricity.

That's a 
fitting name.

Lift!

Fluff

Fluff
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Static electricity is 
generated by the 

contact or rubbing of 
two objects like this.

I see...

If I bring the charged 
vinyl to my head...

...My hair stands 
on end now, 

right? It sure 
does!

Bringing the charged vinyl to my hair 
causes charge to be redistributed in 
my body — the negative charge in the 

vinyl pushes electrons away in my hair, 
giving it a positive charge. Note that 

the overall charge in my body is still 
neutral, as there has been no exchange 

of charge between me and the vinyl.
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Huh? If something that is 
not charged approaches 

something that is charged, 
it becomes charged too?

That's right! It's a 
phenomenon called 

electrostatic 
induction.

Since people  
move around while 
wearing clothes, 
their bodies rub 

against their 
clothes, generating 

static electricity.

However, the little 
shocks caused by 
static electricity 
usually occur in 

the winter, right?

That's right.

That's because static 
electricity is more easily 
generated when the air is 
dry — like in winter, when 
the humidity level is low.

Right... 
my lips get 
chapped in 
winter, too.

The Triboelectric Series

Zap

Zap
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Also, some clothes 
become CHARGED 

easily, while others 
do not.

Is that so?

For example, silk has good 
water absorbency and 

contains much more moisture 
than synthetic fibers do. 
Therefore, it can reduce 
the occurrence of static 

electricity.

Huh!

When we rubbed 
vinyl and hair 
together, a 

negative charge 
was generated 
on the vinyl and 

a positive charge 
on the hair.

However, the polarity 
of the charges that 

are generated differs 
according to the 
materials that are 
rubbed together.

This is called the 
triboelectric 

series.

Triboelectric Series

Human skin

Glass

Wool

Nylon

Silk

Cotton

Copper

Wood

Human Hair

Paper

Steel

Rubber

Polyester

Polyethylene

Vinyl (PVC)
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For example, if 
we rub together 
hair and a cotton 

handkerchief...

The hair is 
positive 
and the 

handkerchief 
is negative.

For a cotton 
handkerchief and 

a vinyl sheet...

The handkerchief 
is positive and 

the vinyl is 
negative.

So which will have 
the positive or 

negative charge is not 
predetermined, but it 

varies depending on the 
materials, right?

In fact, the 
characteristics of 

the charge may also 
vary according to the 
surface conditions of 
the materials that are 

rubbed together.

The farther apart the 
positional relationships 

in the triboelectric series 
are, the more static 

electricity is generated; 
the closer together the 
objects are in the series, 
the less static electricity 

is generated.

Got it!

Skin

Glass

Hair

Nyl
on

Woo
l

Silk

Paper

Cotton
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thy

lene
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Now I'll explain 
some uses of 

static electricity!

Uses?

One simple appliance that 
uses Coulomb's force is 

an air purifier.

Ah! Of course.  
Fine dust is 

attracted to the 
filter according 

to Coulomb's 
force.

Static electricity is 
also used in a copy 

machine.

By positively charging the parts 
you want to print and negatively 
charging the ink, the machine can 

print copies just the way you 
want them.

Since things with the same 
charge repel each other, the 

negatively charged areas 
do not print, while positive 

areas attract the negatively 
charged ink.

Uses of Static Electricity
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Wow, static 
electricity is 

great!

Although you're 
likely to have some 
kind of an aversion 
to static electricity, 
if you understand its 

characteristics properly, 
you can also use it 

skillfully.

Yeah! Thanks 
to you, I have 
a pretty good 
understanding 

of it.

That's great!  
Well, shall we 

end today's 
lesson here?

...By the way,  
can you cook?

Of course!

Tonkyulas donburi and 
hemo hemo stir fry 
are my specialties.

Uh, are those  
kinds of food!?
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Tags on Consumer Electric Products

Consumer electric products have tags related to electricity with information such as voltage, 
current, and power—for example, 120V, 1440W, and 12A.

Voltage, the potential difference or “pressure” that makes electricity flow, is represented 
by the symbol V. The unit used to measure voltage is the volt (V), which is named for the 
Italian physicist Alessandro Volta, who invented the battery. The voltage used in an ordinary 
household appliance is 120V in the United States, 240V in Europe, and 100V in Japan.

Current is the quantity of electricity flowing per second through an electric line, and it is 
represented using the symbol I, which comes from the initial letter of Intensity of electricity. 
Current is measured in amperes (A), or amps for short, which are named for the French 
physicist André Marie Ampère. One amp is equal to one coulomb per second.

Power, which is the electric energy consumed in one second when current flows, is 
represented using the symbol P. Power is measured in watts (W), which are named for the 
British mechanical engineer James Watt, who invented the steam engine. One watt is equal 
to one joule per second.

You can determine the power a device draws by multiplying its voltage and current. The 
power of a 120V device in which 12A of current flows is P = V × I = 120V × 12A = 1440W.

A typical American household contains many 120V devices. If you divide the power 
value that is displayed on each of these devices by 120V, you can find the value of the cur-
rent that flows in each device. For devices with the same power, a 240V electronic device 
runs using half the current of an 120V electronic device.

Since P = V × I, we can rearrange this equation to look like this using simple algebra.

I =
P
 —
V

For a 120V electric device...  = 12A
1440W
—
120V

I = ...12A of current flows.

For a 240V electric device...  = 6A
1440W
—
240V

I = ...6A of current flows.

Electric heater

120V
1440W

12A

A tag on an electric heater
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You can find the amount of energy, which is the total amount of work done by an 
electrical device, by multiplying the power it draws and the time the device operates. Power 
is often measured by power companies in kWh (kilowatt hours). For example, if an electric 
heater with 1kW is used for 1 hour, the amount of energy it uses is 1kW × 1 hour = 1kWh.

However, when time is represented in seconds, Ws (watt second) can be used for the 
energy’s unit. A watt-second is equivalent to a joule (J). For example, when a 1kW electric 
heater is used for 1 hour, since 1 hour = 60 minutes × 60 seconds = 3600 seconds, the 
amount of energy used is 1kW × 3600 seconds = 3600kWs or 3,600,000 joules.

You can calculate how much it will cost to use an ordinary household appliance by 
multiplying the amount of energy used (in kWh) by the utility company’s price per kWh 
(you will also need to add in any flat-rate charges, if your utility company has them). Since 
the average electrical utility charge for 1kWh in the United States is approximately 12 cents 
for 1kWh, if a device with 1kW of power is used for 1 hour, the amount of energy used is 
1kWh, and the electrical utility charge will be approximately 12 cents. 

Voltage and Potential

Electricity flows from a high potential to a low potential. The potential difference between 
two points is called voltage. For example, for a AA battery, if we let the negative pole be the 
reference point, then the potential of the negative pole is 0V and the potential of the positive 
pole is 1.5V. The potential difference between the positive and negative poles is the supply 
voltage of this battery.

SI Prefixes

1000W may also be represented by 1kW. This is because k stands for kilo and repre-
sents 1,000 or 103. But we can use other prefixes, too: 3,600,000 joules (J) are equal 
to 3.6 megajoules (MJ). These prefixes for different powers of 10 are called SI prefixes, 
and they come from internationally determined rules for units called the International 
System of Units (SI units). The most common ones are shown in the table below.

SI Prefixes Often Used in Electrical Relationships

Prefix Symbol Name Quantity

T tera 1012   = 1,000,000,000,000

G giga 109     = 1,000,000,000

M mega 106     = 1,000,000

k kilo 103     = 1,000

m milli 10-3   = 0.001

µ micro 10-6   = 0.000 001

n nano 10-9   = 0.000 000 001

p pico 10-12 = 0.000 000 000 001
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If we stack two batteries and let the reference point be point B, the potential of point A 
is 1.5V, the potential of point B is 0V, and the potential of point C is -1.5V. The voltage 
between points A and C can be obtained by subtracting the potential of point C from the 
potential of point A; the voltage, in this case, is 3V. If we let point C be the reference point, 
the potential of point C is 0V, the potential of point B is 1.5V, and the potential of point A is 
3V. The voltage is still 3V.

The larger the difference in electrical potential, the larger the voltage.

Atoms and Electrons

All substances are made of atoms. An atom consists of a nucleus, which is made of protons 
and neutrons, and electrons. Since protons have a positive charge and neutrons are electri-
cally neutral, the nucleus itself is electrically positive. Electrons, on the other hand, have a 
negative charge. But since protons and electrons are equally and oppositely charged, an 
atom is typically electrically neutral.

Electrons move around the nucleus in a series of orbits called electron shells. Since 
the attraction from the nucleus is weaker for electrons in the outermost shells than ones 
in the innermost shells, electrons in those outermost shells may escape from orbit if exter-
nal energy such as heat or light is applied. An electron that has escaped from orbit can 
move around freely and is called a free electron. In substances like copper and other metals, 

Positive pole

Negative pole

� ba�ery

1.5V

Voltage = 
  1.5V (potential of positive pole) 
-  0V (potential of negative pole)
= 1.5V

0V
Reference point

Supply voltage of a AA battery

A

B

C

1.5V

-1.5V

0V
Reference

point

A

B

C

1.5V

0V

3V

Reference
point

Voltage betw�n A and C = 
1.5V - (-1.5V) = 3v

Voltage betw�n A and C =
3V - 0V = 3v

The voltage when two batteries are stacked
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through which electricity easily flows, there are many free electrons, and if a voltage is 
applied to this substance, the free electrons all flow in one direction. This is how electricity 
flows through an electric line. The outermost electron shell of an atom is called the valence 
shell, and the electrons that are in it are called valence electrons.

The total number of electrons in an atom is the same as that atom’s atomic number. 
Although there are many atoms with high atomic numbers and a lot of electrons, those sub-
stances are not necessarily ones through which electricity easily flows—the flow of electricity 
depends on the number of valence electrons. 

-

Electron

e = 1.62 × 10-19

The smallest quantity of 

electricity that exists in the 

natural world is a single 

electron.

Light or heat

Fr� electron

-

-

-

-

+

+
+

+

+

The escape of an electron

Nucleus

Nucleus

Electricity hardly flows at a� through 
material with few fr� electrons.

Material through which electricity easily 
flows has lots of fr� electrons.

Fr� electrons

Fr� electron

Different materials have different amounts of free electrons.
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Static Electricity

When two different substances are rubbed together, atoms collide, and electrons that are 
easily separated from the atoms of one substance may escape and move to the atoms 
of the other substance. At this time, the substance that lost electrons becomes positively 
charged, and the substance that gained electrons becomes negatively charged. A substance 
that carries electricity in this way is said to be charged, and since this electricity is stationary 
(that is, it’s not flowing), it is called static electricity. The quantity of the positive charge that 
is generated by this process is always the same as the quantity of the negative charge. Since 
static electricity is generated by friction, it is also called frictional electricity.

Electrostatic Force

Charge is measured in coulombs and is represented by Q, the quantity of charge. The 
name of the unit comes from Charles Augustine Coulomb, a French physicist who studied 
electricity.

A force called electrostatic force (also known as Coulomb’s force) operates between 
two charges. This force causes the same types of charge to repel each other and differ-
ent types of charge to attract each other. The size of the electrostatic force F of attraction 
or repulsion (measured in a unit called a newton) operating between charge Q1 and Q2 is 
directly proportional to the product of Q1 and Q2 and inversely proportional to the square of 
the distance (r meters) between the charges. The stronger the charges, and the smaller the 
distance, the larger the resulting electrostatic force. This is called Coulomb’s law with respect 
to static electricity.

Light 
or 
heat -

--

-

--

-

+
+

+

+
+

+

The number of electrons is 
reduced by one, so this atom 
has a positive charge.

The number of electrons is 
increased by one, so this atom 
has a negative charge.

Electron movement and electric charge
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If static electricity is generated by rubbing a vinyl sheet on a person’s hair, the hair has 
a positive charge, the vinyl has a negative charge, and the hair clings to the vinyl due to the 
electrostatic force.

Also, if the negatively charged vinyl sheet is brought close to hair that has not been 
charged, the hair will become positively charged and will cling to the vinyl. This phenom-
enon, in which something that is not charged becomes charged when it is in close proximity 
to something else that is charged, is called electrostatic induction. 

r

Q1 Q2

ChargeCharge

F = 9 × 109 ×
Q1 × Q2

r2

Electrostatic force

Same types of charge repel.

Di�erent types of charge a�ract.

- -

+ +

-+

F

Electrostatic force operating between charges and Coulomb’s law

Ru�ing a vinyl sh�t on 
your hair generates static 
electricity.

Bringing the sh�t close to 
someone else’s hair that has 
not b�n charged...

...charges that person’s hair by 
electrostatic induction so that it 
clings to the vinyl.

- - - - - - - - - - - - - - - -- -

- - - - - - -- -

+
+

+ + +
+

+
+ + + +

+

-
- - - -

-

Electrostatic induction
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The Triboelectric Series

Static electricity is more easily generated as the air gets drier—humidity prevents static elec-
tricity from gathering on a surface. Also, some clothes easily become charged, while others 
do not, depending on the material they are made from. Since silk has good water absor-
bency and contains much more moisture than synthetic fibers, it can reduce the occurrence 
of static electricity.

The polarities of the charges that are generated by friction differ according to the 
materials that are rubbed together. These differences are represented by the triboelectric 
series. For example, if hair and cotton are rubbed together, the hair will become positively 
charged and the cotton will become negatively charged, but for cotton and vinyl, the cotton 
will become positively charged and the vinyl will become negatively charged. 

The farther apart the materials are in the triboelectric series, the more static electric-
ity is generated between them, and the closer together the objects are in the triboelectric 
series, the less static electricity is generated. In other words, you can reduce the occurrence 
of static electricity by wearing clothes that are made of materials that are close together in 
the triboelectric series.

Movement of Charge and Direction of Current

Lightning is also a result of static electricity. Lightning occurs when the static electricity that 
is produced by the friction between hail and ice particles in a cloud discharges between the 
cloud and ground. In the case of lightning, air (which is an insulator through which electricity 
has difficulty flowing) exists between the positive and negative charges, so a discharge does 
not easily occur.

When a large amount of charge builds up and the potential difference between the 
positive and negative charges is extremely large, the insulation of the air suddenly breaks 
down and an electrical discharge occurs. Electrical discharge is the phenomenon in which 
charge flows continuously. This continuous flow of electricity is called current.
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Electric current flows from positive to negative. Scientists have discovered that the 
movement of electrons, however, is from negative to positive. Therefore, the direction in 
which the electrons move is actually opposite to the direction in which current flows.

The amount of current is represented by the quantity of electricity passing through a 
wire in a second.

For example, when a charge of 1C passes through a given point, the current I can be 
obtained by dividing the charge (Q) in coulombs by the time (t) in seconds as follows.

I = 
Q
 —
t

 = 
1C
—
1s

 = 1A

Also, the number of electrons flowing at 1A can be obtained by dividing 1C by the 
quantity of charge in 1 electron, as follows:

1C
—

1.602 × 10−19C/electron
 = 6.24 × 1018 electrons

In other words, when a current of 1A is flowing, there are 6.24 × 1018 electrons flowing 
per second. 

Direction of cu�ent

Electron

Co�er wire

-

-
-

-

Direction of current and direction of electron movement

- -

-

-

- - -

-

-
-

-

-

-

the size of the cu�ent is the 
quantity of electricity pa�ing 
through a wire in one second.

Size of the current
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The speed at which the electrons move is very slow—less than 1 cm per second. 
However, the speed at which electrical motion is transmitted to neighboring electrons is the 
same as the speed of light: 300,000 km per second. Therefore, the current also flows at 
300,000 km per second (the speed of light).

Although electricity itself cannot be seen with the naked eye, heat or light is often 
produced when current flows. Therefore, we know that electricity exists by observing the 
phenomena caused by current.

Electrons Moving at le� than 
1 cm per second

Cu�ent flowing at 
300,000 km per second

Nucleus

-

-

-

-

-

-
-

-

-

Speed of electrons and speed of current
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What Are Electric Circuits?



Thank you for 
loaning me these 

clothes!

Electric Circuits in 
Everyday Devices

Sure! You stuck out 
like a sore thumb 
walking around in 
that crazy outfit.

Many Electopians 
who have come 
to Earth live 

perfectly fine 
wearing their 

regular clothes!

Really!?

Do you really 
think so?

Of course!  
They hang out at 

places like Harajuku...

Well...



We're home! Huh? The lights 
won't turn on.

Hmm...just a second.

Uh oh!

Even Hikaru Sensei, who 
normally wouldn't hurt 
a fly, could behave very 

differently when left in the 
dark with a beautiful girl....

Hey, 
Rerekooooo...

Aieeeee!



AaAAh!  
Sorr...sorry!  
Rereko! Ouch!

Enough! What are you 
doing playing around with 

the flashlight you just 
bought?!

Hee hee!  
I'm sorry!

This flashlight is 
actually an electric 
device with the most 
basic electric circuit.

Electric 
circuit?

An electric 
circuit is a path 
through which 

electricity 
flows. It is 

also referred 
to simply as a 

circuit. Hmmm...

Bang!

Cr
as

h!

—Arrrrrrgh!!!!!

click
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The inside of 
a flashlight 

looks something 
like this... It’s so 

simple!

A flashlight consists of 
electrical components 

called batteries, a miniature 
light bulb, and a switch.

Switch

Light Bulb

Batteries
Okay...

A battery is a product 
that has voltage 

(that is, a potential 
difference).

If we think about it in 
terms of water, a battery 
corresponds to a water 
pump that draws water up 

out of a well.

A Flashlight's Circuit

Water pump = battery
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So without a battery, 
no electricity would flow, 

right?

In an electric 
circuit, this 

is called the 
power supply.

That's 
right!

The bulb is the 
part that emits 

light when 
the current is 

flowing.

In terms of 
water, the bulb 

corresponds to a 
water wheel that 

spins based on the 
water current.

I see...

The switch is the part 
that lets electricity 

flow or stops it from 
flowing, depending on 

the contact. The contact 
allows electricity 
to flow when the 
metal parts are 

touching.

I can picture that...

Snap

Flip

Flip



When the switch is closed, 
current leaves the positive 
pole of the battery, passes 
through the miniature bulb 
and switch, and returns to 

the negative pole.

The path through which this current 
flows is called an electric circuit, 

which always has a closed form 
(closed circuit).

Contact Switch

Power 
supply

Load

The voltage of 
the power supply is 
called the power 
supply voltage 

or electromotive 
force.

I see!  
In the flashlight, 

the light bulb is the 
load, right?

That's right!

Load

When current flows, the 
load converts electrical 
energy to light or heat 

energy — that is the work the 
battery did on the bulb.

The load also has a 
property that hinders 
the flow of current. 

This is called electric 
resistance.

Current

Current

Parts of an Electric Circuit
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The light bulb is 
the load, which you 

say has electric 
resistance...

Resistance is 
represented 

by units called 
ohms (Ω).

What a weird 
symbol!

An electric circuit consists 
of three elements as shown 
here: power supply voltage, 

current, and electric 
resistance.

The light bulb has a 
resistance that converts 
electric energy to light 

energy. An electric heater, 
for example, has a resistance 

that converts electric 
energy to heat energy.

We get a variety 
of effects 

from resistance, 
don't we?

We sure do!

Current

Voltage Resistance

That 
was so 
warm...

Oh!
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What power supplies 
besides batteries come 

to mind?

The electric...uh...
outlet?

That's right!

Hmm...

Er...

But electricity flows 
quite differently in a 

battery and an electric 
outlet.

For a circuit that uses 
a battery as the power 

supply, the current 
direction is always the 

same, and its size is 
constant.

That isn't 
an electric 

outlet... 
it's a plug.

The direction and size of the 
current are always fixed.

Current

Time

C
h
a
r
g

e
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When the direction of the 
flow of electricity and 

the size of the current are 
fixed, it is called direct 
current. a circuit in which 
direct current flows is 
called a direct current 

(DC) circuit.

The battery 
sends out direct 

current electricity, 
doesn't it?

Right...and that kind of 
power supply is called 
a direct current (DC) 

power supply.

But the 
electricity from 

an electric 
outlet is not 

direct current?

The electricity from 
an electric outlet is 
called alternating 
current, because its 
direction is always 

changing.

You mean the 
direction that it 
flows varies?

Yep! The direction that it 
flows changes 50 or 60 

times per second, and its size 
also varies according to a 

regular waveform.

direct Current

Time

1 wave = 1 cycle
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The number of waves 
repeated in one second 
is called the frequency. 
This is represented by 
the symbol f and is 

measured in hertz (Hz).

So, if the direction 
that the current 

flows changes 50 
times per second, 
it's 50 Hertz, and if 
it changes 60 times 

per second, it's  
60 Hertz?

That's correct! 
In eastern Japan 

and most of Europe, 
50 Hertz is used, and in 
western Japan as well 
as America, 60 Hertz 

is used.

Huh? Different 
frequencies are 
used in the same 

country?

It’s true. This is 
because when 

alternating current 
power plants were 
first built in Japan, 

the American format 
was used in western 

Japan...

...and the German 
format was used in 

eastern Japan.

f Hz
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Incidentally, if you are 
shocked by alternating 
current, you’ll feel a 
tingling sensation...

This is because the 
size and direction 
of the current are 

changing.

If you are shocked 
by direct current, 

you'll feel a pricking 
pain, like being stuck 

with a needle.

Hmmm. Direct current 
and alternating 

current even feel 
different if you 
get shocked by 

them! That's really 
interesting...

So! In that 

case, miss 

Rereko...

Yikes!  
Hikaru Sensei... 
protect me! Noooo!

Crack!

Ouch!

Sh
in
g
!

what if  

I put direct current 

or alternating current 

on this saber of mine?

Krzz!

Dun, dun, duuuun!Ahh
hh

!

Yow-ow-ow-ow!

Zzun!

66 C hapter 2  What Are Electric Circuits?



Ohm's Law and Methods of 
Connecting Electrical Components

When there is a 
big difference in 

water pressure, the 
force of flowing 

water increases and 

If this water wheel 
were larger, the water 

flow would slow 
down, and the quantity 
of water that flows 
per second would be 

reduced, right?

Okay, 
right.

In the same way, the larger 
the electric resistance, the 
more the current flow is 

reduced.

I get it!

Electricity flows 
according to a 

certain law.

What law 
is that?

W
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e
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Resistance 

(small)

Cu
rr

en
t 

(s
mall

)

Resistance 

(large)

Flip

Flip
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causes a water wheel 
to rotate vigorously. 
With electricity, the 
higher the voltage, 
the more current 

will flow.



If  
current is 

represented 
with I 

(amperes),

voltage is 
represented 
with V (volts), 

and

resistance is 
represented with R 

(ohms),

then the  
relationship 

 I =
 

V
—
R  

holds.

See, the current 
I is directly 

proportional 
to the voltage V 

and inversely 
proportional to 
the resistance R.

I see.

This is called 
Ohm's law.

This is the most 
important and basic 
property in electric 

circuits.

Got it!

Electric Circuits and Ohm's Law

I =
V

R

I

V R

V

I

Scribble, 
scribble
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There are two main 
connection methods used 

in electric circuits.
What are they?

Series connections 
for connecting two 
resistances in a line...

and parallel 
connections for 
connecting two 

resistances side by side.

How do they 
differ?

The way in which 
current flows and the 
way in which voltage is 

applied both differ.

Series connection

Series and Parallel Connections

Parallel connection

Current flows with 
the same size

Resistance 1 Resistance 2

Resistance 1

Resistance 2
Current of power supply = Current of 
resistance 1 = Current of resistance 2

Voltage of power supply = Voltage of 
resistance 1 + voltage of resistance 2

Branch Confluence

Current of power supply = Current of 
resistance 1 + Current of resistance 2

Voltage of power supply = Voltage of 
resistance 1 = voltage of resistance 2
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When there 
are multiple 

resistances in 
a circuit, we 
can consider 

them as a single 
effective 

resistance.

So in this 
case, two are 
considered 

as one.

The effective resistance 
in a series connection is 
obtained by adding the 
two resistance values.

effective resistance = 
R1 + R2

We simply add them 
like this.

How about 
in a parallel 
connection?

Obtaining the 
effective resistance 

in a parallel 
connection is a little 

more complicated.

We obtain it 
like this.

The sum of the 
reciprocals?

R1 R2

Sum of the 
reciprocals of 
each resistance

1
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If we represent it in a formula, 
it looks like this:

Grrrr!  
It certainly 

is complicated.

Well, let's get a 
feel for it first, 

okay?

Okay...

If two identical 
light bulbs are 

connected in series, 
the resistance value 
is doubled, right?

In this case, since the 
current is halved, the 

brightness of each bulb is 
dimmer than when just one 

bulb is connected.

To get the same 
brightness in both 
bulbs as when one 
bulb is connected, 
we must double 

the voltage.

effective 
resistance =

1

1      1

R1       R2

+
=

R1 × R2

R1 + R2

(product over sum)

Huff

R
1

R
2

1 b
u
l
b

2
 b

u
l
b
s

Click

Bright

Dim
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If we connect the bulbs in 
parallel, the same voltage is 

applied to each bulb, and since 
the same current is flowing, the 

brightness does not change. 
However, the total current is 

doubled.

In other words, 
we need a power 

supply that 
makes twice as 
much current 

flow.

These connection 
methods each have 

special characteristics, 
don't they?

A household electric 
appliance also acts as 
a resistance. We can 

connect many of them 
in parallel to a 120V 
power supply from 

the breaker.

Therefore, a voltage of 
120V is applied to every 

electric appliance.
I get it!

Even though 
the current 
branches, 

the current 
flowing to a 
single bulb 
is the same.

All 120V
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Electric Circuits and Current

The electrical parts that make up a flashlight are the batteries, a miniature light bulb, and 
a switch. A battery has the ability to make electrical current flow, so it is called the power 
supply. The light bulb is a part that emits light when current flows through it. The switch is a 
part that lets electricity flow or stops it according to the opening and closing of a contact.

When the switch is closed, current leaves the positive pole of the battery, passes 
through the light bulb and switch, and returns to the negative pole. The path through 
which current flows in this way is called an electric circuit, which always has a closed form 
(a closed circuit).

Graphical Symbols

A basic electric circuit consists of three elements: power supply voltage, current, and electric 
resistance. These elements are connected by electric wires.

The power supply voltage that does the work of making current flow is called the 
electromotive force. The element that converts electric energy to light or heat when cur-
rent flows is called the load (loads can also convert electrical energy into other things like 
sound or motion). The load has a property that hinders the flow of current, and this is 
called electric resistance or simply resistance. Resistance is represented by the symbol R 
and measured in ohms (Ω), which come from the name of the German physicist Georg 
Simon Ohm.

Switch

Light bulb

Ba�eries

Electric 
parts in a 
flashlight

Circuit 
drawing

Switch Cu�ent

Contact

Light bulb

Negative pole

Ba�eries

Positive pole

Electric circuit of a flashlight
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Creating a realistic drawing of an electric circuit takes time and effort. Therefore, 
graphical symbols are generally used to draw a representation. Using standard graphical 
symbols enables anyone to easily understand a circuit diagram that was drawn by some-
one else.

Appliances that use electric resistance include electric heaters and toasters. The electric 
heating element used in these appliances is the part that converts electrical energy to heat 
energy when current flows through the electric resistance. Note that the electric wire used 
in these appliances also has electric resistance; although it is only a small amount of resis-
tance, when current flows through the electric wire, heat is generated.

Direct Current Circuit and Alternating Current Circuit

The direction the current flows in a circuit that has a battery as the power supply is fixed, 
and the size of the current is also constant. When the direction of the flow of current and 
the size of the current are fixed, we call the electricity direct current (DC). A circuit in which 
direct current flows is called a direct current (DC) circuit. A power supply that sends out 
direct current, such as a battery, is called a DC power supply. A size D or size AA battery has 
a DC 1.5V power supply voltage. 

+

−

Resistance
R

Electric
wire

Power Su�ly
Voltage

V

Cu�ent
I

+

−

Graphical symbols

Direct cu�ent
power su�ly

Electric
wire

Resistance

Switch

Electric circuit and graphical symbols
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On the other hand, the direction of flow and size of the current sent from the electric 
power company to a home changes cyclically. This kind of electricity is called alternating 
current (AC), and a circuit in which alternating current flows is called an alternating current 
(AC) circuit. The direction that this electricity flows changes 50 or 60 times per second, and 
its size also varies cyclically with time. The number of waves repeated in one second is called 
the frequency, which is represented by f and measured in hertz (Hz).

The size of AC voltage at any given time is called the instantaneous voltage, and the 
largest value among the instantaneous voltages is called the peak voltage. The size of the 
AC voltage that will perform the same amount of work as a DC voltage is called the effective 
voltage. The AC voltage that comes to an electric outlet in a home is generally 120V in the 
United States, but this is the effective voltage. The peak voltage is approximately 170V.

The direction of cu�ent is 
always the same, and the size 
is also constant.

DC circuit
Variation of DC voltage 
with time

Voltage is constant at 1.5V

DC cu�ent

Voltage

Voltage

Time

Time

0

0

+

−

+

−

Variation of AC voltage 
with timeAC circuit

Electric
outlet

AC cu�ent

The direction of the 
cu�ent alternates 
betw�n clockwise 
and counterclockwise.

The number of waves 
repeated in one second 
is ca�ed the frequency.

1 wave

1 cycle

Direct current and alternating current
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Ohm’s Law

The current that flows in a circuit is directly proportional to the voltage and inversely pro-
portional to the resistance. This relationship is called Ohm’s law and can be expressed in a 
formula as I = V / R. This is the most important and basic property in electric circuits.

For example, if a voltage of 120V is applied to a resistance of 120Ω, the current will be 
I = V / R = 120 / 120, and 1A of current will flow. Whenever you know two values among 
the current, voltage, and resistance in a circuit, you can use Ohm’s law to calculate the value 
you don’t know.

0
+

- Time

Voltage
Instantaneous

voltage

Peak voltage: 170V

EFFective voltage: 120V

Alternating current value

+

−
120Ω120V

If these two values are known, 
the cuRRent can be calculated.

Ohm’s law I = 
V

R

Calculation
according
to Ohm’s law

I = 
V

R
=

120

120
= 1A

Ohm’s law
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Resistivity and Conductivity

Electric wire has a very low resistance and is used to connect circuit elements. When a 
small amount of current flows through wire, we can consider its resistance negligible. If a 
larger amount of current flows through a wire than can do so safely, heat will be generated.

Resistance (R) is a measure indicating the difficulty of the flow of current. The resis-
tance (measured in ohms) of a conductor with length L meters and cross-sectional area A 
square meters can be represented by R = ρ × L / A.

Resistivity measures how much a material opposes the flow of current and can be 
used to determine a wire’s resistance. Resistivity, represented by the symbol ρ, is a material-
specific resistance value and is measured in ohm meters (Ω m). From this equation it is 
apparent that for the same material, the size of the resistance is directly proportional to the 
length and inversely proportional to the cross-sectional area.

Resistivity (in Ω m) of Various Metals 

at Room Temperature (68°F)

Gold 2.22 × 10-8

Silver 1.59 × 10-8

Copper 1.69 × 10-8

Aluminum 2.27 × 10-8

Nichrome 107.5 × 10-8

Conductance (G), in contrast to resistance, is a measure indicating the ease of the flow 
of current and is measured in siemens (S). Conductivity, represented by the symbol σ, is the 
reciprocal of resistivity, and it is measured in siemens per meter (S/m). (The siemens, named 
for German inventor Ernst Werner von Siemens, is an inverse ohm; it is also sometimes 
called a mho and can be represented by the symbol 

Ω

 or Ω-1).

Length
L

Cro�-sectional area

A

Conductor

Resistance of this interval

R = ρ × 
L

A

ρ is resistivity (Ω m)

Conductivity is σ = 
1

ρ

Resistivity and conductivity
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Effective Resistance

There are two basic methods of connecting electrical components. Let’s look at them both 
with respect to resistance. When there are multiple resistances in a circuit, we can consider 
them as a single effective resistance.

The method of connecting resistances in a line is called a series connection. We cal-
culate the value of the effective resistance in a series connection by totaling the individual 
resistance values.

Effective resistance = R0 = R1 + R2 + ... + Rn

In this connection, the size of the current that flows in each resistance is the same. The 
power supply voltage is voltage divided by each resistance.

If two light bulbs of the same size are connected in series to a power supply, the cur-
rent will be halved, and the brightness of each bulb will be dimmer than it was when just a 
single bulb was connected, because the effective resistance is doubled. At this time, the volt-
age at both sides of each light bulb will be half the value of the power supply voltage.

+ −

R
0
 = R

1
 + R

2
 + R

3
 + ... + R

n

E�ective resistance
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co�ection
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1
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2

R
3

R
n

V
1

V
2

V
3

V
n

Calculate Power su�ly voltage by dividing 
voltage by the sum of the resistances.

Power su�ly voltage (V)

Series connection and effective resistance



The other basic method of connecting resistances is called a parallel connection. At this 
time, the value of the effective resistance can be obtained by calculating the reciprocal of the 
sum of the reciprocals of each resistance.

The total resistance when two resistances are connected in parallel can be obtained as 
follows.

In a parallel circuit, the voltage applied to each resistance is the same, because the cur-
rent branches and flows to each resistance.

One light bulb

Two bulbs
co�ected
in series

Cu�ent Cu�ent

Bulbs now shine
more dimly, because
Cu�ent to the bulb
is half what it was.

Series connection of light bulbs

Effective resistance = R0 =

Rn

11

R1

 + 
1

R2

 + ... + 

1

Effective resistance = R0 =
R1 × R2

R1 + R2

(Product over sum)

E�ective resistance

1
R

0
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R
n

11

R
1

 + 
1

R
2

+ ... +  + 
1

R
3

Voltage a�lied to each
resistance is the same.

R
1

R
2

R
3

R
n

Power su�ly voltage

Para�el
co�ection

Cu�ent branches
to each resistance

Cu�ent

Parallel connection and effective resistance
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If two light bulbs of the same size are connected in parallel to a power supply, the 
brightness of each bulb is the same as it is when there is only one bulb. Since the current 
flowing to each bulb is the same as the current flowing when only one bulb is connected, 
the total current is doubled.

The 120V electric appliances that we use in our homes are connected in parallel to a 
120V power supply. If we increase the number of electric appliances connected to the power 
supply, the total current flowing also increases.

One light bulb

Cu�ent Cu�ent

Two bulbs
co�ected in para�el

Bulbs now shine with the
same brightne�, since
total cu�ent is doubled.

Series connection of light bulbs



3
How Does Electricity Work?



Why Does Electricity 
Produce Heat?

So, how's 
it going?

Are the 
lessons 

going well?

They're 
great!

Hikaru Sensei  
and I have really  

hit it off!

Spending some time 
on Earth seems like 
it was the perfect 
thing for you now, 

doesn't it?

Yes! By 
properly 

reviewing the 
basics here, 
I will regain 
my honor in 
Electopia!

Regain?

You never 
had any 
honor in 
the first 

place!

Jeez! That 
was rough.

82 C hapter 3  How Does Electricity Work?



Excuse me? Have 
you forgotten 

that Yonosuke is a 
transdimensional 

walkie-talkie and an 
observation robot?

Ah!

There's 
Hikaru Sensei! 

I've gotta 
run...

Keep up the 
good work, 

okay?

Rereko! I've been 
searching everywhere 

for you! Uh, Why 
don't you continue 
your ventriloquism 
practice in the lab?

Fine, fine!! 
Just come 

inside!

Jeez, simmer 
down!

Hi, Hika...

...ru! Wha...?
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This is the lab 
for my seminar.

It’s much neater 
than your apartment, 

that’s for sure!

Well...it's not just 
my apartment, now, 

you know...

Oh! I brought you 
some lunch!

Thanks...and from 
now on, please only 

communicate with 
Yonosuke indoors, 

okay?

It's not so unusual to 
see people talking on 
the phone, but, talking 
with a doll? That's a 

little...

...weird?

Well, you took the 
trouble to come here, 

so should we study 
a little?

Absolutely!

Open
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Rereko... 
what is this?

Momencho!  
It's an ordinary 

home-cooked meal 
in Electopia.

It's scary to think 
that I might get 
used to this kind 

of cooking...
Since it's  

lunchtime, let's learn 
about calories —
they are used for 
measurements in 

food!

A calorie is a 
measurement 

of heat.

Just like how heat is 
produced when food 

is digested...
...heat is also 

produced when 
electricity flows 

through an electric 
resistance.

Electricity and Joule Heat

Huh?

Heat

R
e
s
is

ta
n
c
e

Chomp
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That heat is called 
joule heat.

Joule heat...
got it!

For example, you  
can find the amount of heat 
produced when current I 

flows through resistance R 
for t seconds by calculating 
I2 × R × t. The symbol Q is used 

to represent heat, and we 
measure it in J (joules).

I see...

The Current 
flows for  
t seconds.

Q = I2 × R × t

The amount of heat required 
to raise 1 gram of pure 

water from 14.5°C to 15.5°C 
at 1 atmospheric pressure is 
approximately 4.2J, and this 
corresponds to 1 calorie. So you can 

convert 
measurements 

between joules 
and calories!

Scribble 
scribble

Current I

R
e
s
is

ta
n
c
e
 R

Heat

Smack
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But...why does 
electricity 

generate heat?

The atoms that make 
up a substance are 
always vibrating.

This is called 
thermal 
vibration.

The atoms are 
jiggling...!!

Temperature 
corresponds to the 
magnitude of thermal 

vibrations. When an 
object is heated, its 
atoms vibrate more.

Wow! Then if there is 
no thermal vibration, 
will there no longer 

be temperature?

That's right! The 
temperature at which there 

is no thermal vibration 
is called absolute zero, 
which corresponds to 

-273.15°C.

Wow! That's one 
cold banana!

How Is Heat Generated By Current?

Atom
Atom

Atom

Hammering 
a nail...

...with a 
frozen 
banana!

Atom

Atom
bink

bonk
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We recently talked 
about the load having a 

property called electric 
resistance, which hinders 

the flow of current.*

Actually, that 
property is due to 
the vibration of the 

atoms.

Right...

Of course! If an 
atom is vibrating, it's 

harder for electrons 
to move around!

Electric wire has 
electric resistance at 
normal temperatures —
even if it’s just a small 

amount. 

Okay,  
I get that...

When the temperature 
of some materials, such as 

aluminum, drops near absolute 
zero, the atoms reach a state 

of rest. At this point, electrons 
are able to move freely without 
colliding with the atoms — that is, 

there is no resistance at all.

This phenomenon 
is called 

superconductivity.

Sweet! That 
sounds so 

cool!

Atom

Atom
Atom

Atom Atom

Atom
Atom

AtomAtom

Atom

Atom

Atom

Atom

Atom

* See page 61.
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When current flows in aluminum 
wire at a normal temperature, 
electrons violently collide 
with aluminum atoms, creating 
larger thermal vibrations and 
generating heat.

So at normal 
temperature, the 
thermal vibration 

increases.

Yep! And as the 
 vibration of the atoms 

increases, the electrons 
can no longer move 

smoothly, so the electric 
resistance also increases.

Of 
course...

Generally, as the 
temperature of a 
metal increases, 
resistance also 

increases.

   When the 
temperature drops, 
the resistance also 

decreases.

For example, 
think about walking 

around inside a 
train...

A train?

atom

If electrons collide with atoms 
causing the vibration to increase, 

electric resistance will also increase.

High Temperature = 
High Resistance

Low Temperature = 
Low Resistance

R

ato
m

at
om

Atom

Atom

Electricity and Joule Heat  89



If the people around you 
are standing still when 

you are trying to walk, you 
can move easily, but...

...if everyone around you 
is also moving, you will 
bump into them, and you 
won't be able to move 

easily, right?

I'm the electron, and 
the people around 
me are the atoms, 

aren't they?

Exactly!  
If you try to keep 
moving when the 

people around you are 
also moving, you will 
bump into them, making 
everyone move around 

even more!

When current 
flows through a 

resistance and the 
temperature rises, 
heat is generated.

At this time, infrared 
rays that are invisible 
to the naked eye are 

emitted.

I see...

Um
ph...

Thermal Emission and 
Luminescence

Infrared ray

In
f
r
a
r
e
d
 r

ay

Infrared ray

In
f
r
a
r
e
d
 r

a
y

In
f
r
a
r
e
d
 r

a
y

Resistance
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Infrared rays, which 
are also called 

heat rays, are a type 
of wave called an 
electromagnetic  

wave.

Are there 
other kinds of 

electromagnetic 
waves?

Yep! They're 
divided like this, 

according to their 
wavelength.

Even in visible  
light, which we can 

see with our eyes, the 
color varies with the 

wavelength.

At first, 
infrared rays 
are emitted.

If the 
temperature 

rises further, 
visible light 

will be emitted.

Long Short
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Gamma (γ) 
raysX rays

Ultraviolet 
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Colors of visible light

Infrared ray
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Infrared ray

It's 
dazzling!

Diagram not to scale

Bright
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This phenomenon, in which 
the temperature of a 

substance increases and 
thermal energy is emitted 
as electromagnetic waves, 
is called thermal emission. 
It is the principle of light 

emission in light bulbs.

It's also why 
it gets pretty 
warm near a 
light bulb!

Thermal emission 
produces red 
light at a low 

temperature, which 
changes to bluish 
white light as the 
temperature rises.

That also 
happens as a 

desk lamp gets 
brighter.

Actually, light emission 
due to thermal emission 
mostly ends up becoming 
heat, so it's inefficient to 

use it as light.

Is that 
right?

One type of light 
emission that 
isn't thermal 

emission is called 
luminescence. 
It is used in 
fluorescent 

lights.

Wow!

Emission of light and heat

Click
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It's more efficient 
because its energy loss 

due to heat is small.

But what makes 
a fluorescent 
light shine?

First,  
electrons 

escape from 
the filament.

The electrons collide 
with mercury atoms, 

which emit ultraviolet 
rays. These UV rays strike 
the fluorescent material 
painted on the inside of 

the tube, which emits 
visible light.

For the same electric 
power consumption, 
a fluorescent light 

emits more than four 
times the light of a 
regular light bulb.

Four times as 
much?!!

Well, we should 
put fluorescent 
bulbs in all of 

our lamps!

That's not a 
bad idea...

So now you've 
learned that 
light-emitting 

phenomena 
include thermal 

emission...

...and 
luminescence, 

right?

Yep! 
I got it!

Ultraviolet 
rays

Electrons
Mer-
cury

Visible light Fluorescent 
material

Mer-
cury
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Current and 
Magnetic Fields

I'll use this 
for my next 
explanation...

It’s a magnet?

That's 
right.

Electricity and 
magnetism are 

inseparably bound 
together.

If I place a 
transparent 
plastic sheet 

over the 
magnet...

...and sprinkle 
iron filings 

from above...

Cooooool!

That's an awesome 
pattern!

Isn't it?
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These lines leaving  
the magnetic poles are 

called magnetic fields. They 
go from the north (N) pole 

to the south (S) pole.

So the poles 
determine the 

direction.

Actually, the Earth 
itself is like an 

enormous magnet. 
Its magnetism 

is called 
geomagnetism.

Gosh! The scale 
is so big!

This works 
because of 

geomagnetism.

A compass?

That's right! 
This compass 

points north and 
south due to 

geomagnetism.
Oh...of 

course.
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Magnetic fields are 
generated when 
current flows in 

electric wire.

This phenomenon is extremely 
important when using 

electricity, and many electrical 
appliances make use of it!

Cool!

Magnetic fields are 
generated in a circular 

pattern around 
the wire.

This is called 
Ampère's law. You can 

remember how it works 
using your right hand.

If I point my right 
thumb in the direction 

of the current, my 
fingers curl in the 

direction the magnetic 
field is generated.

The strength of the magnetic 
field varies according to the 
strength of the current. If 
the direction of the current 
changes, the direction of the 
magnetic field also changes.

magnetic
 

fields

Curr
ent

Electric wire

Current

Current

Direction of 
current

A circular 
magnetic 

field
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If current of the same 
size flows in the same 

direction in two electric 
wires placed side by side, 

two things happen...

...the two magnetic fields 
generated in the two wires 
are combined to form one 
large magnetic field. This 

also works for more than 
two wires.

Additionally, 
a force of 

attraction is 
generated that 
causes the two 
electric wires 

to attract 
each other.

Well, what happens 
if the direction of 

the current isn't the 
same in both wires?

In that case, 
a force of 
repulsion is 

generated in the 
wires, and the 

magnetic fields 
negate each 

other.

Oh! If the magnetic 
fields negate each 

other, they disappear!

That's right!

Current

Current

Current

Current
magnetic fields

Force of 
attraction is 
generated

Force of 
repulsion

Force of 
repulsion

magnetic 
fields 

disappear

I can't 
see...

magnetic 
fields

Current

Current

Force of 
attraction is 
generated

magnetic 
fields
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Rereko, do you 
know what this 

means?

Hikaru Sensei! 
Of course!

You're throwing 
paper, scissors, 
and rock! It's 
unbeatable!

No...I don't mean 
that rock, paper, 
scissors trick.

If a conductor is placed into 
a magnetic field and current 
flows, force is exerted on 
the conductor and it moves 

according to Fleming's left-
hand rule.

When your left 
hand is bent in 

this shape...

This rule says that the index 
finger points in the direction of the 

magnetic field (N to S), the middle 
finger points in the direction the 

current moves, and the conductor 
moves in the direction indicated by 
the thumb, as a result of a force 

acting in the same direction.

Left hand...
is it?

Fleming's Left-Hand Rule 
(For DC Motors)

Paper Scissors

Rock

conductor moves 
in this direction

Magnetic field points 
north to south  
in this direction

Current 
flows 
in this 

direction
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A DC motor 
turns by using 

this force.

This is a really 
handy way to 
remember the 

rule!

force 
(Motion)

magnetic 
field

Current

Conductor

force

Current

magnetic 
field

If current flows in a conductor between the north (N) and 
south (S) poles, the conductor receives thrust upward.

Can you use Fleming’s left hand rule 
to see why a DC motor spins? First, 

consider the left side of the loop —
the current is flowing towards the 

battery, making the force on the loop 
upward. In the right side of the loop, 

current is flowing away from the 
battery, creating a downward force. 

Motion

Current
magnetic 

field

Current

Current

The loop will keep spinning 
in this direction because the 
contact switches when the 

loop becomes vertical (which 
means the direction of the 
forces will not change). 
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Fleming also has a 
right-hand rule!

What does that 
rule say?

If a conductor 
moves between the 
poles of a magnet, 

the conductor 
crosses through a 

magnetic field.

Okay...

An action that causes 
electricity to flow, which is 
called the electromotive 
force, is generated in the 
conductor at this time, and 

current flows.

The flow of that current  
is in the direction of the 

middle finger of the right hand, 
the direction of the magnetic field 
is the direction of the index finger, 
and the direction of movement of 
the electric wire is the direction 

of the thumb.

Fleming's Right-Hand 
Rule (For Generators)

Conductor

magnetic 
field

Motion 
of the 

conductor

magnetic 
field

Current

Motion

Conductor 
moves in this 

directionN-to-S magnetic 
field points in 
this direction

current 
moves in this 

direction
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This is Fleming's 
right-hand rule.

Got it.

When a generator creates 
electricity, we simply consider 
one side of the loop (the left 

side, above), and we can determine 
the direction of the current using 

Fleming’s right-hand rule.

We'd better 
not mix up our 
left and right 

hands!

We can use the right-
hand rule to determine 

the direction of the 
current created by an 
electric generator...

...and use the left-hand 
rule to figure out 
the direction that a 

motor turns.

Current

Current

Cu
rr

ent

Motion

magnetic 
field

Right hand

Left hand

We apply a 
force to 
make the 
coil spin.
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Why don't 
we stop 
here for 
today?

Hooray!

Hey, 
what's up?

Hikaru...are you 
playing around 

in the lab?

Oh! 
Hellooo!

No. We're not 
playing...

Wow! You brought 
your little girlfriend 

to the lab!

Huh?

Gir...girlfriend? 
I’m not...

You're tot…
totally wrong!!! 
She's my cousin!

Oooookay...
anything you 

say...

........ It's true! 
You've totally 
misunderstood!
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Well...er...
we're heading 

out now...

Okay... 
later, dude...

Huh?

What's this? 
Stupid Hikaru 
forgot his 

lunch.

I wonder 
if that kid 
made it!

There's some  
left. I guess I'll  

eat it, since I 
wouldn't want it to 

go to waste...

What was 
that?!?!

Slam!

Pop!

*

* Yeeeeech!
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Joule Heat

Heat that is produced when current flows 
through an electric resistance is called joule 
heat. For example, the amount of heat 
produced when current I flows through 
resistance R for t seconds can be obtained 
by calculating I2 × R × t. The amount of heat 
is represented by the symbol Q and is mea-
sured in joules (J), which are named after 
the English physicist James Prescott Joule. 
One joule corresponds to the electric power 
consumption of 1Ws (watt second)—and 
one joule is equivalent to a kg × m2 / s2. The 
amount of heat required to raise 1 gram 
of pure water from 14.5°C to 15.5°C at 
1 atmosphere of pressure is approximately 
4.2J, and this is equivalent to 1 calorie (cal).

Thermal Vibration

What is heat? The atoms that make up a 
substance are always vibrating, and this is 
called thermal vibration. The magnitude 
of the thermal vibration in a substance is 
directly related to the magnitude of the 
temperature of that substance—this thermal 
vibration of atoms is the true nature of heat.

If the atoms in a substance are not 
vibrating, that substance will have no tem-
perature—that temperature is called absolute 
zero, which is equal to −273.15°C.

Even when copper wire, which is used 
for electric wire because of its low resistance, 
is at normal temperatures, the vibration of 
the copper atoms resists the movement of 
electrons, creating additional heat and addi-
tional resistance.

However, if the temperature of a 
material drops to near absolute zero, the 
vibrations of the atoms become very small. 
In such a state, electrons can travel much 
more easily—in other words, the material’s 
resistance decreases. In some materials, such 
as aluminum, if the temperature becomes 
low enough, the electrons can move without 

Resistance R

Joule
heat

When cu�ent I flows through
resistance R for t seconds,
the amount of heat generated is
Q = I2 × R × t

C
u
�

e
n
t
 I

Resistance and joule heat

Normal Temperature

Atoms in a substance are 
therma�y vibrating.

High Temperature

As the temperature increases,
the thermal vibration also
increases. 

Absolute zero (−273.15°C)

In this state, atoms have no
thermal vibration.

Thermal vibration and temperature
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being obstructed by the atoms at all! When a material’s resistance becomes zero, we call the 
phenomenon superconductivity.

Many metals are found to naturally superconduct when they are cold enough, but 
most need to be near absolute zero. However, since it is extremely difficult to actually 
lower a substance’s temperature near absolute zero, research is being conducted on super
conductivity phenomena that occur at temperatures much higher than absolute zero, a field 
called high-temperature superconductors. Someday, materials like these may be used to 
send electricity to homes everywhere without current loss due to joule heating.

In wires at normal temperatures, electrons will violently collide with other atoms, which 
creates even more thermal vibrations—that is, more heat. As a wire heats up, its resistance 
increases. Conversely, as its temperature decreases, electric resistance decreases.

Cu�ent

Cu�ent

Electron

If thermal vibration increases,
the movement of electrons is
obstructed.

High
temperature

Absolute
zero

Near absolute zero, there is no
thermal vibration to obstruct
the movement of electrons.

−

− −

−

−

− − −

− − −−

− − −

Superconductivity and current

−
−

− −

Cu�ent
Heat Heat

Heat Heat

Atom

Electron

The thermal vibration of atoms
increases further due to co�isions
with electrons, and heat is generated.

Collisions with electrons and generation of heat



106 C hapter 3  How Does Electricity Work?

Electromagnetic Waves

When current flows through a resistance and the temperature rises, heat is generated. At 
first, infrared rays that are invisible to the naked eye are emitted. Infrared rays, which are 
also called heat rays, are a type of electromagnetic wave—a wave that has thermal energy. 
Electromagnetic waves (in order of decreasing wavelength) include radio waves, infrared 
rays, visible light, ultraviolet rays, and X rays, among others. Radio waves are used for TV 
or radio broadcasting and communication for ships. The color of visible light varies with the 
wavelength—red light has the longest wavelength, and violet light has the shortest.

After infrared rays are emitted from a substance, visible light will be emitted if the 
temperature continues to rise. This phenomenon in which thermal energy is emitted as 
electromagnetic waves as the temperature of a substance increases is called thermal 
emission. This is the principle of light emission in light bulbs. Thermal emission produces 
red light at a low temperature, which changes to bluish white light as the temperature  
rises. 

Light emission due to thermal emission mostly ends up becoming heat, so it is 
inefficient to use it as light. Light emission in which the emitter does not need to be heated 
is called luminescence; it is the principle used in fluorescent lights. In a fluorescent light, 
electrons that escape from the filament collide with mercury vapor inside the fluorescent 
tube; the ultraviolet rays that are generated at that time excite the fluorescent substance 
on the inner surface of the fluorescent tube and become visible light. The light emission of 
a fluorescent light is very efficient—for the same electric power consumption, it emits more 
than four times the light that a regular light bulb emits.

Light-emitting phenomena include thermal emission and luminescence, as shown here.

Wavelength is short.
Frequency is high.

Wavelength is long.
Frequency is low.

γ rayX rayUltra-
violet
ray

Visible lightInfrared
ray
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wave
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Electricity and Magnetism

If iron filings are sprinkled on a sheet of paper placed over a bar magnet, a pattern of lines 
is produced. These lines originate from the north (N) pole and lead toward the south (S) 
pole; they are called a magnetic field. 

Magnetic fields are also 
generated when current flows. 
This phenomenon is extremely 
important when using electric-
ity, and many common electrical 
appliances make use of it.

When current flows in an 
electric wire, a magnetic field with 
a circular pattern is generated 
around that wire. This is called 
Ampère's law. The magnitude of 
this magnetic field varies accord-
ing to the strength of the current; 
if the direction of the current 
changes, the direction of the 
magnetic field also changes.

A light bulb is ine�icient because its heat emi�ion is great.

A light bulb
emits heat.

A fluorescent light
has luminescence.

Filament

Electrons

Fluorescent
substanceLight

Light

Mercury vapor

Ultraviolet rays

-
-
-

-
-

-
-

-

-
-

Heat and Light

Light emission of a light bulb and a fluorescent tube

SN

Magnet

Lines of magnetic force leave from the
North pole and go toward the South pole.

A magnet and magnetic fields
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If current of the same magnitude flows in the same direction in two electric wires 
placed side by side, the magnetic fields generated in each wire are combined to generate a 
magnetic field of twice the current around both conductors. At this time, a force of attrac-
tion is generated between the two electric wires. If current is flowing in opposite directions 
in two wires, a force of repulsion is generated between the wires. In this case, the magnetic 
fields around the wires negate each other and become smaller.

The additive property of magnetic fields also holds true for more than two wires 
(for example, a coil). In this way, a large magnetic field can be generated.

Cu�ent

A magnetic field with a circular pa�ern 
is generated when cu�ent flows.

To use the right-hand rule, 
first point your thumb in the 
direction that cu�ent flows. 
Doing this, your fingers wi� 
curl in the direction of the 
magnetic field induced by 
the wire.

Ampère's law

Force of 
repulsion

Force of 
repulsion

Force of 
a�raction

A magnetic field for 
twice the cu�ent is 
generated.

The two magnetic fields 
negate each other.

Cu�ent

Cu�ent

Cu�ent

Cu�ent

Forces generated when current flows in two conductors
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Fleming's Left-Hand Rule and Motors

If current flows in a conductor that is within a magnetic field, an electromagnetic force 
is generated on the conductor. Fleming’s left-hand rule indicates an easy-to-remember 
relationship among the directions of the magnetic field, the current, and the movement 
of the conductor. This rule says that when you extend the thumb, index finger, and middle 
finger of your left hand so they are mutually perpendicular, the index finger points in the 
direction of the magnetic field, the middle finger points in the direction of the current, and 
the thumb points in the direction that the conductor moves (the direction of the electro
magnetic force). The name of this rule comes from the name of the English electrical 
engineer John Ambrose Fleming who defined it. You can determine the direction of rota-
tion of a motor by using Fleming’s left-hand rule.

Left hand
Direction
of cu�ent

N

SDirection 
conductor 
moves

Cu�ent

Conductor

magnetic field

force (direction
conductor moves) Direction of magnetic 

field (n to s)

If cu�ent flows in a conductor that is within
a magnetic field, an electromagnetic force 
is generated.

Fleming's left-hand rule

A motor rotates due to the electromagnetic force
generated on the conductor by cu�ent flowing in
the conductor within a magnetic field.
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Fleming’s Right-Hand Rule and Electric Generators

You can determine the direction of the electromotive force created by an electric genera-
tor by using Fleming’s right-hand rule. When a conductor moves between the poles of a 
magnet, the conductor crosses a magnetic field facing from the north (N) pole to the south 
(S) pole of the magnet; electromotive force is thus generated in the conductor, and current 
flows. Fleming’s right-hand rule indicates an easy-to-remember relationship among the 
directions of the magnetic field, the movement of the conductor, and the current. When you 
extend the thumb, index finger, and middle finger of your right hand so they are mutually 
perpendicular, the index finger points in the direction of the magnetic field, the thumb points 
in the direction that the conductor moves, and the middle finger points in the direction of 
the current.

You must apply a force to keep the loop spinning within the magnetic field. This could 
be the force from falling water, like in a hydroelectric generator, or the force of pressurized 
steam, like in a coal power plant.

    But why do Fleming’s hand laws work? We can better understand why generators 
and motors work by understanding how magnetism and electricity are related.

Direction
conductor

moves

Direction of 
magnetic field

Direction
of cu�ent Right hand

Direction
conductor
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S

N
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magnetic field

When a conductor moves within 
a magnetic field, cu�ent flows.
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A generator creates electricity by rotating
a conductor within a magnetic field.
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Electricity and Coils

An electric wire wound in loops is called a coil. If current flows in a coil, a magnetic field 
is generated that goes through the inside of the coil. If an iron core is inserted in the coil, 
the magnetic field is concentrated in the iron, and it becomes a strong electromagnet. The 
strength of an electromagnet is proportional to the product of the current and the number 
of loops in the coil; if the direction of the current is reversed, the polarity of the electro-
magnet is also reversed. If the current is stopped, the magnetic force of the electromagnet 
disappears.

You can use your right hand to find the orientation of the magnetic field induced by a 
coil. Just curl your fingers in the direction the current flows in the coil, and your thumb will 
point towards the N pole of the induced magnetic field.

Coils and Electromagnetic Induction

When a bar magnet moves within a coil, current flows in that coil, which creates a magnetic 
field in order to oppose the change in magnetism. If the direction of the bar magnet’s move-
ment changes, the direction of the current in the wire also changes. This phenomenon is 
called electromagnetic induction, and the electricity that is generated during this process 
is called induced electromotive force. The current generated is called induced current.

Lenz’s law, discovered by the Russian physicist Heinrich Friedrich Emil Lenz, states that 
the current due to electromagnetic induction flows in a direction such that the magnetic 
field produced by that current obstructs the motion of the magnet.

Cu�ent

Cu�ent

Cu�ent
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magnetic
field

magnetic field

Magnetic field created by a coil of electric wire
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Coils and Inductance

If a coil is connected to a battery and current begins flowing, the magnetic field generated 
becomes larger, and the coil becomes an electromagnet. At this time, an induced electro-
motive force is generated on the coil itself due to the varying magnetic fields. This is called 
self-induction or simply inductance.

When the current to the coil is cut off, the magnetic field begins to disappear, and an 
induced electromotive force is generated in the direction that obstructs the flow of current 
in the coil. This is called a counter-electromotive force. The counter-electromotive force can 
be easily verified. When a battery is connected to a coil and current flows, a magnetic field 
is generated. When the current is constant, no counter-electromotive force is generated, but 
when the battery is detached and the current is cut off, the magnetic field that was being 
generated becomes smaller. At this time, voltage due to the counter-electromotive force 
appears at both ends of the coil.

If a bar magnet is inserted into a coil, a cu�ent is induced that 
o�oses the magnetic field. If the bar magnet is withdrawn, that 
change wi� be o�osed as we�, creating an induced cu�ent in 
the o�osite direction. 

Magnet is
inserted.

Magnet is
withdrawn.
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magnetic
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When the ba�ery is detached,
an induced electromotive force
is generated due to self-induction.

Self-induction of a coil
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Coils and Alternating Current

The magnitude of alternating current is always changing. If alternating current flows in a 
coil, an induced electromotive force is generated in the coil in the direction that obstructs the 
flow of the current, and current flows so that it lags behind the power supply voltage varia-
tion by one-fourth of a cycle. This is called the lagging current, and it flows in an electrical 
device such as a motor with a coil. This temporal lag is called a phase difference. The coil 
acts like a resistance to the current as described above. This is called inductive reactance, 
and its magnitude is proportional to the frequency of the alternating current.

Electric power consumption is represented by the product of voltage and current, 
and when the voltage and current waves match with respect to time, 100 percent work is 
done—in other words, “the power factor is 100 percent.” If the current lags, the power factor 
will be less than 100 percent, and the circuit is said to have a “low power factor.”

If the power factor is low, the electric power that is input from the power supply will 
not do 100 percent work, so a power supply having a correspondingly larger capacity is 
required. The ratio of the consumed power to the input power is the power factor.

Power factor =
 

Consumed power
—

Input power

A low power factor means that some current returns to the power supply without 
doing work.

Coil
AC power
su�ly E

Power su�ly
voltage e

La�ing
cu�ent

The cu�ent flow lags
behind the voltage variation
by one-fourth of a cycle.

0

Cu�ent I

Lagging current flowing in a coil
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Coils and Transformers

If an AC power supply is connected to coil 1, a magnetic field is generated. When this 
magnetic field varies within coil 2, an induced electromotive force is generated in coil 2. 
This phenomenon is called mutual induction. A transformer is an electrical device that 
uses this phenomenon to change voltage.

If two coils are wrapped around an iron core, and an AC power supply is connected 
to coil 1, a magnetic field is generated and passes through the inside of the iron core. Since 
coil 2 has been wrapped around the same iron core, the magnetic field varies inside coil 2, 
and an induced electromotive force is generated in coil 2.

The power supply side of a transformer is called the primary side, and the load side 
is called the secondary side. The voltage generated on the secondary side is determined by 
the ratio of the number of turns (n1) of the primary coil and the number of turns (n2) of the 
secondary coil. For example, if the number of turns of the secondary coil is twice that of the 
primary coil, twice the voltage is generated on the secondary side. The current that flows 

Iron 
core

AC 
Power 
Su�ly

Transformer

magnetic
field

Primary side Secondary side
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1

I
2
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1
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 = V

2
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turns of n

2

Transformation ratio n =
V

1

V
2

AC 
Power 
Su�ly

Coil 1

Coil 2

An induced electromotive
force is generated

magnetic
field

The magnetic field that is generated in coil 1 
pa�es through the mi�le of coil 2, and an 
induced electromotive force is generated
due to mutual induction.

Mutual induction in a transformer
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in the secondary coil at this time will be half the current that flows in the primary coil. The 
equation that describes this relationship is:

V1 I1 = V2 I2

The ratio of the primary voltage (V1) and secondary voltage (V2) is called the trans
formation ratio, and the product of the primary voltage and the current will be equal to 
the product of the secondary voltage and the current. In other words, a transformer only 
changes voltage—it does not change the magnitude of the electric power.

Capacitors

When an insulator is sandwiched between two metal plates and a battery is connected, 
electrons move from the negative pole of the battery to the bottom metal plate to charge it. 
Since the electrons in the top metal plate move to the positive pole of the battery, the top 
metal plate is positively charged. At this time, charge is stored on the metal plates. An object 
that stores charge in this way is called a capacitor.

Current flows from the instant the battery is connected, but eventually the electrons 
will stop moving, as charge builds on the capacitor. In other words, if a DC power supply is 
connected to a capacitor, current flows only at first and then stops because of the gap in the 
circuit. If the battery is detached in this state, the charge remains stored on the capacitor. If 
the battery is then connected in the reverse direction, the charge that had been stored dis-
charges, and the capacitor is charged in the opposite direction.

The ability of the capacitor to store charge in this way is called capacitance; its magni-
tude is directly proportional to the area of the metal plate and inversely proportional to the 
distance between the metal plates. Capacitance is measured in farads (F).

Capacitors and Alternating Current

If AC voltage is applied to a capacitor, a charged current flows until the power supply voltage 
reaches its maximum (starting from 0V). The current is zero at the power supply’s peak 
voltage. When the power supply voltage decreases from its peak voltage, discharging begins, 
and the discharge current reaches its maximum when the power supply voltage is 0V. 

+ + +

+
+

+

+

+

+

+

+ +−
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− − − − −

+
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Two
metal

plates

Capacitor

The sma�er the separation
betw�n the plates, the more
charge is stored.

The greater the plate’s
area, the more charge
is stored.

Charge stored on a capacitor
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At this time, the polarity of the power supply voltage changes, and a current flows again. 
Charging stops when the power supply voltage reaches its peak voltage for the opposite 
polarity, and then discharging occurs again.

If a capacitor is connected to an AC power supply, the variation of the current is one-
fourth of a cycle ahead of the variation of the power supply voltage; this current is called 
leading current.

A capacitor works like resistance to alternating current. This is called capacitive 
reactance, and its magnitude is inversely proportional to the frequency.

If an AC circuit has a coil, the current lags, and the power factor decreases. If a 
capacitor is connected to that circuit, the current leads, and the power factor increases.

In an AC circuit, capacitors and coils act like resistance, and are called impedance.

Cu�ent I Charging

Capacitor

disCharging

AC Power
Su�ly E

Charge
cu�ent

Discharge
cu�ent

Power Su�ly
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cu�ent I

Charge
cu�ent

Discharge
cu�ent

One cycle

+V

-V

0V
Time

One-
fourth
of a 
cycle

Leading current flowing in a capacitor
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How Do You Create Electricity?



Generators

I'm home...

Welcome back!

Are you ready 
to eat dinner? 
Or do you want 
to take a bath 

first?

Or...um...

I'm hungry, let's eat! 
Mmmm...dinner!

I’m really happy 
with what I made 

tonight!

Your cooking is 
great! But where do 
you come up with all 

this stuff?
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Creak



Hee hee! 
I'm just joking!

Well, it isn't 
terrible...

...you know, 
sometimes...

...we seem just like 
a married couple, 

don't we?

Whaaat!!!?

No, it's plain to see! 
You are a freeloader!

I'm appalled by 
what you are 
suggesting...

...a 
married 
couple...

When we finish 
eating, we'll 
start our 

lessons, okay?

Okay, fine.
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scarf

scarf

om nom nom



Well...
Examples of 

things that create 
electricity are a 

power plant and a 
battery, right?

Like Thermal power 
generation or 

hydroelectric power 
generation...?

Electric 
generator An electric generator is 

driven by the generation 
of nuclear power or 

other kinds of energy to 
create electricity.

On the other hand, 
a battery uses 

the energy of a 
chemical reaction.

A chemical 
reaction?

We'll talk about 
that in more detail 

later.

Electricity

Energy (thermal power, 
hydraulic power, 

nuclear power, etc.)
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First, let's talk  
about electricity 

created by an electric 
generator. The other 
day, we talked about 

electricity being created 
according to Fleming's 

right-hand rule.

Yeah! It's 
this, right?

Yes, but actually,  
since the loop of wire is 

rotating within the magnetic 
field, electricity is created 

for which both the magnitude 
and direction of flow vary 

repeatedly like a wave.

This is AC 
electricity, 

right?

How Does a Power Generator 
Create Electricity?

Motion
Magnetic 

field

Current

AC
power 
supply

magnetic 
field

A loop 
of wire

Time Magnitude 
varies 

with time

Time



That's right! If the  
electric wire rotates 

within the magnetic field, 
the maximum electromotive 

force occurs at the 
location where it rotated 

90 degrees.

At the 
180-degree 

location, the 
electromotive 

force is 
temporarily 

zero.

At 270 degrees, it 
is at its maximum 
again, and at the 
end of the first 

rotation, the 
electromotive 
force is zero 

again.

So the 
voltage 

varies like 
a wave.

If we let 1 rotation 
of the loop of wire be 
counted as 1 wave, then 
when the loop rotates 
60 times per second, 

waves will also occur 
60 times per second.

This is 
referred to as 
electricity with 
a frequency of 

60 hertz. I get it!

0° 90° 180°

180° 270° 360°

60 rotations = 
60 waves =  

60 Hz
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The voltage 
of an ordinary 

household 
electric outlet 

is 120V AC.

This value is called the 
effective voltage. It is 
the voltage value for 
which the amount of 

heat that occurs when 
an AC power supply is 

applied to a resistance 
is the same as the 

amount of heat that 
occurs when a DC power 
supply is applied to the 

same resistance.

Huh?

So you're saying 
that when 120V DC 

and 120V AC are each 
applied to the same 
resistance, the same 

heat is produced.
Yeah, but 

alternating 
current has 

a wave...

although the voltage  
(effective voltage) of the 

electric outlet is 120V AC, the 
voltage at the point where the 

wave has the greatest magnitude 
is called the peak voltage, and 

this is approximately 170V.
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Peak 
voltage 170V

Effective 
voltage 120V
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Let’s talk about 
how to create 

electricity.
Batteries are just one 
source of electricity. 
A more general term 
for these devices is 

voltaic cells.

Yep, I know 
that.

Batteries and Other 
Sources Of Electricity

We can broadly 
divide voltaic cells 
into chemical cells, 
which use a chemical 

reaction, and...

physical cells, which 
use solar or thermal 

energy.

So there are two 
main types.

               Chemical cells       
can further be divided  

into primary cells, which 
cannot be recharged, 

secondary cells, which can 
be recharged and repeatedly 

used, and fuel cells.

Physical cell
Chemical cell

Primary cell

Secondary cell

Fuel cell
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What about 
physical cells?

Two types of 
physical cells are 
solar batteries 
and thermopiles.

Physical cell

Solar battery

Thermopile

voltaic 
cell

Chemical cell 
(battery)

Physical 
cell

Primary 
cell

Secondary 
cell

Fuel cell

Solar cell

thermopile

Manganese dry 
cell

Alkaline dry cell

Lithium battery

Lead storage 
battery

Nickel hydrogen 
secondary cell

Lithium ion secondary cell

Here are the 
typical battery 

types.

There are 
so many!



The principle 
of a chemical 

cell...

...was discovered 
approximately 200 
years ago by the 

Italian physicist Volta. Go on...

Volta discovered that 
electricity is generated 
by two different types 

of metals and...

...a liquid through 
which electricity 

passes, which is called 
an electrolyte.

A

B

A battery  
based on this 

kind of mechanism 
is called a 

Galvanic cell.

Hmm... 
I can't quite 
picture it...

Okay, I'll explain 
it a little more 

specifically.

A B

Chemical Cells

Zinc plate, etc.

Copper plate, etc.

Diluted 
sulfuric 

acid

Galvanic cell
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Let's assume that 
a zinc plate and a 

copper plate, which 
are immersed in 

diluted sulfuric acid, 
are connected by a 

conductor. These two 
plates are called 

electrodes.

Okay...

Since zinc ionizes more 
easily than copper does, 

the zinc atoms leave 
electrons on the zinc 
plate to become zinc 
ions (Zn

2+) and the zinc 
dissolves in the diluted 

sulfuric acid.

What is 
an ion?

An ion is an atom 
or molecule that is 

charged to a positive 
or negative state.

If it's positive, it's 
called a cation, and if 
it's negative, it's called 

an anion.

Cation

Anion

Z
in

c

C
o

pp
e
r

Diluted sulfuric acid

Electrons 
are left 
on this 

electrode

Zinc dissolves by first becoming ions.

Z
in

c

C
o

pp
e
r
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So...

you're saying 
that...

...the zinc that dissolved 
in the diluted sulfuric 

acid is a cation because 
its electrons were 

reduced.

That's right.

Although the copper plate 
isn't dissolved at all, the 

number of electrons 
increases at the zinc plate 
according to the amount 
of zinc that dissolved, 

and they pass through the 
copper wire to move to 

the copper plate.

The flow of 
those electrons 

is the current, 
isn't it?

That's 
right!

Cation

Squeak

Electrons pass through copper wire to move to copper plate

Leaves 
electrons and 
continues to 

dissolve

Electrons 
move to 

copper plate

C
o

pp
e
r
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c
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o
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Although hydrogen 
ions H+ and sulfuric 

acid ions SO2-
4  

exist in the diluted 
sulfuric acid...

If zinc ions are 
produced there, the 
hydrogen, which has 
a weaker ionization 
tendency than zinc...

...unites with the 
electrons that 

moved to the copper 
plate and becomes 

hydrogen gas.

The hydrogen gas 
is produced from 
the copper plate!

If electrons 
are consumed 

in this way...

...and 
electrons 
move from 

the zinc plate 
to the copper 

plate...

electrical 
energy is 
produced.

I see!

Hydrogen 
ion

Sulfuric 
acid ion

Electrons

Copper

Hydrogen 
ion

Hydrogen 
gas

Electrons

Hydrogen 
gas Copper
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A dry cell battery, 
which basically consists 

of three elements 
(materials for a positive 
and a negative pole and 
an electrolyte), creates 

electricity according 
to a chemical reaction 

in the same way as a 
voltaic cell.

But dry cells 
are often small, 

right?

What happens to 
the electrolyte?

The electrolyte is 
absorbed in cotton or 
paper or made into a 

paste so that it is easy 
to handle.

In a Galvanic cell, the 
hydrogen gas that is 

generated by the chemical 
reaction gradually covers 
the surface of the copper 
plate to cause a reverse 
electromotive force to 

occur.

A reverse 
electromotive 

force...?

Electrolyte

Hydrogen 
gas

C
o

pp
e
r
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Does the flow 
of electricity 
get weaker?

Yep!

Something called 
polarization acts 
to hinder the flow 

of electricity, 
which causes a 
drop in voltage 

to occur.

When this occurs, 
it cannot be used 

as a battery.

I see.

Therefore, aqueous 
hydrogen peroxide is 
used as an oxidizing 

agent in the electrolyte 
to oxidize the hydrogen 

gas and make water.

This oxidizing 
agent is called a 

depolarizer.

Well, is a 
depolarizer 

also put into a 
dry cell?

It is!  
Manganese 

dioxide 
and others 
are used.

Hmmm.

Aqueous 
hydrogen 
peroxide

Oxidize 
hydrogen 

gas to 
make water

Copper

Chemical Cells  131



A material 
that causes an 

electrochemical 
reaction is called 
an active material.

In technical terms,  
a chemical cell creates 
electricity through a 
reduction-oxidation 
(redox) reaction of 
the positive pole and 

negative pole.

This is difficult 
for everybody, 

right?

Active 

material

Now, let's look 
at the interior 
of a dry cell 

battery.

Since it's 
dangerous to 

perform an actual 
analysis, I'll use 
a diagram for my 

explanation.

A manganese dry  
cell battery consists of 

the positive pole compound, 
which is mixed manganese 

dioxide for the positive pole 
and a zinc chloride solution 
for the electrolyte, and a 
zinc can, which is the outer 

negative pole material.

Reduction-
oxidation?

What Happens in a 
Dry Cell Battery?

Interior of a manganese dry cell

Carbon rod

Positive 
pole 

(manganese 
dioxide)

Separator

Negative 
pole 

(zinc can)

Negative 
pole 

terminal

Insulated 
copper

Positive 
pole 

terminal

Exterior 
can 

(jacket)
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There sure is 
a lot of stuff 

in there!

If a manganese 
dry cell is used 
continuously, the 

voltage is depleted 
quickly.

But if you give 
it a little rest, 
the voltage is 
restored, and 

the current can 
flow again.

Therefore, this type of 
battery is appropriate 
for a flashlight or a 
clock that operates 
with little electric 

power.

So that's what its 
characteristics 

are...

In an alkaline dry  
cell battery, manganese 
dioxide is used for the 

positive pole, zinc powder 
for the negative pole, and 
potassium hydroxide, which 
is a strong base, for the 

electrolyte.

Positive 
pole 

terminal

Negative 
pole (zinc 
powder)

Restored!

Interior of an alkaline dry cell

Exterior 
label

Assembly

Separator

Positive 
pole 

(manganese 
dioxide)

Negative 
pole 

terminal
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Although the 
manganese dry cell 
and the alkaline dry 
cell look alike on 
the outside, their 
insides are rather 
different, aren't 

they?

In a manganese dry 
cell, the outer part 
is zinc and the inner 
part is manganese 

dioxide...

...but in the alkaline 
dry cell, the inner 

part is zinc and 
the outer part is 

manganese dioxide.

Since the alkaline dry 
cell is structured 
to contain a lot of 

manganese dioxide and 
zinc, it provides greater 

current and has a 
longer lifetime.

Therefore, an 
alkaline dry cell 

is suitable for the 
power supply of a 

device that requires 
a large current, 
such as a motor.

I see.

Manganese dry cell Alkaline dry cell

If you 
understand the 
characteristics 
of dry cells, 
you'll be able 

to use each type 
in exactly the 

right way.

That's true!

Manganese dry cell Alkaline dry cell

Zinc

Manganese 
dioxide

M
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g
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If it's given a rest, its 

voltage is restored.

Clock Flashlight

Remote control

Electric power flows 

continuously.

Motor

Portable radio

Digital 
camera
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Have you ever 
done an experiment 

performing 
electrolysis on 

water?
Yes!

I don't remember 
what we did very 

well, but...

Well, let's 
review it then.

The electrolysis of water is 
simply a means of producing 

oxygen and hydrogen by 
passing electricity through 

water.

Mmmhmm...

Since pure water  
has a low conductivity, 
we'll add a substance 

such as sodium 
hydroxide in our 
experiment. This 

will speed up the 
decomposition 

process.

Ah! That's the 
stuff that's 

called caustic 
soda.

Water and Fuel Cells

Electricity

Water (H2O)

Oxygen Hydrogen

Sodium 
hydroxide

(O) (H)
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When electricity  
is passed through it, 

hydrogen and oxygen are 
produced at the respective 

electrodes, which are 
platinum or another non-

corrosive  
metal.

Incidentally, in 
electrolysis, 
the electrode 

that the positive 
side of the 

power supply 
is connected 

to is called the 
anode...

...and the 
electrode that 

the negative 
side of the 

power supply 
is connected 

to is called the 
cathode.

I see!

If the power 
supply is 

removed from 
the electrolyzed 

aqueous 
solution...

...and a load is 
connected...

Oxygen Hydrogen

Aqueous solution of sodium hydroxide
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...the decomposed 
hydrogen and oxygen 

will combine to produce 
electricity, water, and 

heat. This is the principle 
of a fuel cell.

If we continue to 
supply hydrogen and 
oxygen, electricity 
will continue to be 

created.

That's 
amazing!

Therefore, 
hydrogen and 

oxygen are supplied 
in a fuel cell to 

create electricity.

It's oxygen to 
the anode, and 

hydrogen to the 
cathode.

The 
supplied 

hydrogen...

...is separated into 
a hydrogen ion and 
an electron by the 

catalyst of the 
cathode.

Current
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The electron 
is sent out as 
electricity and 
the hydrogen 
ion moves to 

the anode.

At the anode, the 
platinum catalyst causes 

the hydrogen ion to 
react with the supplied 
oxygen, and water is 

produced.

If only water  
is emitted after the 

electricity is created, it 
also seems to be good 

for the environment, 
right?

Yup.

Anodes and Cathodes

Electron
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Hydrogen 
ion

Oxygen
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Mechanism of a fuel cell
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There is no vibration 
or noise, and we can 

use a tool called a fuel 
reformer to extract the 

hydrogen that we need for 
the fuel from natural gas 
or methanol, and we can 
simply use oxygen from 

the atmosphere.

It looks 
like everybody 

wins!

If the waste heat is also 
used, it is very efficient, 
and since hydrogen fuel 

can be retrieved in various 
ways, resources can 
easily be guaranteed.

But...if these 
batteries are so 

great...how come I’ve 
never seen one?

They still cost too 
much right now, but it 
won’t be long before 

they become more 
widely used.

You mean they 
might be used 
more widely in 

the near future?

That's right.
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Thermopiles

Creating Your Own 
Coin Battery

Once we know 
about the chemical 

reaction that a 
battery uses, it's 
simple to create 
one of our own.

Is that right?

All we need is two 
types of metal and 

an electrolyte. 
We can even use 

common items that 
are close at hand.

For 
example...

...all we need is 
this stuff!

Wow!

Table 

salt penny

aluminum 
foil

Water

Tissue

If we just use  
a penny (copper) for the 

positive pole, a folded piece 
of aluminum foil for the 

negative pole, and insert a 
tissue that was soaked in salt 

water as the electrolyte 
between them, we have a 

battery!

Electrolyte

penny (+)
foil (-)

Tissue soaked 
in salt water
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It's that easy!?

Well, the electric 
power this battery 
produces is very 

weak.

But if we stack a 
bunch of these 

sets together so 
they make a series 

circuit...

...enough 
electric power 

will be produced 
for a small light-

emitting diode 
(LED).

Ah!

Electricity can 
also be produced 

by a simple 
mechanism other 
than a chemical 

reaction.

Is that so?

I have two types 
of metal here.

Thermopiles

Metal a

Metal B
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If we create a circuit by 
joining both ends of the 

two types of metal and let 
the junctions have different 

temperatures, current 
will flow.

It's so simple!

Let's see it in action.  
If we wrap a copper 

wire around an iron nail 
and heat one end of the 
nail with a flame, a small 

amount of electricity 
will flow.

Huh! That's so 
mysterious!

This phenomenon 
is called the 

Seebeck effect.

A thermopile is a 
type of physical 

cell that uses this 
phenomenon.

Huh?

Metal A

Metal B

Low 

temperatur
e

High 
temperature

Curr
ent

iron
Nail

Flame

Copper 
wire
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The greater the 
temperature difference 

between the junctions, the 
greater the current that 
will flow. Current will 

continue to flow as long 
as there is a temperature  

difference.

Aha!

The junctions of 
these two types of 
metals are called 
thermocouples.

If this is combined 
with an ammeter, it 

can also be used as 
a thermometer.

Cool!

That's because 
we can tell the 

temperature applied 
to the thermocouple 

by checking the 
amount of current, 

right?

Exactly!

There is also a  
phenomenon that is the 
reverse of the Seebeck 
effect. If a DC current 

is connected to the 
thermocouples and current 
flows, the thermocouple 
at one side will absorb 
heat and the other one 

will generate heat.

Low 
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re

Current

An 
Ammeter 
measures 
current 

in a 
circuit.

DC current
Metal A

Metal B

Absorb 
heat

Generate 
heat
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Wow...so we 
should be able to 
apply this to warm 
and cool objects, 

right?

Right! This 
is called 

the Peltier 
effect.

The heat-absorbing side 
of a Peltier device, 

which is a semiconductor 
device, is used in an 

appliance such as a small 
refrigerator that does 

not need a motor.

Mmmhmm.

Phenomena such as 
the Seebeck effect 

or Peltier effect are 
collectively known 
as thermoelectric 

phenomena.

All right. I really 
learned a lot!

Ah!  
Teteka Sensei 

is calling.

Thanks...
that's all 
for today.

Ring, 

ring

Ring, 

ring
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Hello?  
This is Rereko!

Yes!  
Everything 

is fine.

Maybe I'll 
go take a 
bath now...

How's it 
going? 

Are your 
lessons all 

right?

The appointed 
date for your 

return to 
Electopia is 

x!U3*)uz...

What 
happened!?

Hikaru Sensei! 
Yonosuke is...

Kaboom!!

Yowza!

I don't know!

Argh!!
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Yonosuke is 
broken...

If he is 
completely 

broken...I won't 
be able to 

communicate with 
Electopia...

...and I 
won't be 

able to go 
home.

What'll I 
do...??

........

We'll try to fix 
him somehow.

Okay...

H i s s . . .
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Electricity Created by a Power Plant  147

Electricity Created by a Power Plant

In power plants, no matter what the source of motion, a turbine spins, which generates 
electricity in a generator. 

Dam

Electric 
generator Transformer Electricity

Water turbine

Drainage gate
Hydroelectric power generation:  
The potential energy of the 
water turns a water turbine to 
rotate the coupled electric 
generator.

Steam Steam Turbine Electric 
generator

Water

Electricity

Boiler
(With fuel such as 
oil, coal, or gas) Outflow path

Intake path

Steam

Water

Nuclear reactor
(Nuclear fi�ion 
of uranium)

Water
Thermal power generation: Fuel 
such as oil or coal converts 
water to steam to turn a turbine 
and rotate the coupled electric 
generator.

Nuclear power generation: The heat 
that is generated when nuclear 
material undergoes nuclear fi�ion 
converts water to steam to turn a 
turbine and rotate the coupled 
electric generator.

Trans-
former

Reservoir

Sluice 
gate

Electricity created by a power plant
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An electric generator creates electricity according to Fleming’s right-hand rule. And 
since the conductor is rotating within the magnetic field, both the magnitude and direc-
tion of the electricity’s flow vary repeatedly like a wave. The maximum voltage is generated 
when the loop of wire cuts through the magnetic field at a right angle, and the voltage is 
zero when the direction of the magnetic field and the direction of the loop’s movement are 
the same.

N N

S S

Conductor Conductor

Cu�ent

When the 
electric wire 
moves in this 
direction, no 
cu�ent flows

magnetic
field

magnetic
field

When the cu�ent moves perpendicular 
to the magnetic field, the voltage that 
is generated is the maximum.

Electricity generated in a conductor

N

S

l�p of 
wire

Voltage

+

-

0

0° 90° 180° 270° 360°

n n n n n

S S S S S

magnetic 
field

When a l�p of wire rotates within 
the magnetic field, waveform voltage 
is generated.

Electricity created by an electric generator



Thermal Power Generation  149

The electricity that is created by this process is called alternating current (AC). This 
is the electricity that comes from a household electric outlet. One wave is created by one 
rotation of the conductor within the magnetic field. If the conductor rotates 60 times per 
second, 60 waves are produced per second. This would be electricity with a frequency of 
60 hertz (Hz).

The voltage of an ordinary household electric outlet is 120V AC. The peak voltage 
of the wave of this electricity is approximately 170V. The value of 120V represents the 
effective voltage, which is the value for which direct current (DC) electricity does the same 
work—in other words, the amount of heat generated when 120V AC is applied to a resis-
tance is the same as the amount of heat generated when 120V DC is applied to the same 
resistance.

Thermal Power Generation

The types of thermal power generation that generate the most electrical power are steam 
generation, internal combustion generation, gas turbine generation, and combined cycle 
generation.

Steam generation burns fuel such as oil, coal, or liquefied natural gas (LNG) in a boiler 
to generate high-temperature, high-pressure steam. The force of that steam turns a turbine 
that is coupled with an electric generator to generate electricity.

The steam that was used to generate electricity is cooled in a device called a condenser; 
once it returns to liquid water, it is then sent to the boiler again.

+

−
120V DC Resistance 120V AC Resistance

0

peak voltage 170V
E�ective voltage 120V

-120V
Minimum voltage -170V

The voltage of an 
ordinary electric 
outlet in a house 
is 120V AC.

When a 120V DC power su�ly is co�ected to a resistance, 
the same amount of heat is generated as when a 120V AC 
power su�ly is co�ected to the same resistance.

AC voltage and effective voltage
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Internal combustion generation uses an internal combustion engine (like a diesel 
engine) to generate electricity.

Gas turbine generation uses a combustion gas such as kerosene or diesel oil to turn 
a gas turbine and create electricity.

Turbine

Electric 
generator Main 

shaft

Rotates

Steam

Steam

Steam

Blade

Chimney

To turbine

Steam
Combustion 
exhaust gas

Water

Boiler

Fuel

Turbine and steam power generation

Chimney

Water

Exhaust heat 
recovery boiler Exhaust 

gas

Water

Steam

Boiler
Combustion 
exhaust gas

C�lant 
(such as 
ocean water)

Steam 
turbine

Gas 
turbine

Generator

Condenser

Combustion 
gas

Combined cycle generation
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Combined cycle generation combines steam generation and gas turbine generation. 
Electricity is generated by a gas turbine, and then the heat of the exhaust gas is used to 
create steam to turn a steam turbine and generate more electricity; this is an efficient 
method of generating electricity.

Nuclear Power Generation

Nuclear power generation uses the heat generated when the nuclear fission of uranium 
occurs in a nuclear reactor to create high-temperature, high-pressure steam, which turns 
a turbine and creates electricity. When a neutron collides with uranium-235, it decays to 
thorium-231; several neutrons as well as heat are emitted. The neutrons successively 
collide with other uranium-235 nuclei, causing nuclear fission to occur and generating a 
great deal of thermal energy.

Nuclear power generation uses this heat to create steam, which turns a turbine and 
generates electricity in a manner similar to thermal power generation. Control rods, which 
absorb neutrons, and a moderator, which reduces the speed of the neutrons, are used in 
the nuclear reactor to control nuclear fission and regulate the reactor’s output.

There are various types of nuclear reactors. Currently, the type that is used most often 
is called a light water reactor, which uses light water (ordinary water) as a moderator and 
coolant. Light water reactors include boiling water reactors and pressurized water reactors.

A boiling water reactor sends steam that was generated in the reactor pressure vessel 
directly to the turbine; after it turns the turbine, the steam turns back into liquid water in a 
device called a condenser, and the water is reused. A condenser uses ocean water to cool 
the steam so it turns back into liquid water and can be reused.

A pressurized water reactor passes boiling water that was created in the reactor pres-
sure vessel to the steam generator, where water from a separate system is changed to 
steam, which turns the turbine.

Decays to
Uranium-235

Neutron

thorium-231

Neutron

Neutron

Neutron

Thermal
energy

The nuclear fission of uranium-235 leads to more neutrons, which may strike other U-235 

atoms, causing a chain reaction.
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Hydroelectric Power Generation

Hydroelectric power generation uses the potential energy of water to generate electricity. 
Dam-type power generation stores water at a high location and lets the water drop from 
there to turn a water turbine coupled with an electric generator to generate electricity.

Since it is easier to start and stop power generation and to increase or decrease the 
amount of power generated via hydroelectric power generation than it is to do so for ther-
mal or nuclear power generation, hydroelectric power can be generated corresponding to 
varying power demands. Also, during periods of low power demand, a lift pump can be used 
to draw water up to the higher location to store it as potential energy.

For hydroelectric power generation to use the energy of water efficiently, several types 
of water turbines are used for different purposes according to the head (height difference) or 
amount of water.

Steam Steam To turbine

Reactor 
pre�ure 
ve�el WaterWater

Uranium fuel

Control 
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Boiling water reactor

Pre�urizer

Steam 
generator

Steam Steam To turbine

Water

Control 
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Reactor 
pre�ure 
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Uranium 
fuel

Pump

Water

High
temp.
water

Pressurized water reactor
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A Francis turbine is used for a 
large amount of running water and 
a medium to high head. This type of 
water turbine is used for approxi-
mately 70 percent of the hydroelectric 
power generation in Japan. The water 
is directed perpendicular to the main 
shaft from all directions, the blades 
inside the turbine change the water’s 
direction to the axial direction, and the 
turbine is rotated by hydraulic power 
when the water is discharged.

A Pelton wheel is a water turbine 
that rotates from the recoil that occurs 
when water sprayed from a nozzle hits 
a spoon-shaped bucket (blade). It is 
useful in locations that have a high head.

Dam

Sluice 
gate Power plant

Generator

Dam-type power plant

Impe�er 
(ru�er)

Casing

Francis turbine

No�le

Bucket

Pelton wheel
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A Kaplan turbine is a water turbine 
that rotates because several propel-
ler blades connected to a shaft adjust 
their angles according to variations in 
the amount of water flowing or the 
head. This kind of turbine is useful in 
locations having a low head. A type of 
Kaplan turbine that does not adjust the 
angle of the blades is called a propeller 
turbine.

Although hydroelectric power 
generation accounts for only 10 per-
cent of Japan’s power generation, it is 
a valuable method for a country with 
few resources.

Wind Power Generation

Wind power generation uses wind power to turn a turbine; the turbine in turn rotates an 
electric generator to create electricity.

There are various types of wind turbines for wind power generation. A propeller wind 
turbine, which uses wind power energy very efficiently, is common. When wind hits the 
turbine’s blades, it creates rotational motion, and the rotation speed is increased by a gear-
box to turn an electrical generator. An anemoscope (wind vane) and an anemometer (wind 
gauge) constantly measure the wind conditions, and the direction of the propeller and angle 
of the blades are adjusted to the optimum state to use the wind power most effectively.

Although the power supplied by wind power generation is greatly affected by varia-
tions in the direction and speed of the wind, and the noise that is generated when the wind 
turbine rotates can be a problem, this is a clean, environmentally friendly power generation 
method that requires no fuel and produces no exhaust gases.

Shaft

Water 
flow

Blade

Kaplan turbine

Wind

Blade 
(prope�er) Gearbox

Variable 
pitch Generator

Mechanism of wind power generation (propeller wind turbine)
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I did it!

Fortunately, Hikaru was able to repair 
Yonosuke's breakdown with the 
technology available on Earth.

He worked on Yonosuke every night...

And several days later...
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Really!?

Yeah! I found 
the broken 

part, and he...

...should 
be okay 

now.

Well, he is a  
robot from 

another world, so  
I can't give you 
a 100 percent 

guarantee, but...

methinks it seems 

as if I lost 

consciousness.

I daresay, the 

language center of my 

brain hath not returned 

to perfection, but 

otherwise, I have...

Should 
be???

...nary a  

problem!

nary a 
one...

Methinks!?

Click
Clickety 
clickety 
clack

Rrrrr...

Yay!!
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Oh, hi!!  
Can you hear 

me, Teteka 
Sensei?

What happened? 
All of a sudden you 

were gone!

Yonosuke broke down! 
But Hikaru Sensei fixed 

him for me!

I was worried 
for a while. But 

somehow or other, 
I managed to 
repair him...

...I think.

You think ?

By the way, today’s 
the day you’re 

scheduled to return 
to Electopia. Are 

you ready?

Whaaaat!?  
So soon?

Ring, 

ring
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I tried to tell 
you before, but 
we got cut off.

We'll talk in more 
detail once you're 

back. You'd better get 
ready to go now.

........

All right.  
See you soon!

Oh... 
Well, okay.

Well, it 
looks like 

you're going 
home...

Yeah.  
It's really a 

bummer finding 
out on such 

short notice.

........

All right! 
Let's go out 
for today's 

lesson!

Go out?

{ Click }
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Wow!

Is this the 
famous Akihabara 
Electric Town? 

It's so crowded 
and busy!

My clothing 
from Electopia 

fits right in 
here.

Uh, I don't 
think so....

Everyone's 
taking your 

picture!
Whoa! 
Hey...!!

But anyway,  
today I’m going 

to tell you about 
some important 

electronic 
components and 
semiconductors.

Okay!

Click! snap!

Click!
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What are 
Semiconductors?

Wow!

There are so 
many things for 

sale here!

There are all  
kinds of electronic 

devices and electronic 
components!

Spy cameras...
wiretaps...?

Uh, don't look 
at that stuff! 

Let's see what's 
over here...!

Semiconductor 
devices are an 

important part of 
many electronic 

devices.

Semi-
who?

A semiconductor is 
something that has 

properties in between 
those of a conductor, 

through which electricity 
easily passes, and an 

insulator, through which 
electricity has difficulty 

passing.

Scribble, 
scribble…

Oh, 
okay!
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The magnitude of 
the resistance 

of a substance is 
represented by 
a characteristic 

value of that 
substance called 

its resistivity.

So we can 
determine the 
resistivity for 
any substance!

When the cross-
sectional area 
of a substance 
is 1 m2 and the 

length is 1 m, the 
resistivity...

...corresponds 
to the resistance 
value from cross 
section to cross 

section.

Huh?

Resistivity is 
expressed in 

units called ohm 

meters (Ω  m).

The distribution 
of resistivities of 
various substances 

looks like this.
Scribble, 
scribble

Resistivity

Ω  m

Electricity 
flows easily

Electricity has 
difficulty flowingResistivity in Ω  m

Conductor Semiconductor Insulator

S
il

v
e
r
 

c
o

pp
e
r
 

g
o

l
d

A
l
u
m

in
u
m

G
e
r
m

a
n
iu

m

S
il

ic
o

n

P
a
p
e
r

G
l
a
ss

10-10 10-8 10-6 10-4 10-2 1 102 104 106 108 1010 1012

Got it!
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In particular, 
semiconductors 
are substances 

whose electrical 
characteristics change 

due to the effects 
of heat, light, or 

electricity.

They  
sound 

mysterious!

Semiconductors 
may contain 

substances such 
as silicon or 
germanium.

Components such as 
diodes or transistors, 
which are created using 

semiconductors, are 
called semiconductor 

devices.

When you put it 
that way, it's easy 

to understand!

Silicon or 
germanium are 
elements, but...

...a semiconductor 
that is made up 

of two or more 
elements such as 

gallium arsenide is 
called a compound 

semiconductor.
That makes 

sense!

Chemical symbol

Germanium Silicon

Diodes

Transistors

Boink

Gallium + arsenic  
 =  

Gallium arsenide

Semiconductors  163



there are also 
cases in which a small 
amount of an impurity 

is mixed with the 
silicon or germanium. 

This process is called 
doping, and the result 
is called an extrinsic 

semiconductor.

A semiconductor 
with no impurity 

mixed in is called 
an intrinsic 

semiconductor.

There sure  
are a lot 

of types of 
semiconductors!

The raw material 
most often used in 
semiconductors is 

silicon.

Silicon is 
an element 

represented by 
the symbol Si.

I see!

Normally, silicon is found 
in a substance called 

silicon dioxide, which is 
a refined product often 
used as the raw material 

for semiconductor 
devices.

The purity of this 
refined silicon is 

99.999999999 percent, 
which is sometimes 

referred to as 
eleven‑nine.

This is 
extremely 
close to 

100 percent!!!

Impu
rity

Impu
rity

Silicon

extrinsic 
semiconductor

Intrinsic 
semiconductor

Silicon

Refined

Silicon 
dioxide

Raw  
material  
for semi

conductor

One, 
two, 

three...
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A silicon atom 
has four valence 
electrons in its 

outermost shell.

These atoms jointly 
contribute four 

electrons to form a 
firm, regular crystal.

Cool!

It's like they're 
holding hands! 

Like this!

Yeah...uh...
like that.

A silicon crystal does 
not have any electrons 
that can freely move 
around, so electricity 

will hardly pass 
through it.

That's because 
the valence 

electrons of the 
silicon atoms are 

holding hands!

That's 
right!

*

*Well-built

Squeeze

Electricity

Large 
amount

Small 
amount

Slap

Electricity
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If an element with  
five valence electrons, 

like phosphorus,  
is mixed in with a 
silicon crystal...

...the phosphorus 
and silicon bond, 
and one valence 

electron escapes.

It becomes a 
free electron, 

right?

Free electron

That's right!  
This causes the 

electrical conductivity 
of this semiconductor 

to increase.

This semiconductor 
is called an n-type 

semiconductor 
because the electron, 
which has a negative 
electrical property, 
becomes a carrier 

of electricity.

What's 
this n ?

...What's 
wrong?

The n stands 
for negative.

Ah...!

Negative

SiliconPhosphorus Silicon

Silicon

Phosphorus

Sigh...
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Now, let's say we 
mixed in a little of the 
element boron, which 

has three valence 
electrons.

The boron and silicon 
bond, but there is an 
empty seat left in the 

space that doesn't have 
an electron.

Empty seat?

This empty 
seat is called 

a hole.

Holes are places 
electrons are 

vacant in covalent 
bonds.

You can think 
of the hole as 
a free electron 
with a positive 

charge.

Okay...

Boron

Hole

Hole

Drift

Drift

Hole

Hole
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Therefore, 
electrical 

conductivity also 
increases for this 

semiconductor.

This kind of  
semiconductor is called 
a p-type semiconductor 
because the hole, which 
has a positive electrical 

property, becomes a 
carrier of electricity.

What's the p 
stand for?

What's the 
opposite of 

negative?

Opposite...

!!

The p stands for 
positive, right?

Right!

The substance 
formed by mixing 
an element such 

as phosphorus or 
boron into a pure 
silicon crystal is 

called an extrinsic 
semiconductor.

I get it!

Electricity

n-type P-type

Extrinsic semiconductor
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Diodes and Transistors

Rereko,  
do you know  
what this is?

Um…is it 
a diode?

Correct!

If a p-type semiconductor 
and n-type semiconductor are 
combined to form a structure 

called a p-n junction, a 
semiconductor device called 

a diode is created.

The two 
semiconductors 

are attached!

The electrode 
of the p-type 

semiconductor 
side is called the 

anode, and...

...the electrode 
of the n-type 

semiconductor 
side is called the 

cathode.

Okay.

Boink

n-type 
semi-

conductor

P-type 
semi-

conductor

Anode
A

Cathode
C
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What features 
does a diode 

have?

A diode has a 
property called 

rectification, which 
allows current to flow 

only in one direction.

At the p-n junction, the 
free electrons of the 
n-type semiconductor 
are absorbed by the 
holes of the p-type 

semiconductor...

...to form a 
section where no 

holes or free 
electrons exist.

That junction  
becomes a wall that 

prevents holes and free 
electrons from going 

back and forth...

...and it is 
called a 
potential 
barrier.

There is a wall, 
but one-way 
traffic can 
still move?

Allowed

AllowedNot

Absorbed

H
o

l
e

E
l
e
c
t
r
o

n

p-type 
semiconductor

N-type 
semiconductor

H
o

l
e

E
l
e
c
t
r
o

n

p-type 
semiconductor

N-type 
semiconductor
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Yes. If there is 
enough voltage, 
this barrier can 

be broken.

Now I'll explain 
how diodes work 

in a circuit.

I'm ready!

First, we connect 
the negative pole 

of a dry cell to the 
anode side of the 

diode...

...and connect the 
positive pole to 

the cathode side...

When we do this, since the holes 
of the p-type semiconductor and 
the free electrons of the n-type 
semiconductor are attracted to 
the respective electrodes, the 

potential barrier will increase, and 
current will hardly flow at all...

This kind of 
application of 

voltage is called 
reverse bias.

That makes 
sense!

En
er

gy

Potential barrier

Anode Cathode

Potential 
barrier
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Next, let's try 
reversing the 

direction of the 
dry cell.

The positive pole is 
connected to the anode 

side, and the negative 
pole is connected to the 

cathode side, right?

Yup!

In this case, the free 
electrons of the n-type 

semiconductor are pushed 
by the electrons that 

were delivered from the 
negative pole of the dry 
cell. They overcome the 

potential barrier and move 
to the anode.

Hmmm...

The holes of  
the p-type semi

conductor are also 
drawn toward the 
negative pole and 
move to the n-type 

semiconductor.
This enables 

electricity to 
flow!

Potential barrier

Anode Cathode
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Hooray!

This kind of 
application of 

voltage is called 
forward bias.

Does current flow 
only when there is 

forward bias?

Well...if we compare it 
with water, it's similar 

to the action of a valve 
installed in a water pipe.

The property that allows 
current to flow only in 

one direction in this way is 
called rectification.

This action can be 
used to convert 

alternating current 
to direct current.

I get it!

Diode
Anode Cathode

Water flows
Valve installed 
in a water pipe

Water does not flow

AC 
power 
supply

Load

The diode only allows current 
from the anode side to flow.

Diode

No flow

Flows
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In some diodes,  
the p-n junction 
emits light when 

current flows in the 
forward direction.

This is called a 
light-emitting 

diode

or an LED for 
short.

Oh yeah, those! 
I've seen them on 
Christmas trees!

That's right. They 
also came up when 
I was explaining a 

coin battery.

If a forward 
bias is applied to 
a light-emitting 

diode and current 
flows...

Electrons and 
holes join near 
the p-n junction 

and vanish.

Oh, they collide!

Diodes That Emit Light

Twinkle

Twinkle

Ho, ho, ho!

Resistance

C
a
t
h
o

d
e

A
n
o

d
e
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The energy that is 
produced at that 
time is emitted as 

light.

Since the wavelength of 
the light emitted depends 

on the raw material of the 
semiconductor, various 
colors of light can be 

created.

Oooh, 
aaaaah.

Traffic 
signals

Interior 
lights of 

cars

Large-screen 
outdoor 
displays

Backlighting of mobile phones or 
digital cameras

Since the luminescence 
of light-emitting diodes 
does not involve heat, 

they are energy efficient 
and have a long lifetime. 
Therefore, they are used 

in various ways.
We sure see 

lots of them in our 
everyday lives.

R
e
d

B
l
u
e

y
e
l
.

G
r
n
.

W
h
t.
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Well, finally, 
let's talk about 

transistors!

I'm ready!

Transistors are 
semiconductor devices 

that amplify signals or act 
as switches by controlling 
the current or the voltage 

that is applied to an 
electrode.

Switches?

I'll talk about that 
later, but first 
I'll explain the 

structure.

Okay.

Transistors
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Two types of 
transistors 

are NPN and PNP 
transistors.

They have three 
electrodes referred 

to as B (base), 
C (collector), and 

E (emitter).

They have one 
more electrode 

than a diode!

If an NPN 
transistor 

is connected 
like this...

...the electrons in 
the collector are 

drawn to the positive 
pole where they 

accumulate.

On the other hand, the 
electrons in the emitter 

are pushed to the negative 
pole and accumulate 

near the base-emitter 
junction interface.

Okay,  
got it!

Base

Emitter

Base

Emitter Collector

Base

Emitter

Collector

R
e
s
is

ta
n
c
e

Emitter

Collector

R
e
s
is

ta
n
c
eElectron

Base

Hole

Electron Scribble, 
scribble

Collector
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At this 
time, the 
holes in 

the base...

are attracted 
to the 

electrons in 
the emitter...

and  
accumulate at 
the juncture 

of the base and 
the emitter.

In this state, there 
are no electrons 

or holes near 
the base-emitter 

junction interface, 
and current will 

not flow.

I see!

So what must 
we do to let 
electricity 

flow?

If we provide 
one more dry 
cell battery...

...and connect the base 
to the positive pole 

and the emitter to the 
negative pole, current 

will flow from the base 
to the emitter.

Really?

Collector

Base

Emitter

Collector

Base

Emitter

C
u
rr

e
n
t

Collector

Base

Emitter

Current

R

R
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If electrons 
flow from 

the emitter to 
the base...

...some of these 
electrons will 

combine with holes 
in the base, but...

...all of the  
remaining ones  

will reach the base-
collector junction 
interface and will 

keep flowing to the 
positive pole.

The current 
that flows 

from the base 
to the emitter is 
called the base 

current.

When the base 
current flows, 

current will also 
flow from the 
collector to 
the emitter.

This current 
is called the 
collector 
current.

Base 
current

Collector

Base

Emitter

Smack

Base current

Collector

Base

Emitter

Collector 

current

Smack
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When the base 
current flows, the 
collector current 

will also flow, 
right?

That's 
right!

Transistors 
enable the 

collector current 
to become much 
greater than the 

base current.

Is that so?

As a result, the 
collector current 

will change 
significantly in 

response to a slight 
change in the base 

current.

So the base 
current can be 
used to adjust 
the collector 

current?

Exactly.

We can  
illustrate this 

concept in terms 
of water like this.

Collec-
tor

Base

Emitter

Base 
current

Collector 
current

Base 
current

Collector 
current

Tank (small) Tank (large)

Faucet

Receptacle
Valve

Water wheel
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A small  
water current 

(base current) is 
used to adjust 

the valve in 
the pipe...

...that controls a 
large water current 
(collector current) 

that flows in 
the pipe.

I see! This is how 
transistor 

amplification 
works.

Although the flow 
of electrical current 
is the opposite in a PNP 
transistor, the basic 
operation is the same.

A transistor can 
also be used as 
a contactless 

switch.

That's because the 
water stops if the 
valve is closed.

Squeak

Slam
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If we connect a 
load and a power 
supply between 

the collector and 
emitter...

...and use the base-
emitter path instead 

of a switch...

...we can use the 
small base current 

to control the large 
collector-emitter 

current.

But what 
good does 
that do us?

It seems like a 
regular switch 

would work 
just fine.

Unlike a regular switch, 
it has no physical 

contact, so it doesn't 
wear out and is less 

likely to fail.

Also, since it can be 
turned on and off 

rapidly, control can 
be fine tuned. Oh! It really 

has some great 
advantages!

Power 
supply

Resistance

Switch
Load

Resistance

While the switch is off, 
no collector-emitter 

current flows.

Click

Click
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Components called 
integrated circuits 

( ICs) are also 
used in electronic 
devices such as TVs 

or computers.

An IC contains an extremely 
large number of elements 
such as transistors, diodes, 
resistors, and capacitors —

these complicated circuits can 
perform digital logic.

Hmmmm...

Well, this 
completes our 
discussion of 
the basics of 

semiconductor 
devices...

...which means...

Your studies are 
over! Thank you for 
all your hard work!

No way!  
It's you who 

deserves all the 
thanks. Thank you 
very, very much!!

Since the call 
for picking you up 
hasn't come yet, 
let's go for a 
little stroll!

Really!?  
That would be 

awesome!!

Transistor Diode

Resistor Capacitor

Clap 

clap
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Where should 
we go...??

Hark!  

The time to 

depart is nigh!
Huh? 

Already??

But it's... 
it's too...

You don't have a 
choice, right...?

Get thee posthaste 

to the roof of an 

altitudinous edifice.

Whirr clack
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Well, I guess this is 
it. I'm glad I met you, 

Hikaru Sensei.

and I’m also 
glad I learned 
the basics of 
electricity. I learned a lot 

by teaching you, 
Rereko!

Keep at it, 
even back on 
Electopia!!

And you 
keep working 

on your 
research!

...and also 
cleaning your 

room...

...and...

Re...

...Rereko...?

Ahh
h!
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Diodes

When a single diode is connected to an AC power supply, current flows to the load for only 
one direction of the AC power supply due to rectification. Rectification that only allows a 
half-cycle of the alternating current to flow is called half-wave rectification, and the current 
that flows to the load in this process flows in only one direction, just like a direct current 
power supply. But since only a half-cycle of the AC waveform flows, this kind of rectification 
is inefficient.

When four diodes are arranged in a bridge configuration and an AC power supply is 
connected, the current of the entire cycle becomes positive and flows to the load. This kind 
of rectification is called full-wave rectification, and diodes that are connected in this way are 
called a diode bridge. Full-wave rectification enables current from the entire cycle of the AC 
power supply to be used as direct current.

Half-wave rectification

Cu�ent that 
flows to 
the load

Diode

Cu�ent
Load

AC 
Power 
Su�ly

+

−

Diode symbol

Half-wave rectification

Fu�-wave 
rectification Cu�ent that flows to the load

Diode Bridge

AC Power 
Su�ly

Load

+

−

Full-wave rectification
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Although this kind of full-wave rectification is more efficient than half-wave recti-
fication, the waveform exhibits large pulsations. However, if an electrolytic capacitor is 
connected to the output, the charging and discharging of the capacitor can change the 
pulsations in the waveform into a flat, smooth direct current. A capacitor that is used to 
change a pulsating flow to a flat waveform in this way is called a smoothing capacitor.

If a reverse-direction voltage is applied to a Zener diode (or constant-voltage diode) 
and the value of the voltage is steadily increased, current will flow once a certain voltage 
is reached. This phenomenon is called breakdown, and when the circuit voltage rises more 
than necessary, current can flow from the cathode to the anode to suppress the rise in volt-
age. This characteristic of a Zener diode is used in a constant voltage circuit that maintains a 
fixed voltage.

C
h
a
r
g

e

D
is

c
h
a
r
g

e

+

+

−

AC Power 
Su�ly

Load

Sm�thing
capacitor

The charging and discharging of the
sm�thing capacitor sm�ths the pulsations.

Smoothing capacitor

Cu�ent

Forward 
direction 
cu�ent

Zener voltage

Forward 
direction 
region

Voltage

Reverse 
direction 
voltage

Forward 
direction 
voltage

Reverse 
direction 
cu�ent

K

A

Zener diode

Cu�ent I

Voltage V

As the voltage V increases, 
the cu�ent su�enly flows.

Characteristics of a Zener diode
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If an ordinary diode is used as a Zener diode, it will be damaged because breakdown 
and the Zener current will be concentrated locally within the diode.

Transistors

A transistor is a semiconductor device that amplifies signals or acts as a switch by control-
ling the current or the voltage that is applied to an electrode.

When a large amount of electric power is controlled by a transistor that is used as a 
switch, the transistor is called a power transistor. Generally, an NPN-type transistor is used 
in this way.

A switch that uses a transistor has no contact that will wear out, reducing the occur-
rence of failures, allowing it to be turned on and off rapidly, and allowing users to finely tune 
control of the device.

Field-Effect Transistor

A transistor in which the collector current is controlled by the change of current that is input 
to the base is called a bipolar transistor (junction transistor). In contrast, a transistor that 
is controlled by changing the voltage that is input, rather than the current, is called a field-
effect transistor (FET).

C

E

B

C

E

B

NPN-type transistor PNP-type transistor

Transistor symbols

C

E

B

(Contactle�) (With a contact)

The co�ector-emi�er path
does the work of a contact.

+

-

+

-
+

-

Transistor that does the work of a contact
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The merits of a field-effect transistor are that power consumption is low and response 
speed is extremely fast because current does not flow to the input. A field-effect transistor 
has three terminals that are referred to as G (gate), D (drain), and S (source), which corre
spond to the base, collector, and emitter of a bipolar transistor, respectively. A field-effect 
transistor controls the drain current according to changes in the voltage that is input to 
the gate.

An integrated circuit (IC) is a device in which an extremely large number of elements 
such as transistors or resistors are placed on one component; ICs are used in more complex 
electronic devices such as TVs and computers. An amplifier called a MOSFET (metal-oxide 
semiconductor field-effect transistor), in which the input gate is insulated by a thin film of 
silicon dioxide, is used in ICs.

Converters and Inverters

A device that uses a diode to convert alternating current to direct current is called a 
converter, and a device that converts direct current to alternating current is called an 
inverter.

An inverter uses a semiconductor switching device such as a transistor to do the work 
of a switch. Single-phase alternating current can be produced by connecting four semi
conductor switching devices and alternately turning on and off A, D, B, and C, as shown in 
the next figure. The frequency of the single-phase alternating current can be changed at 
will by varying the switching speed of the semiconductor switching devices.

The drain cu�ent
changes due to changes
in the voltage a�lied
betw�n the gate and source.

G S

D

+

−

+

−

Drain cu�ent

Field-effect transistor (N-channel type)

Converter Inverter

Alternating 
cu�ent

Direct 
cu�ent

Alternating 
cu�ent

Direct 
cu�ent

Converter and inverter
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The rotational speed of an induction motor is directly proportional to the power supply 
frequency. If the supply frequency is constant, the rotational speed will also be constant.

For an air conditioner to cool the air, a motor must turn a compressor to compress the 
refrigerant gas. If the rotational speed of the motor is constant, a large capacity will be out-
put even when a small capacity is required, and electrical power will be wasted.

Therefore, energy-saving operation with no waste can be achieved by using an inverter 
to create alternating current with the frequency required to continuously vary the rotational 
speed of the motor according to the required capacity.

A DC motor that is rotated by a DC power supply is used in the newest inverter air con-
ditioners. In order to vary the rotational speed of the DC motor, the voltage must also vary, 
so a semiconductor switching device is used for this purpose.

In addition to air conditioners, inverters are also widely used in other familiar electrical 
appliances such as lighting or refrigerators and even in railroad cars.

Sensors

Various sensors are used in electrical appliances in place of the perceptions of our eyes or 
skin. For example, an electric thermostat uses a temperature sensor to detect the tempera-
ture and turn a heater on and off, so we need not repeatedly turn the switch on and off 
ourselves.

Since sensors convert physical information such as light or heat to electrical informa-
tion, if they are incorporated into an electric circuit, they can allow an electrical appliance to 
operate automatically. There are also sensors that can detect magnetism, which cannot be 
perceived by humans, or infrared rays, which cannot be seen by the naked eye.

Temperature Sensors

A temperature sensor is a device that opens or closes a contact or varies electrical 
resistance according to the temperature it detects. Temperature sensors include contact-
type sensors, which perceive the temperature by directly touching the substance whose 

Cu�ent that flows 
when A and D are on

Cu�ent that flows 
when B and C are on

0

Single-phase alternating 
cu�ent flows to the load

A B

C D

DC 
power 
su�ly

Load

+

−

Single-phase alternating current created by an inverter
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temperature they are trying to measure, and non–contact-type sensors, which perceive 
emitted thermal energy without directly touching the substance whose temperature they 
are trying to measure.

There are many types of contact-type temperature sensors such as thermostats, 
thermistors, and thermocouples. Non–contact-type temperature sensors include infrared 
sensors.

A bi-metal thermostat is the simplest temperature sensor. It uses a bi-metal strip 
consisting of two types of metal with different thermal expansion rates, which curves in 
response to a temperature change. Although a thermostat is used in an appliance like an 
electric blanket, since the heater is turned on and off directly by a contact, the thermostat 
can only control large temperature fluctuations. A temperature sensor using a bi-metal strip 
is also used for the overcurrent action of a circuit breaker.

A thermistor is a temperature sensor whose electrical resistance varies according to a 
temperature change. Generally speaking, electrical resistance also varies with temperature 

Thermistor

Temperature
sensors

Contact-
type

Non–
Contact-
type

Thermocouple (S�beck e�ect)

Pyrometer (perceives infrared rays)
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for any metal. However, thermistors’ resistance changes significantly, even in response to a 
small temperature change. Since a large current does not flow directly to a thermistor, it is 
used in combination with an electrical circuit to control temperature.

Thermistors are classified into positive temperature coefficient (PTC) thermistors, 
those whose resistance value rises when the temperature rises, and negative temperature 
coefficient (NTC) thermistors, those whose resistance value falls when the temperature 
rises. 

The newest air conditioners and electric refrigerators use thermistors for temperature 
sensors, combined with electrical circuits that use semiconductor devices to enable tem-
perature control to be finely tuned.

Optical Sensors

An optical sensor perceives light like our eyes do. These sensors are frequently used to 
automatically turn on street lights when it gets dark, and they function as the receiver of an 
infrared remote controller on an electrical appliance.

An optical sensor converts light energy to electrical signals. The phenomenon in which 
a substance such as a metal absorbs light energy and emits electrons as a result is called 
the photoelectric effect.

Negative temperature coe�icient
thermistor (NTC thermistor)

Positive temperature coe�icient
thermistor (PTC thermistor)

When the temperature rises,
the resistance value fa�s.

When the temperature rises,
the resistance value rises.

Resistance
value

Temperature

Resistance
value

Temperature

Temperature characteristics of thermistors

Light
ElectronS

Metal

Absorbs light 
energy and emits 
electrons

- -

Photoelectric effect
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The phenomenon that describes how voltage appears at the junction of a semi
conductor due to the photoelectric effect is called the photovoltaic effect. Optical sensors 
that use the photovoltaic effect include photodiodes and phototransistors. A solar cell that is 
used for photovoltaic power generation also uses the photovoltaic effect to create electricity.

A solar cell generates an electromotive force when light energy strikes the p-n junction 
surface, causing the electrons and holes to move to the negative and positive poles, respec-
tively. When a load is connected to a solar cell, current flows.

The effect in which a carrier of electricity such as an electron is generated by the 
photoelectic effect, thus causing the internal resistance value of a substance to change, is 
called photoconductivity. A cadmium sulphide (CdS) cell is a solar cell that functions using 
photoconductivity.

A photodiode is a semiconductor device in which current flows from the cathode to 
the anode due to the photovoltaic effect when light or infrared rays are received. The cur-
rent that flows at this time varies according to the intensity of the light, and the photodiode 
measures this current.

The current when the light is received is extremely small. It is generally used by apply-
ing a reverse-bias voltage.

Light

N-type semi-
conductor

Negative 
pole

Positive 
pole

Electron

Cu�entp-n junction 
surface

P-type semi-
conductor

Hole

When light strikes the p-n junction 
surface, an electromotive force is 
generated and cu�ent flows.

+
+ + +

+ +

+

- -
-
-

-
-

-

Photovoltaic effect of a solar cell



194 C hapter 5  How Can You Conveniently Use Electricity?

A photodiode combined with a transistor is called a phototransistor. Although a photo-
transistor has no base, a collector current flows when light is received in a manner similar 
to how base current flows in a transistor. The current in the collector varies according to the 
intensity of the light.

A photodiode is combined with a transistor 
to form a phototransistor.

Photodiode

Co�ector

Transistor Phototransistor Emi�er

Light

Phototransistor
Cu�ent

Co�ector cu�ent varies a�ording 
to the intensity of light.

+

−

Phototransistor

Cathode

Anode Output

+

−

When the light is received, 
cu�ent flows from the 
cathode to the anode.

A reverse-bias voltage is 
a�lied to the photodiode 
to detect light.

Photodiode
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An optical sensor like a phototransistor can be used to determine the position or 
existence of a target object without touching it.

Optical sensors are widely used for various purposes such as detecting brightness and 
turning on or dimming lights; an optical sensor can also be used in a security system as a 
photoelectric eye that detects the changes in light—that is, movement.

Photovoltaic e�ect

Photoconductivity

cadmium sulfide ce�

Photoemi�ion e�ect

Photoelectric tube
Photomultiplier tube

Photoelectric e�ect
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Photo IC
Photodiode

Photoelectric effect and optical sensors

Security system
Beam 
emi�er

Infrared 
beam

Receiver

Optical 
sensor

An optical sensor 
detects brightne� 
and turns on the light 
when it gets dark.

Str�t 
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Air conditioner Receives the 
infrared signal 
of the remote 
control

Uses of optical sensor





Epilogue  197

Without Rereko around, 
I returned to regular 
life — spending all my 

time in the lab.

And I let my room get 
totally messy again...

Uh oh... 
it's getting 

cloudy.

It's been a 
whole year... 

I remember The 
weather that 

day was like it 
is now.

I guess I'll 
try to beat 

the rain!

Umph.

Click
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This is the University 
bus stop.

Jeez!! What 
a sudden 

downpour...

I'm going to 
get soaked! 

I wish I’d 
brought an 
umbrella...

??

I remember 
saying that on 
that day a year 

ago, too...

What 
the...????

Lightning struck 
my lab building!? 

Unbelievable!
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Laboratory

I wonder if my 
data is okay...!?

Hikaru 
Sensei!?

Zzzuuuh?

Re...Rereko!?

Yep, It's me!!  
It’s nice to see 

you again!

Why are you back? 
More makeup 

classes!?

Nope!  
Thanks to you,  

I had no problem 
graduating.

Swoosh!

Ahhhh!
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This time,  
I'm working at 
the university 
as a research 

assistant!

Really!?

Yeah!  
Now we can be 
lab partners!!

Research Asst. 

Recommendation

Teteka
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contactless switches, 181–182
contacts, switch, 60, 61, 73, 188
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control rods, 151
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wires, 31, 104, 128
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Coulomb, Charles Augustine, 49
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current (I)
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dam-type power generation, 
152–153
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123, 149, 173, 189–190

circuits, 64, 74–75
power supply, 74
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63–66, 75, 96–97, 98–101
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doping, 164
drain, 189

current, 189
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effective resistance, 69–72, 78–80
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electric 

current. See current
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123, 149
power, 17–18, 19, 45, 46
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connections, 69–72, 78–80
discharges, 31–33, 51
potential, 46–47

electricity, nature of, 25–29
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electrodes, 127, 136, 169, 177
electrolytes, 126, 130, 132, 140
electromagnetic

force, 109, 111
induction, 111–112
waves, 91, 106–107

electromotive force, 61, 73, 
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electrostatic force, 29, 43, 49–50
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heat, 61, 62
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measuring, 46
solar, 124–125
thermal, 106, 124
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power, 154
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electrons

Europe, voltage in, 45
extrinsic semiconductors, 164, 168
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F

farads, 115
field-effect transistor (FET), 
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fixed current, 63, 74
flashlights, 58–61, 73
Fleming, John Ambrose, 109
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98–99, 109
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61, 67–68, 73–78, 96, 
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forward bias voltage, 173, 174
forward direction current, 187
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166, 167, 170, 171
frequency, 65, 75, 122
frictional electricity, 38, 49. See 

also static electricity
fuel (oil, coal, and gas), 147, 

149, 150
fuel cells, 124–125, 135–138
fuel reformers, 139
full-wave rectification, 186–187
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gallium arsenide, 163
galvanic cells, 126, 130
gamma rays, 91
gas (as fuel), 147, 149, 150
gas turbine generation, 149, 150
gate, 189
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147–149, 152–154
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germanium, 163–164
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hair, 41–42, 51
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heat energy, 61, 62
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heat generation, 85–93, 104–105, 

123, 143–144
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hertz (Hz), 65, 75, 122, 149
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46–47
high-temperature resistance, 89
high-temperature 
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holes, 167, 170, 174, 177–178
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hydroelectric

generator, 110, 152–154
power generation, 120, 147
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gas, 129, 130, 131
ions, 129, 137, 138, 139

Hz (hertz), 65, 75, 122, 149
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ICs (integrated circuits), 183
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induced current, 111
induced electromotive force, 
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electromagnetic, 111–112
electrostatic, 40, 50
motors, 190
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inverters, 189–190
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J

Japan, 45, 65, 153, 154
Joule, James Prescott, 104
joule heat, 86, 104
joules (J), 45, 46, 104
junction transistors, 188

K

Kaplan turbine, 154
kilo-, 46
kilowatt hours (kWh), 18–19, 46

L

lagging current, 113
leading current, 116
LED (light-emitting diode), 141, 

174–175
Lenz, Heinrich Freidrich Emil, 111
Lenz’s law, 111
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light emission, 92–93, 106–107
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174–175

light-emitting diode (LED), 141, 
174–175

light energy, 61, 62
light water reactors, 151
lighting, electric, 175, 190
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loads, 61, 62, 73, 136, 182, 187
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46–47
low power factor, 113
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low-temperature resistance, 
89, 104
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110, 111
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mega-, 46
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(MOSFETs), 189

metals
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bi-metal thermostats, 191
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47–48, 51
properties of, 35
steel, 41–42, 51

mho. See siemens per meter (S/m)
micro-, 46
microwaves, 91
milli-, 46
mobile phones, 175
moderators, 151
MOSFETs (metal-oxide semi-

conductor field-effect 
transistors), 189

motion, 73
motors, 98–99, 101, 109, 

110, 190
mutual induction, 114
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140, 171, 177–178
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121–122

NPN-type transistors, 
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power generation, 120, 147, 

151–152
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O

Ohm, Georg Simon, 73
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Ohm’s law, 67–68, 76
oil (as fuel), 147, 149, 150
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paper, 41–42, 51
parallel circuits, 79
parallel connections, 69–72, 79–80
peak voltage, 75–76, 123, 149
Peltier device/effect, 144
Pelton wheel, 153
phase difference, 113
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photoconductivity, 193, 195
photodiodes, 193–194
photoelectric effect, 192, 195
photoemission effect, 195
phototransistors, 193, 195–196
photovoltaic effect, 193
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dam-type, 152–153
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thermal, 120, 147, 149–152
wind, 154
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radio waves, 91, 106
rated current, 23
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reactors
boiling water, 151–152
light water, 151
nuclear, 147, 151
pressurized water, 151–152

rectification, 170, 173
red light, 91, 106
reduction-oxidation (redox), 132
refrigerators, 190, 192
repulsion, force of, 49–50, 97
resistance (R), 61–62, 67–74, 76, 

77, 79–80, 85, 88–89, 104, 
105, 182

resistancies, connecting, 69–72, 
78–80

resistivity ( ρ ), 77, 162
resistors, 183
reverse-bias voltage, 171, 193
reverse-direction voltage, 187
reverse electromotive force, 130
rice cookers, 22
rubber, 41–42, 51

S

safety breakers, 21–23
secondary cells, 124–125
secondary sides, 114
Seebeck effect, 142–144
self-inductance, 112
semiconductors, 30, 163,  

166–171, 172
devices, 160–164, 161, 163, 

169, 176, 183, 188–189
sensors

contact-type, 191
defined, 190
non–contact-type, 191
optical, 192–195
temperature, 190–192

series connections, 69–72, 78–80
shocks, electric, 40, 66
Siemens, Ernst Werner von, 77
siemens per meter (S/m), 77
silicon, 163–166, 167

crystals, 165, 168
dioxide, 164

silk, 41–42, 51
single electrons, 48

single-phase alternating current, 
189–190

SI prefixes and units, 46
size, current, 52
smoothing capacitors, 187
sodium hydroxide, 135–136
solar

batteries, 125
cells, 125, 193
energy, 124–125

sound, 73
source, 189
south magnetic pole, 94–95, 

99, 100–101, 107, 110, 
121–122

speed, current/electron, 53
static electricity, 25, 29, 32, 36–40, 

49–53
electrostatic force, 29, 43, 

49–50
triboelectric series, 51–53
uses of, 43–44

steam engines, 45
steam generation, 149, 150
steel, 41–42, 51
sulfuric acid, 127, 129
sum of reciprocals, 70–71
superconductivity, 88, 105
supply voltage, 46–47
switches, 59, 60–61, 73, 74, 176, 

181–182
symbols

amperes/amps (A), 16, 45, 68
charges (Q), 49
conductance (G), 77
coulombs (C), 45, 49–50, 104
current (I), 16, 143
farads (F), 115
giga- (G), 46
hertz (Hz), 65, 75, 122, 149
joules (J), 45, 46, 104
kilo- (k), 46
kilowatt hours (kWh), 

18–19, 46
micro- (µ), 46
milli- (m), 46
mega- (M), 46
newtons (N), 49

ohms (Ω), 68, 73, 77, 162
pico- (p), 46
power (P), 17–18, 19, 45, 46
resistance (R). 

See resistance (R)
resistivity ( ρ ), 77, 162
siemens per meter (S/m), 77
tera- (T), 46
time (t), 52
units and SI prefixes, 46
voltage (V ). See voltage (V )
volts (V), 15, 17–18, 45, 68
watt seconds (Ws), 46, 104
watts (W), 17, 45

T

tags, consumer electronic, 45
tea kettles, 14, 18, 22
temperature sensors, 190–192
tera-, 46
Thales (philosopher), 25
thermal

emission, 90–93, 106
energy, 106, 124
power generation, 120, 147, 

149–152, 149–154
vibration, 87–90, 104–105

thermistors, 191–192
thermocouples, 143
thermoelectric phenomena, 144
thermopiles, 125, 141–143
thermostats, 191
time (t), 52
toasters, 74
traffic signals, 175
transformation ratio, 115
transformers, 20, 114–115

stations, 20
transistors, 163, 176–183, 183, 

188–189
amplification, 181
bipolar, 188
field-effect, 188–189
junction, 188
MOSFET, 189
phototransistors, 193, 195–196
PNP-type, 177–178, 181, 188
power, 188
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triboelectricity, 38
triboelectric series, 40–43, 51–53
turbine engines, 147, 149, 

152, 153

U

UHF waves, 91
ultraviolet rays, 91, 93, 106, 107
United States, voltage in, 45
utility pole transformers, 20

V

valence electrons, 34–35, 48, 
165–166, 167

valence shells, 48
VHF waves, 91
vinyl (PVC), 37, 39, 41–42, 51
violet light, 91, 106
visible light, 91, 93, 106
Volta, Alessandro, 45, 126
voltage (V )

100V, 14, 45
120V, 22, 45, 72, 75, 76, 80, 

123, 149
170V, 75, 76, 149
240V, 45
changes in, 20
defined, 15, 45, 46–47
effective, 75–76, 123, 149
in electrical appliances, 19, 

24, 45, 46, 71–72, 96, 
123, 190

forward bias, 173, 174
instantaneous, 75–76
international differences, 45
peak, 75–76, 123, 149
positive and negative poles, 

46–47, 61, 73, 132, 171, 
177–178, 179

potential and, 46–47
power supply, 60–61, 62, 

73–74, 78, 115
reverse-bias, 171, 193

reverse-direction, 187
supply, 46–47

voltaic cells, 125
volts (V), 15, 17–18, 45, 68

W

water
cells, 135–137
current, 181
levels, 15–16
turbine, 147, 152, 153–154
wheels, 17, 59–60

Watt, James, 45
watt seconds (Ws), 46, 104
watts (W), 14, 17, 19, 45
waveforms, 187
wavelength, 91, 106
waves

electromagnetic, 91, 106–107
radio, 91, 106
UHF, 91
VHF, 91

wind power generation, 154
wires

coils, 108, 111–115
copper, 31, 104, 128
electric, 74, 77, 88, 96, 107, 

108, 148
wood, 41–42, 51
wool, 41–42, 51

X

X rays, 91

Z

Zener diodes, 187–188
zinc

chloride, 132
ions, 129
plate, 126, 127, 128
powder, 133



I see things 
haven’t changed!

methinks 
this place is a 

dungheap!

What can 
I say...
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