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THE MECHANICS OF MOVEMENT

Introduction
To ANY MACHINE, work is a matter of principle, because everything a machine does is in

accordance with a set of principles or scientific laws. To see the way a machine works,

you can take the covers off and look inside. But to understand what goes on, you need to

get to know the principles that govern its actions. The machines in this and the following

parts of The New Way Things Work are therefore grouped by their principles rather than by

their uses. This produces some interesting neighbors: The plow rubs shoulders with the

zipper, for example, and the hydroelectric power station with the dentist's drill. They may

look different, be vastly different in scale, and have different purposes,

but when seen in terms of principles, they work in the same way.

MACHINERY IN MOTION
Mechanical machines work with parts that move. These parts include levers, gears, belts,

wheels, cams, cranks, and springs, and they are often interconnected in complex linkages,

some large enough to move mountains and others almost invisible. Their movement can be

so fast that it disappears in a blur of spinning axles and whirling gears, or it can be so slow

that nothing seems to be moving at all. But whatever their nature, all machines that use

mechanical parts are built with the same single aim: to ensure that exactly the right amount

of force produces just the right amount of movement precisely where it is needed.

MOVEMENT AND FORCE
Many mechanical machines exist to convert one form of movement into another. This

movement may be in a straight line (in which case it is often backward-and-forward, as in

the shuttling of a piston-rod) or it may be in a circle. Many machines convert linear

movement into circular or rotary movement and vice-versa, often because the power source

driving the machine moves in one way and the machine in another. But whether direction is

altered or not, the mechanical parts move to change the force applied into one - either

larger or smaller - that is appropriate for the task to be tackled. Mechanical machines all

deal with forces. In one way they are just like people when it comes to getting them on the

move: it always takes some effort. Movement does not simply occur of its own accord, even

when you drop something. It needs a driving force - the push of a motor, the pull of muscle

or gravity, for example. In a machine, this driving force must then be conveyed to the right

place in the right amount.When you squeeze and twist the handles of a can opener, the

blade cuts easily through the lid of the can. This device makes light work of something that

would otherwise be impossible. It does this not by giving you strength that you do not have,

but by converting the force that your wrist produces into the most useful form for the job -

in this case, by increasing it - and applying it where it is needed.
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HOLDING MATTER TOGETHER
Evety object on Earth is held together and in place by three basic kinds of force;

virtually all machines make use of only two of them. The first kind of force is gravity, which

pulls any two pieces of matter together. Gravity may seem to be a very strong force, but in

fact it is by far the weakest of the three. Its effects are noticeable only because it depends on

the masses of the two pieces of matter involved, and because one of these pieces of matter -

the whole Earth - is enormous. The second force is the electrical force that exists between

atoms. This is responsible for electricity, a subject explored in Part 4 of the book. Electrical

force binds the atoms that make up all materials, and it holds them together with

tremendous strength. Movement in machines is transmitted - unless the parts break - only

because the atoms and molecules (groups of atoms) in these parts are held together by

electrical force. So all mechanical machines use this force indirectly. In addition, some

machines, such as springs and friction devices, use it directly, both to produce movement

and to prevent it. The third and strongest force is the nuclear force that binds particles in

the nuclei of atoms. This force is released only by machines that produce nuclear power.

THE CONSERVATION OF ENERGY
Underlying the actions of all machines is one principle which encompasses all the others -

the conservation of energy. This is not about saving energy, but about what happens to

energy when it is used. It holds that you can only get as much energy out of a machine as

you put into it in the first place - no more and no less. As a motor or muscles move to

supply force to a machine, they givT it energy; more force or more movement provides more

energy. Movement is a form of energy called kinetic energy. It is produced by converting

other forms of energy, such as the potential energy stored in a spring, the heat in a gasoline

engine, the electric energy in an electric motor, or the chemical energy in muscles. When a

machine transmits force and applies it, it can only expend the same amount of energy^ as

that put into it to get things moving. If the force the machine applies is to be greater, then

the movement produced must be correspondingly smaller, and vice-versa. Overall, the total

energy always remains the same. The principle of conservation of energy governs all actions.

Springs may store energy, and friction will convert energy to heat, but when everything is

taken into account, no energy is created and none destroyed. If the principle of conservation

of energy were to vanish, then nothing would work. If energy were destroyed as machines

worked, then, no matter how powerful they might be, they would all slow down and stop.

And if the workings of machines created energy, then all machines would get faster and

faster in an energy build-up of titanic proportions. Either way, the world would end - with a

whimper in one case and a bang in the other. But the principle of conservation of energy

holds good and all machines obey Or nearly all. Nuclear machines are an exception

- but that is a story for the second part of this book.
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THE INCLINED PLANE
Ol^ CAPTURINGA MAMMOTH

Jn the spring of that year, I was invited to the land of the

much sought-after wooly mammoth, a land dotted by

the now familiar high wooden towers of the mammoth
captors. In ancient times the mammoth had been hunted

simply for its meat. But its subsequent usefulness in

industry and growing popularity as a pet had brought

about the development of a more sophisticated and less

terminal means of apprehension.

Each unsuspecting beast was lured to the base ofa tower

from which a boulder of reasonable dimensions was then

dropped from a humanitarian height onto its thick skull.

Onc^^grr^,^^ar^ammoth could easily be lead to the

'f0tSl^where an ice pack and fresh swamp grass would

quickly 'hv.ercome hurt feelings and innate distrust.

) -^J

THE PRINCIPLE OF THE INCLINED PLANE
The laws of physics decree that raising an object, such as a

mammoth-stunning boulder, to a particular height requires

a certain amount of work. Those same laws also decree that

no way can ever be found to reduce that amount. The ramp
makes life easier not by altering the amount ofwork that is

needed, but by altering the way in which the work is done.

Work has two aspects to it: the effort that you put in, and

the distance over which you maintain the effort. If the

effort increases, the distance must decrease, and vice versa.

This is easiest to understand by looking at two extremes.

Climbing a hill by the steepest route requires the most effort,

but the distance that you have to cover is shortest. Climbing

up the gentlest slope requires the least effort, but the

distance is greatest. The work you do is the same in either

case, and equals the effort (the force you exert) multipUed

by the distance over which you maintain the effort.

So what you gain in effort, you pay in distance. This is a

basic rule that is obeyed by many mechanical devices, and it

is the reasonwhy the ramp works: it reduces the effort needed

to raise an object by increasing the distance that it moves.

The ramp is an example of an inclined plane. The

principle behind the inclined plane was made use of in

ancient times. Ramps enabled the Egyptians to build their

pyramids and temples. Since then, the incUned plane has

been put to work in a whole host of devices from locks and

cutters to plows and zippers, as well as in all the many
machines that make use of the screw.
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While the process was more or less successful, it had a

couple ofmajor drawbacks. The biggest problem

was that ofsimply getting a heavy boulder to the right

height. This required an almost Herctilean effort, and

Hercules was not due to be bom for several centuries yet.

The second problem was that the mammoth, once hit,

would invariably crash into the tower, either hurling his

captors to the ground, or at least seriously damaging the

structure.

After making afew calculations, I informed my hosts

that both problems could be solved simultaneously by

building earth ramps rather than wooden towers. The

inherent sturdiness of the ramp would make it virtually

indestructible should a mammoth fall against it. And
now, rather than trying to hoist the boulder straight up,

it could be rolled gradually to the required height,

therefore needingfar less effort.

At first, the simplicity ofmy solution was greeted

with understandable scepticism. "What do we do with

the towers?" they asked. I made a few more calculations

and then suggested commercial and retail development

on the lower levels and luxury apartments above.

How Effortand Distance are Linked
The sloping face of this ramp is twice as

long as its vertical face. The effort that

is needed to move a load up the

sloping face is therefore half

that needed to raise it

up the vertical

face.

Half effort

Full effort

THEWEDGE
In most of the machines that make use of the inclined plane,

it appears in the form of a wedge. A door wedge is a simple

application; you push the sharp end of the wedge under the

door and it moves in to jam the door open.

The wedge acts as a moving incUned plane. Instead of

having an object move up an incUned plane, the plane itself

can move to raise the object. As the plane moves a greater

distance than the object, it raises the object with a greater

force. The door wedge works in this way. As itjams under the

door, the wedge raises the door slightly and exerts a strong

force on it. The door in turn forces the wedge hard against

the floor, and friction (see pp. 82-3) with the floor makes

the wedge grip the floor so that it holds the door open.
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LOCKSAND
Here's a puzzle not unconnected

with locks: how to separate

two blocks held together by five

two-part pins. The gap in each

pin is at a different height. In order

to separate the blocks, the pins

must be raised so that the gaps

Une up.

Knowing the principle of the

inclined plane, we insert a wedge.

It pushes up the pins easily

enough, but by the wrong distances.

More thought suggests five

wedges — one for each pin. This

raises the pins so that the gaps

line up, freeing the two halves of

the block. However, the wedges

themselves are now stuck fast in

the lower half.

^

The key to the puzzle is just

that — a key— because the

block is a simplified cylinder lock.

The serrated edge of the key

acts as a series ofwedges that

raises the pins to free the lock.

Because the serrations on the key

are double-sided, the key can be

removed after use. The springs will

then push the pins firmly back

into position, closing the loci
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Pins.
Cam

.Cylinder

V

.Key

.Key Turned

,
Spring

.Bolt \t

Bolt Pulled Back .
Uv

Cylinder LOCK
when the door is closed, the spring presses the bolt into

the door frame. Inserting the key raises the pins and frees

the cyHnder. When the key is turned, the cylinder rotates,

making the cam draw back the bolt against the spring.

When the key is released, the spring pushes back the bolt,

rotating the cylinder to its initial position and enabling

the key to be withdrawn.

_ Bolt Pin IT—tV_BOLT

m

^
//

Stump

Spring.

fc3 m Ii=a»

A
Key

1 Door Open
l\\t s^nngs hold i\\c

tumblers down. l}\t

bolt igm is, held '\r\\roni

of the stump in each

tumbler so that the

holt cannot move. y

2 Turning the Key
Ihe key lifts the tumblers.

The bolt pin isfreed so that it

can move along the slots.

3 KEY Halfway
As the key continues to turn,

it engages the bolt, moving it

outward.

4 DOOR LOCKED
When the boh is fully

extended, the springs make

the tumblers fall back,

securing the holt pin.

LEVER LOCK
A lever lock works in much the same way as a c>'linder

lock. The projections on the key align slots in a set of

different-sized tumblers so that the bolt can move. The key

then turns to slide the bolt in or out

-HtV
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Nearly all cutting machines^
make use of the wedge, a

form of inclined plane. A wedge-

shaped blade converts a forward

movement into a parting

movement that acts at right

angles to the blade.

Movement
Downward

ING MACHINES
Wedge-shaped Blades

Scissors
Each blade acts as a first-class lever

(see p. 19) . The sharpened edges of the

blades form two wedges that cut with

great force into a material from opposite

directions. As they meet, they part the

material sideways.

Axe
An axe is simply a wedge
attached to a shaft. The axe's

long movement downward
creates a powerful sideways

force that splits open the wood.

The axe has another built-in

wedge: a sliver ofmetal is driven

into the top of the shaft, and

this jams the shaft tightly into

the socket in the axe's head.

Serrated Blades

Movement
Sideways

ELECTRIC TRIMMER
An electric trimmer contains two serrated blades driven

by a crank mechanism (see pp.48-9). The blades move
to and fro over each other As gaps open between the

serrations, stems or hairs enter to be trapped and then

sliced as the blades cross. The trimmer's blades act as

paired wedges like the blades of scissors.
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THE Can Opener
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Handle

Cutting Wheel

Handle

Spur Gears
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^^
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Acan opener has a sharp-edged cutting blade

or wheel that slices into the lid. A toothed

wheel fits beneath the Up of the can, and rotates

the can so that the cutting wheel is forced into the

Hd. Two further toothed wheels - one above the

other— form a pair of spur gears (see p.37) to

transmit the turning force from the handle.
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THE PLOW
A plow is a wedge that is dragged through the

ground either by a draft animal or a tractor. It

cuts away the top layer of soil, and then Ufts and turns

over the layer. In this way, the soil is broken up for

planting crops. In addition, vegetation growing in or

lying on the soil is buried so that it rots and provides

nutrients for the crops. The plow is one of mankind's

oldest machines. Wooden plows have been in use for

about five thousand years, although metal plows date

back less than two centuries.

The Main Parts of a Plow

Side View

Top View Landside

A plow has four main parts,

which are all made of steel

The coulter precedes the

main body of the plow,

which consists of the share,

moldhoard and landside.

The coulter, share and mold-

hoard all act as wedges, and

can exert great force to plow

hard and heavy soil.

Coulter

Share

MOLDBOARD

THE PLOWING SEQUENCE

The coulter creates a furrow by making a vertical cut in

the soil. With animal plows, the coulter is a knife-like

blade. Tractor-drawn plows normally have disk coulters,

which are sharp-edged wheels that spin freely as the

plow is drawn forward.

The share follows the coulter, making a horizontal cut

and freeing the top layer of soil. Attached to the share is

the moldboard, which lifts and turns the layer. The
landside is fixed to the side of the moldboard and slides

along the vertical wall of the furrow. It thrusts the

moldboard outward to move the layer of soil.
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THEZI
The zipper cleverly exploits the principle of the

inchned plane to join or separate two rows of

interlocking teeth. The zipper's slide contains wedges
that turn the httle effort with which you pull it into a

strong force that opens and closes the fastener. The
teeth are designed so that they can only be opened or

closed one after the other Without using the slide, it is

practically impossible to free the teeth or make them
mesh together.

Slide Inside The Slide

UpperWedge

Lower Wedges

WEDGES ATWORK
As you open a zipper, the triangular upper wedge in the

slide detaches the teeth and forces them apart. On closing,

the two lower wedges (which are often the curved sides of

the slide) force the teeth back together so that they

intermesh. Plastic zippers contain two intermeshing spirals

instead of two rows of teeth.

%
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Levers
»y ON WEIGHINGAMAMMOTH

Before being shipped to its final destination, a

mammoth must he weighed. I was fortunate enough in

one village to witness the procedure at first hand. The

center of a tree trunk was placed directly on a boulder

One end of the trunk was then pulled down and the

mammoth encouraged to sit on it. No sooner did the beast

seem reasonably comfortable than a number of villagers

scrambled onto the other end of the trunk. Slowly their,

end sank and, as it did, the startled mammoth rose into

the air I was told that when the trunk reached ahorizontal

position, the combined weight of the people would equal

that of the mammoth. This seemed reasonable enough.

aa\% aa (1\

The Principle of levers
The tree trunk is acting as a lever, which is simply a bar or

rod that tilts on a pivot, or fulcrum. If you apply a force by

pushing or pulling on one part of the lever, the lever swings

about the fulcrum to produce a useful action at another

point. The force that you apply is called the effort, and the

lever moves at another point to raise a weight or overcome

a resistance, both ofwhich are called the load.

Where you move a lever is just as important as the

amount of effort you apply to it. Less effort can move the

same load, provided that it is appUed further from the

fulcrum; however, the effort has to move a greater distance to

shift the load. As with the inclined plane, you gain in force

what you pay in distance. Some levers reverse this effect to

produce a gain in distance moved at the expense of force.

With levers, the distances moved by the effort and load

depend on how far they are from the fulcrum. The principle

of levers, which relates the effort and load, states that the

effort times its distance from the fulcrum equals the load

times its distance from the fulcrum.

Fulcrum in Center
The effort and load are the same distance from the fulcrum.

In this situation, the load and effort are equal, and both move

the same distance up or down as the lever balances.

Load
Weight of mammoth.

Effort
Weight often people

Fulcrum
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was then that I noticed across the square a second equally large mammoth about to he weighed,

this time usingfarfewer people as a counterbalance. As I watched, anticipating disaster, the boulder

was rolled closer to what would he the mammoth's end of the tree trunk. Once the mammoth was in

place, a mere handful of people climbed onto the other end. To my amazement the tree trunk gently

sumed a horizontal position. J was then informed that

the length of the tree trunk from the people to the boulder

multiplied by their combined weight would equal the

length of the trunk from the boulder to the mammoth
multiplied by its weight.

I was in the midst of calculations to verify this most

unlikely theoiy when I heard a scream. Apparently,.all the

villagers had not disembarked from the trunk simul-

taneously, thereby causing a lad to be dramatical^

aunched. J made a note, thinking that one day this might

he useful.

a ixa ^ t • a
^

FIRST-CLASS LEVERS
There are three different basic kinds of levers. All the levers on

these two pages are first-class levers. First-class levers aren t

superior to other-class levers; they are just levers in which

the fulcrum is always placed between the effort and the load.

If the fulcrum is placed in the center — as in the diagram on

the left - the effort and load are at the same distance from it

and are equal. The weight of the people is the same as the

weight of the mammoth.
However, if the people are placed twice as far from the

fulcrum as the mammoth — as in the diagram on the right —

only half the number of people is needed to raise the

mammoth. And if the people were three times as far from the

fulcrum than the mammoth, only a third would be needed,

and so on, because the lever magnifies the force applied to it.

These mammoth-weighing levers balance in order to

measure weight, which is why this krnd of weighing machine

is called a balance. When the lever comes to rest, the force of

the effort balances the force of the load, which is its weight.

Many other kinds of levers work to produce movement.

Fulcrum Off-Center
The effort is twice as farfrom the fulcrum as the load. Here, the

effort moves twice as far as the load, but is only half its amount

Load
Weight of mammoth.

Effort
Weight offive peoplen

Fulcrum
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ON MAMMOTH HYGIENE

Early in my researches I discovered that mammoths

smell and so unavoidably do their immediate

f surroundings. I was therefore gratified to observe that in

order to minimize any unpleasant odor, the staffof the

mammoth paddock train their animals to sit on mats.

These they change with some regularity.

Since mammoths often refuse to budge once settled,

the keepers have learned how to remove mats while in use.

One end of a trimmed tree trunk is carefully slipped under
j

the mammoth. By raising the other end a fair distance the I

mammoth is liftedjust enough to release the fetid fabric. }

Ifound the ease with which the keepers could raise their

overside charges quite astounding. I also.noted that wheel-
\

barrows are an invaluable asset during clean-up sessions.

Second-Class levers
Both the mammoth-lifter and the wheelbarrow are examples

of second-class levers. Here, the fulcrum is at one end of the

bar or rod and the effort is appHed to the other end. The
load to be raised or overcome lies between them.

With this kind of lever, the effort is always further from

the fulcrum than the load. As a result, the load cannot

move as far as the effort, but the force with which it moves

is always greater than the effort. The closer the load is to the

fulcrum, the more the force is increased, and the easier it

becomes to raise the load. A second-class lever always

magnifies force but decreases the distance moved.

A wheelbarrow works in the same way as the mammoth-
lifter, allowing one to lift and shift a heavy load with the

wheel as a fulcrum. Levers can also act to press on objects

with great force rather than to lift them. In this case, the

load is the resistance that the object makes to the pressing

force. Scissors and nutcrackers (see p. 22) are first-class

and second-class examples. These devices are compound
levers, which are pairs of levers hinged at the fulcrum.

Load
Weight of mammoth.

Fulcrum

A Second-Class Lever in Action
Because the effort is three times as farfrom the fulcrum

as the load, the force needed to raise the load is reduced

to a third of the load. U
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ON TUSK TRIMMINGAND
ATTENhANT PROBLEMS

'

J
watched with great curiosity a mammoth that was

having its tusks trimmed as a precaution prior to being

shipped. The l^east wds clearly not happy as the workers

sawed, chipped and file^away. No sooner had 1 recalled

1^ the old adage that second only to the fury

^^ I . / i, ofa womarx scorned is the

wrath of a

disgruntled mammoth, when suddenly the enraged

creature wrapped its trunk around the end of a nearby

weighing log and began swinging it from side to side.

I was able to note during the ensuing collapse of the

trimming stand that although the mammoth's head

pivoted only a short distance, the free end of the

log was swinging much further

thereby achieving

a stunning

THIRD-CLASS LEVERS
In extending its trunk with that of a tree, the mammoth
now has something in common with such innocuous

devices as a fishing rod and a pair of tweezers. It has

become a giant-sized third-class lever

Here, the fulcrum is again at one end of the lever but this

time the positions of the load and effort are reversed. The

load to be raised or overcome is furthest away from the

fulcrum, while the effort is applied between the fulcrum and

the load. As the load is furthest out, it always moves with less

force than the effort, but it travels a proportionately greater

distance. A third-class lever therefore always magnifies the

distance moved but reduces the force.

The mammoth's neck is the fulcrum, and the end of the log

moves a greater distance than the trunk gripping it. The
force with which the log strikes the people is less than the

effort of the trunk, but still enough to overcome their

vveight and scatter them far and wide. The end of the log

moves faster than the trunk and builds up quite a speed to

^et the people moving.

Load
Weight of ohjecis

hurled into air.

A THIRD-CLASS

Lever in Action
The load moves three times as jar

as the effort, because it is three

times as farfrom the fulcrum.

The load is a third of

the effort.
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LEVERS IN ACTION

'^

W(hiy w<olt casvixt the

First-Class Levers

Balance
The object to be weighed is the load and

the weights make up the effort. The two

are equal, being at the same distance

from the fulcrum.

Beam Scale
The fulcrum is off-center, and the weight

is moved along the bar until it balances

the object being weighed.

The effort of the hand is magnified to

pull out a nail. The load is the

resistance of a nail to extraction

^v^Hand Cart

<i

Tipping the handle of the hand cart with

a light effort raises a heavy load.

A pair of pliers is a compound lever (a

pair of levers hinged at the fulcrum).

The load is the resistance of an object

to the grip of the pliers.

Scissors
a pair of scissors is a compounc
first-class lever It produces a strong

cutting action very near the hinge. The
load is the resistance of the fabric to the

cutting blades.

Second-Class Levers

Wheelbarrow
Lifting the handles with a light effort

raises a heavy load nearer the wheel.

BOTTLE Opener
Pushing up the handle overcomes the

strong resistance of a bottle cap.

NUTCRACKERS
A pair of nutcrackers is a compolind

second-class lever The load is the

resistance of a shell to cracking.
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THIRD-CLASS Levers

Hammer

A hammer acts as a third-class lever when
it is used to drive in a nail. The fulcrum is

the wrist, and the load is the resistance of

the wood. The hammer head moves faster

than the hand to strike the nail

Fishing Rod

One hand supphes the effort to move
the rod, while the other hand acts as

the fulcrum. The load is the weight of

the fish, which is raised a long distance

with a short movement of the hand.

Tweezers

A pair of tweezers is a compound third-

class lever. The effort exerted by the

fingers is reduced at the tweezer tips,

so that delicate objects can be gripped.

The load is the resistance of the hair.

Multiple Levers

Excavator

Boom

Tracks

Dipper

Bucket

<An excavator is a rotating assembly of

three levers — the boom, dipper and the

bucket — mounted on caterpillar tracks.

The assembly swings round on the slew

ring while the three levers, powered by

hydraulic rams (see pp. 128-9), combine

to place the bucket in any position. The

boom is a third-class lever that raises or

lowers the dipper The dipper is a first-class

lever that moves the bucket in and out. The

bucket is itself another first-class lever that

tilts to dig a hole and empt>' its load

NAIL Clippers
Nail clippers are a neat combination of two levers

that produce a strong cutting action while at the

same time being easy to control. The handle is a

second-class lever that presses the cutting blades

together. It produces a strong effort on the blades,

which form a compound third-class lever. The cutting

edges move a short distance to overcome the tough

resistance of the nail as they slice through it.

Fulcrum Handle.

OF Handle
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WEIGHING MACHINES
THE ROBERVAL ENIGMA
This simple kitchen balance or scales is based on the

Roberval enigma, a linkage of parallel levers devised

by the French mathematician Rober\'al in 1669. This

allows the pans to remain horizontal, and also allows

objects and weights to be placed at any position in

the pans without affecting the accuracy of the scales.

At first sight, this seems to defy the principle of levers -

hence the enigma. But their weight acts at the support of

each pan, and not at its position on the pan.

A balance is a first-class lever. As the centers of the two

pans are the same distance from the central pivot, they

balance when the weight on one pan equals that on the

other. Balances with suspended pans work in the same way.

Platform

Dl\l

BATHROOM SCALES
For safet); your bathroom scales will barely move as

you step onto the platform, no matter how heavy

you are. The mechanism inside magnifies this tiny

movement considerably, turning the dial sufficiently

to register your weight.

A system of third-class levers pivoting on the

case beneath the platform transmits its movement
to the calibrating plate, which is attached to the

powerful main spring. The levers force the plate

dowTi, extending the spring by an amount in exact

proportion to your weight, one of the key properties

of springs (see pp. 78-9). The crank— a first-class

lever — turns, pulled by another spring attached to

the dial mechanism. This contains a rack and

pinion gear (see p.37) which turns the dial, showing

your weight through a window in the platform.

On stepping off the platform, the main spring

retracts. It raises the platform and turns the crank

to return the dial to zero.

I.
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.co^jnecting
Bars

Caubrated Bar

Platform Scales
Platform scales weigh heavy objects using a combination

of third-class and first-class levers in which the load on
one lever becomes the effort that moves the next lever. The

object to be weighed is placed on the platform, which
moves down a very short distance. The caUbrated bar with

the scale moves up, and the weight is slid along it until

all the levers connected to the platform balance. The
weight of the object is then read from the scale.

The scales use a total of three levers, all arranged so that

they progressively increase the distance moved, shown
here by the length of the arrows. In doing this, they reduce

the effort that has to be exerted on the calibrated bar to

balance the object to be weighed. Through this

arrangement, a tiny weight can balance a massive object.

Main Spring
The main spring extends,

allowing the dial spring to

I rotate the crank

Crank .Dial

Dial Spring.

^W^^

I

Calibrating Plate

When the scales are in use,

the calibrating plate is

pushed downward,

extending the main spring.

Weight
The weight on the scales

presses down the four le\'ef^

which together pass the force

on to the calibrating plate.

Lever
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Grand Piano
Each key of a piano is linked to a complex system of

levers called the action. Overall, the levers transmit

the movement of the fingertip to the felt-tipped

hammer that strikes the taut piano wire and sounds a

note. The action magnifies movement so that the

hammer moves a greater distance than the player's

fingertip. The system of levers is very responsive,

allowing the pianist to play quickly and produce a wide

range of volume.

The Action in Action
The key raises the mp^pen, ^\h^ch

forces up thejack against the

hammer roller and lifts the lever

carrying the hammer The key also

raises the damper and immediately

after striking the wire, the hammer
drops hack, allowing the wire to

sound. On releasing the key, the

damper drops hack onto the wire,

cutting off the sound.

Type Bar

Paper Type Bars
The type bars are arranged in a

semicircle so that each strikes the

center of the machine, the paper

and ribbon moving on between

each strike.

Platen or Cyunder

_ Upper and Lower Case
Each type bar bears both upper-

and lower-case letters. Pressing the

shift key lowers the type bar so

that the upper-case letter strikes

the ribbon.

f^U3^ '^

i

fli



Repeating a Note
The hammer drops back after

striking the wire. If the key is not

released, the fall of the hammer
is arrested by the check and

repetition lever The hammer is

held in this position so that it is

ready to strike the wire rapidly if

the key is immediately pressed again

Manual typewriter
Like the piano, the typewriter also contains a system of levers that

converts the small movement of a fingertip on a key into a long
movement - in this case the movement of the raised type on the end of
the type bar As the typewriter is always played fortissimo, a simple
system of levers suffices to connect the key to the type. Most manual
typewriters use at least five levers between key and type bar

'^'^^
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J

Fust a little effort with the hands

I
can quickly undo all the effort made

y the feet in getting a bicycle up to speed.

Each brake on a bicycle consists of a set of

three levers. This transmits the force with which

each hand grips its brake lever to the brake blocks

which, in turn, rub against the rims of the wheels. Each

handle magnihes the grip force several times. The two

arms of each brake press the blocks to the rims, producing

sufficient friction (see p.82) to slow and stop the bicycle.

.r

Cable Brake Handle
The handle pulls the cable

connecting the handle to

the brake. It is a second-

class lever. The end of the

handle moves a greater

distance than the cable,

which is pulled with more

force than the force exerted

by the hand.
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HYDRAULIC PLATFORM

Cage UPPER BOOM
A ram mounted on the lovjer boom retracts

to pull up the base of the upper boom. This

effort raises the end of the upper boom to lift

the cage and firefighter into position.

f;
irefighters may have to tackle a fire

in the upper floors of a tall building and

possibly rescue people. They use a hydraulic

platform that can raise them high in the air.

It consists of a cage on the end of a pair of

long booms that are hinged together. The vehicle

carrying the platform first lowers stabilizers to

secure it firmly to the ground. Hydraulic rams (see

p. 129) then push and pull on the booms, which are

both third-class levers. The upper ends move up a

greater distance than the rams, so that the booms
can be extended to reach the fire or people.

Effort (Pull

OF Cable)

LOAD
(,RESISTANCE

OF RlM)

Arm (First-

Class Lever)

Arm (Third-

class Lever)

Extending Sections

Upper-Boom Ram

LOWER BOOM
A pair of powerful rams pushes up the base

of the boom. The lower boom contains several

sections that extend to raise the upper boom.

EFFORT

(PULL of

Cable)

FULCRUM

Load
(Resistance

of Rim) ^

EFFORT (Pull

Load (Resistance

OF both rims) handle (SECOND-
Class Lever)

Effort

load Fulcrum
(Weight
of Cage)

Load
(Weight
of Upper
Boom and
Cage)

Effort

Lower
Boom
rams
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TheWheeland Axle
ON THE

GROOMING OFMAMMOTHS
nrhe problem with wcuhing a mammoth, assuming

J. thatyou can get close enough with the wate^ (a

point 1 will address further on) , is the length oftime it

takes for the creatures hair to. dry. The problem is ^edtly
^

aggravated when steady sunshine is UticPi'^ilabk. , •

- Recalling the incident between the mammoth, and the

- tusk trimmers, and particularly the motion of^ihfjree

i end of the log, I invented a mechanicalJijij^^tyvas
' composed offeathers secured to the sndsoflcin^ spokes

which radiatedfrom one end of a sturdy shaft. At the

other end of the shaft radiated a set ofshort boards. The

entire machine was powered by a continuous line of
sprightly workers who leaped one by onefrom a raised

*platform onto the projecting boards. Their weight against

the boards turned the shaft. Because the spokes at the

opposite end of the shaft were considerably longer than the

boards, theirfeathered ends naturally turned much faster

thereby producingihe steady wind required for speedy

drying.

A colleague once suggested I replace manpower with a

constant strearn ofwater 1 left him in no doubt as to my
views on this ludicrous proposal.
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Jn the very same village where I huilt my firstfeather

drier there began the strange — albeit fashionable —
practice of tush modification. A blindfolded mammoth
was drawn up against a fixed post or tree by ropes secured

to its tusks. The other ends of the ropes were fastened

around the drum ofa powerful winch — a most ingenious

drAce. As workers turned the drum with handles which

projectedfrom it, they were able to straighten the tusks.

Keeping the tusks straight would ofcourse^equire

frequent visits and have been quite lucrative. Howeyer,

since the process not only made movement through

doors impossible, but also affected a mammoth's
breathing, it had to be abandoned.

WHEELS AS LEVERS
While many machines work with parts that move up and
down or in and out, most depend on rotary motion. These

machines contain wheels, but not only wheels that roll on
roads. Just as important are a class of devices known as the

wheel and axle, which are used to transmit force. Some of

these devices look like wheels with axles, while others do not.

However, they all rotate around a fixed point to act as a

t(Uating lever

The center of the wheel and axle is the fulcrum of the

rotating lever The wheel is the outer part of the lever, and the

axle is the inner part near the center In the mammoth drier,

the feathers form the wheel and the boards are the axle. In the

,winch, the drum is the axle and the handles form the wheel.

j

As the device rotates, the wheel moves a greater distance

khan the axle but turns with less force. Effort apphed to the

wheel, as in the winch, causes the axle to turn with a greater

force than the wheel. Many machines use the wheel and axle

to increase force in this way. Turning the axle, as in the

mammoth drier, makes the wheel move at a greater speed than

the axle.

Movement of Wheel How AWheel AND
Axle Increase Force
As with the inclined plane and

levers, you gain in force what

I you lose in distance moved.

Here the movement of the

wheel is turned into a shorter

hut more powerful movement at

I
the axle.

-f
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THEWHEELAND AXLE ATWORK
SCREWDRTVER

The handle of a screwdriver does more

than enable you to hold it. It ampUfies

the force Nsith which you turn it to

drive the screw home.

Sardine Can
The key of a sardine can exerts a

strong force to pull the metal sealing

band awav from the can.

SteeringWHEEL
The force of the driver's hands is

magnified to turn the shaft, producing

sufficient force to operate the steering

mechanism.

FAUCET
The handle of a faucet magnifies the force

of the hand to screw do%vn the washer

inside firmly and

prevent the faucet

dripping.

Brace and Bit

The handle of the brace moves a

greater distance than the drill bit at the

center, so the bit turns \sith a stronger

force than the handle.

WRENCH
PuUing one end of the vvTench exerts

a powerful force on the bolt at the

other end, scre%\ing it tight.

Waterwtieel
The earhest waterwheel — the Greek mill of the first centur)^

BC — had a horizontal wheel. It was superseded by vertical

wheels, which could be built to a larger size and thus

developed greater power. \\ aterwheels obey the principle of

the wheel and axle, with the force of the water on the paddles

at the rim producing a strong drlNing force at the central

shaft.

Greek Mill

Chute

Axle

P.\DDLES

i
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HYDROELECTRIC TURBINE
Hydroelectric power stations contain water turbines relatively weak outlet flow Modern turbines, such as the

that are direct descendants of waterwheels. An Francis turbine shown here, are carefully designed so

efficient turbine extracts as much energy from the that the water is guided onto the blades with the

water as possible, reducing a powerful intake flow to a minimum of energy-wasting turbulence.

ELECTRlCirt'

Generator

Turbine
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THEWINDMILL

Brake Wheel
_Wind-Shaft

Post Mill

.Grindstone

Sail

Wallower

Great SpurWheel

Windmill Sails

Windmill sails have to work with a source of

power that changes both its direction and its

speed. In most designs ofwindmill, the sails

can he turned so that they always /ace into

the wind. To cope with varying wind speeds,

the sails' area is changed: two ways in

which this is done are thejib sail and the

spring sail

The power of the wind was first put

to use in a windmill built in Persia

in the seventh century. Windmills

use sails to develop power, just as

waterwheels employ paddles. The
classic windmill has four big vertical

sails. It works by the principle of the

wheel and axle: the force of the wind

along the sails produces a stronger

driving force at the central shaft. A
series of bevel and spur gears (see

p. 3 7) then transmit this force, usually

to turn a grindstone or to drive a

pump. The power of a windmill

depends on the speed of the wind on
the sails and on the area that the sails

present to the wind.

Jib Sail

Around the Mediterranean

Sea from Portugal to Turkey,

windmills can still be seen

with jib sails — simple

triangular cloth sails like

the sails of boats. To deal

with a change in wind

speed, the miller just furls

or unfurls each sail

Spring Sail

Sails composed of rows of

wooden shutters replaced

cloth sails in the late

1700s. The shutters pivot

against a spring, opening

when the wind gusts and

closing when it drops. In

this way, a constant wind
force is maintained on the

sails.



WIND TURBINE
This modem counterpart of the windmill drives

a generator rather than a grindstone. To extract

as much energy from the wind as possible, the

rotor blades are huge — up to 100 metres (330
feet) across. Wind sensors enable the turbine's

computer to control the movement of
' the rotor and produce optimum

power in all wind
conditions.
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Electric Generator

Rotating Mount

Gearbox
Electricity generation is

most efficient at high ,

speeds, so gears are used

to increase the speed of

the generator drive shaft.

,.^-

ROTOR Blades
These have surfaces like

aircraft wings (see p. 107)

They are operated by the

control system to work at

high efficiency.

Rotating Mount
The turbine assembly is

rotated on its mounting

under the control of a

computer, which ensures

that the blades always

face into the wind.

DENTIST'S DRILL
The high-speed drill that a dentist uses to cut

into your teeth is a miniature descendant of

the first windmill, which turned horizontally

rather than vertically. Inside is a tiny air turbine

driven by compressed air which revolves at

several thousand revolutions per second. In

some designs, the rotor turns on two sets of

ball bearings (see p. 88), while in others the

drill turbine floats in a cushion of high-

pressure air
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Gears and belts
ONEARIY

MAMMOTH POWER ^1

Asfar as I can ascertain, the first use of
mammoths in industry was to provide

powerfor thefamous merry-go-round

experiment. The equipment consisted of

two wheels, one large and one small,

placed edge to edge so that when the

mammoths turned one wheel, the other

would turn automatically. At first seats

were hungfrom the small wheel which

was driven hy the large wheel. The result

was a hair-raising ride. When the wheels

were reversed, the ride was far too sedate. ,

Eventually' belts connected to drive wheels

of different sizes operated two rides
^,

simultaneously, one fast and one gentle. 'A

Carrot consumption during the experiment

was astronomical.

li
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TYPES OF Gears
Gears come in a variety of sizes

with their teeth straight or curved

and inclined at a variety of angles.

They are connected together in

various ways to transmit motion

and force in machines. However,

there are only four basic types

of gears. They all act so that one

gear wheel turns faster or slower

than the other, or moves in a

different direction. A difference

in speed between two gears

produces a change in the force

transmitted.

Spur Gears

Rack AND
Pinion Gears
Ont wheel, i\\t pinion,

mt^\\ts, v^xth. a sliding

toothed rack, converting

rotary motion to recipro-

cating (to-and-fro) motion

and vice versa.

Two gear wheels intermesh

in the same plane, regulating

the speed orforce of motion

and reversing its direction.

Bevel Gears
Two wheels intermesh at an

angle to change the direction

of rotation, also altering

speed and force if necessary

These are sometimes fenown

as a pinion and crown wheel,

or pinion and ring gear

How Gears and BeltsWork
The way gears and belts control

movement depends entirely on
the sizes of the two connecting

wheels. In any pair of wheels,

the larger wheel will rotate more
slowly than the smaller wheel,

but it will rotate with greater

force. The bigger the difference

in size between the two wheels,

the bigger will be the difference

in speed and force.

Wheels connected by belts or

chains work in just the same way
as gears, the only difference

being in the direction that the

wheels rotate.

WORM Gears
A shaft with a screw thread

meshes with a toothed wheel

to alter the direction of

motion, and change the

speed and force.

Gears
The big wheel has twice the

number of teeth, and twice

the circumference, of the

small wheel. It rotates with

twice the force and half the

speed in the opposite

direction.

Speed

Belts

The big wheel has twice

the circumference of the

small wheel. It also rotates

with twice the force and

half the speed, but in the

same direction.
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Spur Gears
DERAiLLEUR Gears
The chain connecting the pedals of a bicycle

to the rear wheel acts as a belt to make the

wheel turn faster than the feet. To ride on the

level or downhill, the rear-wheel sprocket

needs to be small for high speed. But to cUmb
hills, it needs to be large so that the rear wheel

turns with less speed but more force.

Derailleur gears solve the problem by having

rear-wheel sprockets of different sizes. A
gear-changing mechanism transfers the chain

from one sprocket to the next.

Driving Gear
The driving gear is

turned by one tooth

every time the wheel

rotates. The counter

records how many
revolutions take place,

converting this figure

into the distance

traveled.

Drums
The drums bear twenty teeth — two for each

numeral — on their tight sides. On the left side

of each drum is a gap by the numeral 2 and two

projections on either side of the gap.

BICYCLE DISTANCE COUNTER
The counter is mounted on the front axle, and

driven by a small peg fixed to a front wheel

spoke. A reduction gear makes the right-hand

numbered drum revolve once every mile or

kilometer. As it makes a complete revolution,

it makes the next drum to the left move by

one-tenth of a revolution, and so on. The

movement of the drums is produced by the

row of small gear wheels beneath the drums.

The wheels have teeth that are alternately

wide and narrow, a feature which enables

them to lock adjoining drums together when
one drum completes a revolution.

Narrow Tooth

How Adjoining Drums Lock
Noimally, a nanow wheel tooth fits between two drum

teeth and the drums do not move. When a 9 moves up

into the viewing window at the top of the drums, the

projection on that dmm catches the narrow tooth on

the gearwheel, making it rotate. The next wide tooth

fits into the gap by the 2 and locks the drum and the

next left drum together As the 9 changes to 0, the gear

wheel rotates and the next drixm also moves up one

numeral.

Gearwheels
The wheels intermesh

with each drum except

the one at the tight-

hand end.

Projection

Drum Tooth

Wide Tooth
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SALAD Spinner
A salad spinner rotates at high speed, throwing off water by

centrifugal force (see p. 71). The drive mechanism consists of

an epicyclic or planetary gear — a system of spur gears in which

an outer gear ring turns an inner planet gear that drives a small

central sun gear Epicychc gears can achieve a high speed

magnification yet are simple and compact.

CarWindowwinder
The handle in a car door turns a small cog that

moves a toothed quadrant (a section of a large

spur gear) , which in turn raises or lowers levers

supporting the car window. Electrically

operated windows work on the same principle,

but more gears are required because the speed

of the motor has to be stepped down to provide

a small but powerful movement.
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THE Gearbox
All gasoline engines work best if they run at a high

.but limited rate of revolutions. The job of the

gearbox is to keep the engine running at its most

efficient rate while allowing the car to travel at a large

range of speed.

The crankshaft always turns faster than the wheels —

from about rvvelve times as fast in first gear to about

four times as fast in top gear The differential {see p.45)

reduces engine speed by four times. The rest of the

reduction takes place in the gearbox.

The gearbox lies between the clutch (see p.84) and

the differential. The gears can only be changed when
the clutch has disengaged the engine. Operating the

gear lever of a manual gearbox brings a different train of

spur gears into play for each gear, except fourth gear In

fourth gear, no gear wheels are engaged and trans-

mission goes directly through the gearbox from the

clutch to the differential.

The different ratios of teeth on the gears involved

produce different speeds. Selecting reverse gear simply

introduces an extra gear wheel which reverses the

rotation of the transmission shaft.

Engine_ ,

—

.Third AND Fourth
Gl\r Selector Fork

UpperWheels
In neutral (showm here), the upper gear

wheels spin freely on the transmission shaft.

Selecting first, second or third gear locks an

upper wheel to the shaft.
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Selecting a Gear
Moving the gear lever tilts it so that

it pushes or pulls one of the three

selector rods. Except in reverse gear,

the selectorfork then shifts a collar

that makes the dog teeth lock

the required gear wheel to the

transmission shaft. The speeds of

the rotating parts are matched by

the synchromesh (see p.85). In

reverse gear, the fork engages the

idler wheel.

This illustration (right) shows

first gear being selected, in which

the transmission goes from the

clutch shaft via the loysha/t and

first gear wheels to the

transmission shaft. FIRST AND SECOND
Gear Selector Fork

Upper
Wheels

Lower
Wheels

Clutch
Shaft

Gear Lever

Selector Rod

Selector Fork ,

Collar

Gear
LEV'ER

^
:~J

V \.*

-Layshaft

Idler

Wheel

Transmission Shaft _

.Lever Pivot

c>.-.

^=^.

Selector RODS
The gear lever shifts the

selector rods, which

move the selectorforks

that engage the

gear wheels.

T*F3ISSS_

< Q̂
Collar

_ Dog Teeth

1^-

Transmission Shaft .

TO Differential

. Reverse Gear
Selector Fork

LowerWheels
The lower gear wheels are

turned by the layshaft and

drive the upper wheels.

First Gear
Wheels

.Reverse Gear
Wheels

_ Idler wheel

Reverse Gear
The idler wheel engages the

reverse gearwheels, making

the transmission shaft turn

in the opposite direction.
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MECHANICAL CLOCKS AND WATCHES
Minute Hand

Hour Hand

HourWheel
(24 teeth)

Pinion

(6 teeth)

Gearwheel
(30 teeth)

Spur gears lie at the heart of mechanical

timepieces. Powered by a falling weight or

an unwinding spring, they turn the two

hands, ensuring that the minute hand moves
exactly twelve times around the dial for every

revolution of the hour hand.

The hands are turned by the driving wheel

through a pinion that is geared to rotate once

an hour The pinion drives the minute hand
directly The hour hand is driven through two

sets of spur gears which together reduce its

speed to one-twelfth that of the hour hand.

A further train of gears controls the speed

at which the driving wheel rotates by

connecting it to the escapement, which is

the heart of the time-keeping mechanism.

Pallet^ . Anchor
Pallet

Pendulum
,

ANCHOR ESCAPEMENT
Many pendulum clocks are powered by a weight

that turns the escape wheel, which is itself

connected through gear trains to the hands. The

escape wheel moves in precise steps. The

swinging pendulum rocks the anchor so that

the pallets alternately engage the teeth on the

escape wheel. Each swing releases the escape

wheel for a short interval to allow it to move on

by one tooth. As the teeth of the escape wheel

move, they push the anchor to keep the

pendulum swinging.

LEVER ESCAPEMENT
A mechanical watch is powered by its mainspring, which turns the

driving wheel and escape wheel. The hairspring oscillates in the

balance, making the lever rock to and fro so that the pallets release

the escape wheel in the same way as an anchor escapement. The

hairspring is kept moving by the pressure of the escape wheel teeth

on the lever
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THE RACKAND PINION
CAR STEERING
In rack and pinion steering, the steering column turns

a pinion that shifts a rack to the right or left. Each end

of the rack moves a track rod linked to a steering arm

that turns the axle of each front wheel. Overall, a

wheel and axle (in the steering wheel) , a rack and

pinion and a lever combine to multiply the force of the

hands and turn the wheels. For power steering, see p. 129.

Steering Arm. .Track Rod

Steering Column.
.Rack AND Pinion V iV

x

. Steering Wheel

CORKSCREW
One good design of corkscrew makes use of

the screw (see p. 62-3) and the rack and pinion

to pull a cork from a bottle. The long handles

ending in pinions produce considerable

leverage on the rack, enabling the .^^/^
cork to be extracted without

ha\ing to pull it out. ^^'^^'V'/ ^^
Removing a Cork
The cor}is,crew is first placed in

position ( 1) , and as it is screwed in,

the handles rise (2). When the screw is

fully inserted, the handles are pushed

down (3), so that the pinionsforce up

the rack, and with it, the cork.

/ /

r>

H,
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I />
- "
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BEVEL Gears
EGG Beater
In bevel gears, the gear wheels are

often of ver\' different sizes. This

difference ser\'es to change either the

force that is applied to one of the

gears, or to increase or decrease the

speed of motion. An egg beater

converts a slow rotation into two

much faster rotations that work in

opposite directions. Its handle turns

a large double-sided crown wheel,

which in turn drives tvvo bevel

pinions to spin the beaters. The

great increase in speed is produced by

the much larger diameter of the crown

wheel compared to the bevel pinions.

CROWNWHEEL—
The douhle-sided

crown wheel transmits

the motion of the

handle to the two bevel

pinions.

BEVEL Pinions
Because they engage

opposite faces of the

crown wheel, the

pinions rotate in

opposite directions.
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THE DIFFERENTIAL
Crowtsi Wheel.

":,•*>'
!^'

When a car goes round a corner, the outer driving

wheel must be turned at a greater speed than the

inner one. This is achieved through the differential. It

lies midway between the two driving wheels, linked to

each wheel by a half-shaft turned through a bevel gear.

The half-shafts have sun gears connected by

free-wheeling planet pinions. On the straight, the

planet pinions do not spin and drive both half-shafts

at the same speed. As the car comers, the planet

pinions do spin, driving the sun gears and hdf-shafts at

different speeds.

Driving the Differential
In a rear-wheel drive car, the transmission shaft

from the gearbox (see pAO-1)

turns the differential through ii i i ^^
a crowin wheel and ipinion.

In a front-wheel drive

car, the gearbox may
drive the differential

directly through a pair of spur gears.

Four-wheel drive cars have two differentials,

[one for each pair of wheels.

/^

Drive

Pinion

%̂

_Transmission

Shaft

Crownwheel
The teeth on the crown wheel

and the drive pinion are

helical, or curved. This allows

the transmission shaft to rise

up and down slightly if the

road surface is uneven.

.Sun

Gear

Planet
Pinion

C Half-shaft .

Z3

On the Straight
The planet pinions circle around within

the differential without spinning. They

drive both the half-shafts at the same

speed.

.on
j:

XT
Turning a Corner
The planet pinions both circle around

within the differential and spin. The half-

shafts now rotate at different speeds.
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WORM Gears
1 -r

ELECTRIC MIXER
An electric mixer has a

pair of contra-rotating

beaters, just like an egg

beater However, electric

motors rotate at very high

speeds and develop heat.

The speed therefore has to

be reduced when the motor
is put to work, rather than

increased as in the hand-

powered egg beater A
worm gear is used to drive

the beater shafts, and a fan

attached to the motor
shaft blows air over the

motor to cool it.

Speed Switch

_WoRM Gear

SPEEDOMETER
A car's speedometer uses worm gears to

produce an enormous reduction in speed.

The final drum of numbers in the distance

counter turns just once every hundred

thousand miles or kilometers, while the

transmission shaft that drives it turns

several hundred million times.

The speedometer is driven by a flexible

cable. This contains a rotating wire

connected to a small drive wheel which is

rotated by a large worm on a shaft that

drives the wheels. Inside the speedometer,

the wire drives the speed indicator through

electromagnetic induction (see p. 284-5).

Its speed is further reduced by another

worm gear to turn the distance counter,

which itself contains reducing gears so

that each numeral drum rotates at a tenth

the speed of its neighbor

Cable Connection
The speedometer cable is attached to the gearbox

output shaft, transmission shaft or differential,

all ofwhich rotate at a speed that

depends on the road speed

Worm .

Speed Indicator
The shaft rotates a magnet inside a

drag cup.

A-^iDial

.Drag Cup

Magnet

DRIVEWHEEL LROTATINGWIRE

Shaft Driving Wheels

Gearbox ,

Engine .

Ratchet J

Speedometer

ccentric

Pin

Drive Arm

Distance Counter
An eccentric pin, driven by a

worm gear, pushes the drive

arm backward and forward

to operate the counter

-.1
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LAWN Sprinkle^ /

Agood sprinkler not only produces a fine spray of

water but also swings the spray to and fro to water

a wide area of grass. No extra source of power is needed,

because the mechanism is driven by the movement of

the water through the sprinkler, using a system ofworm
gears.

As the water enters the sprinkler, it drives a turbine at

high speed and then rushes to the spray tube. The

turbine drives two worm gears that reduce the speed of

the turbine to turn a crank at low speed. The crank

moves the spray tube slowly to and fro.
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Cams and Cranks
ONANANCIENTMACHINE

J
have recently come across the remains ofan extraordinary machine, the

operation ofwhich is here depicted. I believe that the machine was designed

to crack the eggs ofsome huge and now extinct beast. Each egg was shattered

by a mammoth-powered hammer, and the broken shell pushed out of the

way by a shovel My discovery prompts two observations: (a) the mammoth
merry-go-round may not have been the first industrial use ofmammoths
after all, and (b) there must have been considerable demand for omelettes of
prodigioiis proportions

THE CAM
The egg-cracker uses a cam, a device which in its

most basic form is simply a fixed wheel with one or

more projections. A rod is pressed against the wheel,

and as the wheel rotates, the rod moves out and in as

the projection passes.

THE CRANK
The shovel is moved by a crank. This is a wheel v^th a

pivot to which a rod is attached. The other end of the

rod is hinged so that the rod moves backward and

forward as the wheel rotates. UnUke cams, cranks may

work in reverse, with the rod making the wheel rotate.
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Camshaft

CAR Engine Camshaft
BEach cylinder of a car engine contains valves that

[ admit the fuel or expel the exhaust gases. Each valve is

.operated by a cam attached to a rotating camshaft. The
team opens the valve by forcing it down against a spring.

The. spring then closes the valve until the cam comes

around again. The cam may operate the valve directly,

as here, or through levers, as shown on the next page.

CAR ENGINE CRANKSHAFT
Powered by the explosion of the fuel, a piston moves
down inside each cylinder of a car engine. A
connecting rod links the piston to a crank on the

crankshaft. The rod turns the crank, which then

continues to rotate and drives the piston back up the

cylinder. In this way, the crankshaft converts the

movement of the pistons into rotary power.

. Motor Shaft
,

Cr.\nk

_WoRM Gear

TTTj' ??*1 •*,-- i*M.

Connecting Rod

^
WINDSHIELD WIPERS
The windshield wipers of a car are

powered by an electric motor, and

depend on a crank to move them-

to and fro. A worm gear reduces

the motor speed, and the crank

moves a rack or hnking rod that

drives the wiper blades.

ll
.Wiper Blade

Rack ,

..<..

Pinion
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CAMS AND Cranks in the Car

^M^

fe. .' n /

Split-second timing is essential for smooth and

powerful nmning in a car engine. It is achieved by

the engine's camshaft and crankshaft working in

concert.

As the pistons move up and down in the cylinders,

they drive the crankshaft which turns the flywheel and,

ultimately, the wheels. But, through a chain hnkage, the

crankshaft also turns the camshaft. As the camshaft

rotates, the cams operate the cylinder valves. In an

overhead camshaft engine, the cams he over the valves

and move the valves directly. Here, the camshaft is to

one side, and it operates the valves through push-rods

and rockers. The cams and cranks involved open and

close the valves in step with the movements of the

pistons to follow the four-stroke cycle (see p. 156-7).

The camshaft and crankshaft may also drive other

parts of the engine. A gear wheel on the camshaft, for

example, drives the oil pump (see p. 124) and the

distributor (see p. 289).

^t3V
—

O

% ^^^

^

:!^?2^^ ?::

^ /^.
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THE Sewing Machine
The sewing machine is a marv-el of mechanical

ingenuity. Its source of power is the simple rotary

movement of an electric motor. The machine converts

this into a complex sequence of movements that makes
each stitch and shifts the fabric between stitches.

Cams and cranks play an important part in the

mechanism. A crank drives the needle up and down,

while two trains of cams and cranks move the serrated

feed-dog that shifts the fabric.

In order to make a stitch, the sewing machine has to

loop one thread around another. The first thread passes

through the eye of the needle and the second thread is

beneath the fabric. As the needle moves up and down, a

cur\'ed hook rotates to loop the thread and form a

stitch. When a stitch has been completed, the feed-dog

repositions the fabric so that the next can be made. The
amount of fabric moved by the feed-dog can be altered

to produce long or short stitches.

Drive Wheel

Needle Thread

Needle

Feed-Dog

Forming the Loop
The needle, carrying one thread, mcf\xs

dovi.'n (1). The other thread is wound on

the hohhin in the rotary shuttle helow the

fabric. The needle pierces the fabric and

then mo\'es up, leaving a loop of thread

beneath the fabric (2).

Hooking the Loop
The hook on the shuttle catches the

loop of needle thread (3). It then

pulls the loop around the bobbin and

around the bobbin thread (4). The

bobbin thread is effectively put

through the loop of needle thread.

Completing the Stitch
The hook continues to turn (5). The

loop then slips off the hook as the

needle rises above the fabric (6). The

needle thread is then pulled tight by a

lever on the sewing machine toform

the stitch.



,
Fabric

i^
•A

Needle .

4
fc

Bobbin Thread

The Feed-Dog
This moves the fabric forward. Orxe driven by the electric rriotor,

tram ofcams and cranks moves the synchronizing theirmovements. The

feed-dogforward and backward, feed-dog mes and moves forward

while the other makes it rise and between stitches to shift the fabric

fall. Both are powered by a wheel and then dips and moves back.

Rotary Shuttle _
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i
Pulleys

OM MlLKlMGAMAMMOTH

Although it has a rather strong flavor, mammoth
milk is rich in minerals and vitamins. I have passed

I through countless villages ofwhite-toothed, strong-

I

boned folk all ofwhom attribute their remarkable health

\ to a life of drinking this exceptionally nutritious fluid.

The only problem in milking these creatures, besides

obtaining enough buckets (they produce an unbelievable

amount of milk), is the animals' great reluctance to be

touched. It is necessary therefore to raise the mammoth

far enough above the ground to deny it any traction. The i

milker is only safe when the milkee is dangling helplessly,
j

In many villages, I observed mammoths being lifted in a I

harness using a number of wheels. These wheels, around
j

which a strong rope traveled, were hung in a given order \

from a very stout framework. Although the weight to be

lifted was often tremendous, a system ofwheels greatly

reduced the effort required. I noticed that the more wheels

the villagers used, the easier it was to lift the weight, but

by the same token, it was also necessary to pull in much
\

more rope to get the mammoth up to a sufficient height. '

PULLEY POWER
For some, lifting a heavy weight while climbing a ladder

poses no problems. For most of us, however, pulling

something down is a lot easier than Ufting it up.

This change of direction can be arranged with no more

than a wheel and a rope. The wheel is fixed to a support and

the rope is run over the wheel to the load. A pull downward

on the rope can lift the load as high as the support. And
because the puller's body weight works downward, it now
becomes a help rather than a hindrance. A wheel used in

this way is a pulley and the lifting system it makes up is a

simple crane.

Single pulleys are used in machines where the direction

of a movement must be changed, as for example in an

elevator (see p. 61) where the upward movement of the

elevator must be Unked to the dowTiward movement of a

counterweight.

In an ideal pulley, the effort with which the rope is pulled

is equal to the weight of the load. In practice, the effort is

always slightly more than the load because it has to

overcome the force of friction (see pp. 82-3) in the pulley

wheel as well as raise the load. Friction reduces the

efficiency of all machines in this way.

Pulley

Load

Effort

Single Pulley
With a single pulley system, the load moves

the same distance as the rope pulled in. The

pulley does not amplijy the effort with which

the rope is pulled — it just allows the pulling to

be done in a downward direction.
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1
Connected pulleys
As well as changing a pulling force s direction, pulleys can

also be used to amplify it, just like levers. Connecting pulley

wheels together to make a compound pulley enables one

person to raise loads many times their own weight.

I In a system with two pulleys, one pulley is attached to the

load and the other to the support. The rope runs over the

upper pulley, down and around the lower pulley and back

up to the upper pulley, where it is fixed. The lower pulley is

free to move and as the rope is pulled, it raises the load.

This arrangement of pulleys causes the load to move only

half as far as the free end of the rope. But in return, the

force raising the load is doubled. As with levers, the distance

moved is traded off against force — much to the puller's

advantage.

The amount by which a compound pulley amplifies the

pull or effort to raise a load depends on how many wheels

it has. Ideally, the amphfication is equal to the number of

sections of rope that raise the lower set of pulleys attached

to the load. In practice, the effort has to overcome friction

in all the pulleys and raise the weight of the lower set of

pulleys as well as the load. This reduces the amplification

of the effort.

Upper Rlley Wheel

Effort

Load J fl

DOUBLE Pulley
In a double pulley system, the load

mo\'es only half the distance of the

wpe pulled in. But as the distance

is halved, the force raising the load

is double the effort pulling the mpe
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Chain hoist
The chain hoist consists of an

endless chain looped around

three pulleys. The upper two

pulleys are fixed together, while

the load hangs from a lower pulley,

which is supported by a loop of

chain. The load remains still unless

the chain is moved. Just how much
effort is needed to move the load

depends on the difference in

diameter between the two upper

pulleys.

Raising and Lowering the Hoist
When the chain is pulled so that the paired

pulleys rotate anticlockwise (left), the larger

wheel pulls in more chain than the smaller

wheel lets out, magnifying the pull exerted

and raising the load a shorter distance. When
the chain moves in the reverse direction

(below), the load is lowered.

Load

Tower Crane
The tower crane is a modern equivalent

of the shadoof, using a counterweight to

balance its load in the same way.

Counterweight

Shadoof
This water-raising machine, invented in

antiquity, has a counterweight at one end

of a pivoted beam which balances a

container of water at the other end. When
full, the container can be raised with little

more than a light touch

Counter-
Weight

FoRK-LiFT Truck
The heavy counterweight at the rear of

a fork-lift truck helps raise a load

high into the air by preventing the truck

from toppling forward.
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Block and tackle

Counterweights
Cranes and other lifting machines often make use

of counterweights in raising loads. The counter-

weight balances the weight of the load so that the

machine's motor has only to move the load and not

to support it. The counterweight may also stop the

machine tipping over as the load leaves the ground.

In accordance with the principle of levers (see p. 18),

a heavy counterweight placed near the fulcrum of a

machine such as a crane has the same effect as a

lighter counterweight positioned further away.

increase the force of he crane s

^^^^^^ ^,^

The system con ams one rope
^^^^

^^^ ^^^ ^^^^

separate sets of pulleys.™ P"
J^ ^,,,. xhe upper set

to rotate independently on !"<= s^m
^^.j

is fixed to a support such as a b^"'
« ii es '^e lower

,s attached to the load. Pulhng the roP^ ^
^^^ ,;,,

set of pulleys. The magn.f.cat.on o ^e fore
^^^^ ^^^

block and tackle produces is equal

pulley wheels it contains. ^^^^

TWs block and tackle contam f.e^pu^^
,^^^ ^^. ^^^

applied to it by ten times.
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TOWER Crane
The aptly-named tower crane

uses several sets of pulleys for

precise lifting work over a

wide area.

It consists of a

long, slender main jib

supported by cantilever cables

and balanced by a counter-

weight on an opposing counter

jib. The main jib carries a trolley

from which a hook descends to

pick up the load. The whole lifting

structure is supported by a tall

lattice-work tower on which the

jib rotates.

THE SELF-RAISING
TOWER
As a building rises, so does

the crane that helps in its

construction. Tower cranes

do not expand telescopically

like mobile cranes; instead,

they extend themselves

section by section. They do

this by using a hydraulically

operated climbing frame

which raises the cab to make
room for additional sections.

TROLLEY
The trolley rolls on wheels along the

main jib, pulled to and fro by the trolley

cable, which is driven by the trolley

winch. The lifting cable extends from

the end of the jib, around the trolley

pulleys and hook pulley, and then over

lifting pulleys to the hoist, which is

powered by an electric motor

1 The First Section
The first section of the crane

is a low structure erected at

the site by a mobile crane.

It is fastened to strong

foundations which will hold

the completed crane in

position. The climbingframe

is then lowered onto the top

of the first section. The cab

and jibs are then positioned

on the frame.

2 THE Climbing Frame
Theframe beneath the cab uses a hydraulic

ram (see p. 129) to extend itself lifting

the top part of the crane.
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THE HOIST
The hoist winds the hfting cable in and out, raising and

lowering the hook. The trolley pulleys and hook pulley

together double the force exerted by the hoist by doubling

the length of cable used. Extra pulleys may be incorporated

to increase the force still further by quadrupling the length

of cable.

,_ Cantii-Ever Cabins

Counterweight _

3 Adding a Section
The hook then lifts the next

tower section, and this is

bolted into position within

the climbing frame.
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ESCALATORAND ELEVATOR
Escalators and elevators are both lifting machines The pulley also drives the cable. Although it is not so

that make use of pulleys and countenveights. This immediately apparent, the escalator works in a similar

is ob\ious in the elevator, where the cable supporting way A drive wheel moves a chain attached to the stairs,

the elevator car runs over a pulley to a counterweight, while the returning stairs act as a countenveight.

ESC\L\TOR
Escalator stairs are connected to an endless chain that runs

around a drive wheel. The wheel is powered by an electric

motor at the top of the escalator. The descending half of

the stairs acts as a countenveight to the ascending half, so

that the motor moves only the weight of the people riding.

Ever\- stair has a pair ofwheels on each side and each

pair runs on two rails beneath the stair The rails are

in bne except at the top and the bottom of the

escalator Here, the inner rail goes beneath the

outer rail so that each stair moves to the level

of the next stair In this way, the stairs fold

flat for people to get on and off.

, Ascending St.\irs

R\NDR.\IL

..riLe:^/ ,:.i

_ Outer Rai

Inner R.\ir

CRMNi

Retl RN Wheel

_Retlrning Stairs

V^ i
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Counterweight

Electric Motor

Cable

Chain I

Below the Escalator
The weight of the stairs returning

to the foot of the escalator offsets

the weight of the stairs traveling

hack up to the top. All the motor

has to lift is the weight of the

passengers.

ELEVATOR
An elevator is a single pulley lifting machine. The

car is raised or lowered by a cable running over a

pulley at the top of the elevator shaft. At the other

end of the cable is a counterweight that balances

the weight of the elevator car plus an average

number of passengers. Both car and counterweight

run up and down the shaft on guide rails. An
electric motor drives the pulley to move the car,

needing only enough power to raise the difference

in weight between car and its passengers and the

counterweight.

Shock Absorber
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Screws
ON THE

INTELLIGENCE OFMAMMOTHS

J
have recently unearthed a document which, I believe,

proves beyond doubt the much-debated intellectual

capacity ofmammoths. One day, the document records,

while seeking some good to do, a knight and his

mammoth came upon a damsel imprisoned at the top

of a stone tower The tower contained no doors and only'

tiny windows. The knight attempted to rescue the

damsel with a short ladder but his armor was so heavy

that he found the climb impossible, hiext it appears that

he built a long ramp by tying several planks together

Unfortunately, the knight was no good at tying knots.

%

NUTS AND BOLTS
The screw is a heavily disguised form

of inchned plane, one which is

wrapped around a c)'linder— just as

the knight's ramp encircles the tower

As we have already seen on p. 10,

inclined planes alter force and

distance. When something moves

along a screw thread, like a nut on a

bolt, it has to turn several times to

move forward a short distance. As in

a Unear inclined plane, when distance

decreases, force increases. A nut

therefore moves along the bolt with a

much greater force than the effort

used to turn it.

A nut and bolt hold objects together

because they grip the object with

great force. Friction (see pp. 82-3)

stops the nut working loose.

Raising Force

Nut

Planes and Threads
Pishing an object up an inclined plane

increases the effort to produce a greater

raising force on it. A nut mo\'es along a holt

in the same way.
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m
nks 1The knight's next idea was to assemble the plan

into another ramp, and to fix it in a spiral around

the tower But the ramp was not long enough to reach

the damsel.

At this point, the trusty mammoth acted. He picked

up a nearby tree trunk, inserted it into one of the

windows and turned the entire tower. Uncertain ofwhat

was going on, the knightjoined in. To his amazement,

the end of the ramp started to dig into the soil. By

turning the tower many times they slowly screwed it

into the ground. Soon the top of the tower was within

easy reach of the ladder, and the dizzy damsel skipped

to freedom.

— .sr -^'
y

-55^

Screws
Straight inclined planes are often used

as wedges, in which the plane moves to

force a load upward. Spiral inclined

planes can work like wedges too. In

most kinds of screws, the screw turns

and moves itself into the material — like

the damsel's tower As with the nut and
bolt, the turning effort is magnified so

that the screw moves forward with an

1

increased force. The force acts on the

material to drive the screw into it.

As in the case of the nut and bolt,

friction acts to hold the screw in the

material. The friction occurs between
the spiral thread and the material around
it. It is strong because the spiral thread

is long and the force between the thread

J and material is powerful.

'1-
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THE SCREWATWORK

WOOD Screw
The thread of a wood screw pushes

strongly against the wood as it turns

and drives itself into the wood. The
screwdriver helps to increase the

dri\ing force even more.

Nut AND Bolt
The thread forces a nut and bolt

together The turning force is increased

by the leverage of a wrench.

ScrewJack
A screw jack uses a screw mechanism
to lift a car The handle may move fifty

times further than the car, so the force

on the car is fifty times greater than the

effort on the handle.

Moving Plate Fi.xED Plate

Guide Rod

Vice
The vice uses a screw to grip an object

tightly on a work surface.

Corkscrew
The corkscrew works like

awood screw, but is shaped

in a helix to stop the cork

splitting when it is pulled

from the bottle. The handle

increases the turning force

applied, and provides a

good grip for extracting

the cork.

Object

placed here
-Spindle

MICROMETER
This instrument measures the width

of objects with great precision.

The object is placed in the

micrometer and the thimble turned

until the spindle touches the

objecL The spindle and thimble

gradually move along a screw

Thimble
The thimble turns on a

ratchet mechanism. The

ratchet stops the spindle

movingforward when it

touches the object.

thread. The movement of the

spindle is read on a scale, while the

graduations on the thimble itself

show small fractions of a

revolution. Added together, the two

figures give a highly accurate

measurement.

I
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E FAUCET
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If
you've ever tried to stop water

flowing from a faucet with a

finger, you'll know just how much
pressure the water can exert. But a

faucet controls the flow with little

effort, using a screw (aided by the

use of the wheel and axle in the

handle) to drive the washer down
against the water flow with great

force. Once tightened, friction

(see pp.82-3) acts on a screw

thread to prevent the screw

working loose. A steep pitch on
the screw thread minimizes the

turning needed to work the faucet.
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DRILLS AND AUGERS
In drills and augers, the screw is

used as a means of carrying loose

material. As a drill cuts forward into

a material with its sharp point, it

also channels waste away backward

along its screw-shaped grooves. In

large-diameter drills, the grooves that

remove waste material are more
pronounced and these give the drill a

corkscrew shape.

Brace AND Bit

When a lot of force is needed — for

example, in drilling a wide-

diameter hole — an ordinar)' hand

drill will grind to a halt. The answer

is a brace and bit. The bowed
handle enables the bit to be turned

with great leverage.

Hand Drill
A hand drill uses a bevel gear (see

p. 37) to step up the speed at which

the bit rotates. One bevel gear

transmits the turning force, while

the other freewheels. Hand drills

are fast, but not very powerful.

Power Drill
An electric power drill has gears to

drive the bit at high speed. It may
also have an impact mechanism
that hammers the drill bit through

a tough material.
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\4EAT GRINDER
\s anyone who has trapped their finger in one will know, a

dtchen grinder can reduce even the toughest chunks of

neat to shreds. Turning the handle turns the cutting blades

ind also an auger which forces the meat into the cutters.

The wheel and axle action of the handle combines with the

iction of the auger to magnify the turning force, moving

md cutting the meat with tremendous force.

aiGER

Construction Auger
Augers are used to drill holes in soft

ground for the piers of large

buildings. As the auger rotates, it

becomes filled with soil. It is then

hfted to the surface where the soil is

removed, after which the auger is

lowered again. In this way, an auger of

limited length can excavate deep

holes.

MECHANICAL MOLE
The mechanical mole is a tunneling

machine able to burrow its way
through soil or soft rock. The cutting

blades scour away at the workface,

and as the mole advances, the tunnel

behind it is lined to prevent collapsing.

The waste produced by the cutting

^blades is passed to one or more
augers which transport it away

from the workface.
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THE COMBINE HARVESTE
The combine han-ester gets its name because it combines the nvo

basic hanesting acti\ities of reaping (cutting the crop) and

threshing (separating out the grain). It ma)- also bale the straw so that

large fields can be har\'ested and cleared in one quick and tidy operation.

Combine har\'esters feature a number of screw mechanisms to transport

the grain within the machine. Harvesters for seed crops other than grain

work in similar wa)'s.

Auger

Ke\' to Parts

iReel
The reel sweeps the stalks of the crop into the

cutter bar.

2 Cutter Bar
The bar contavis a knife that mo\'es to and

fw beti\'een the pmngs, slicing the stalks

neargwund level

3SIALKAUGER
This transports the stalks to the elevator

4 ELEVATOR
The elevator carries the stalks up to the

threshing cylinder

5 Threshing Cylinder
This contains a set of bars that rotates at

high speed. The grain is separated from the

heads and falls through the conca\'e to the

grain pan.

6 REAR Beater
As this rotates, the straw (the threshed

stalks) is moved to the straw walfeers.

7 StrawWalkers
These carry the straw to the rear of the

hanester, where it drops to the ground or is

packed into hales.

8 Grain Pan
The \ibrating surface of the pan transports

the grain to the sie\es.

9SlE\TS
The grain, unthreshed heads and chafffall

onto \ibrating sie\'es. Air blows the chaff out

of the rear of the har\ester, while the sie\es

retain the unthreshed heads. The grain falls

through the sieves to the base of the harvester

10 Tailings Elevator
This returns the unthreshed heads blown

from the sie\es to the threshing cylinder

1 1 Grain Augerand Elevator
The grain is carried by the auger and

elesator to the grain tank.

Unthreshed

Heads

5 Threshing Cmjnder.

CONCAXT
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ROTATINGWHEELS

ON LEARNING FROM
MAMMOTHADVERSITY

Zonce made the mistake of leaving my unicycle

unattended in the presence of a young mammoth.
Being innately curious, the mischievous creature

promptly took to the road. Even as I shouted, I could

not help noting the extraordinary stability of the

rotating wheel which allowed the novice cyclist to

make good its escape.

Although the mammoth soon lost interest in the

undertaking, the wheel- now rolling along at full

tilt-seemed reluctant to stop. By the time the unicycle

had reached the top of a small hill, its terrified rider

was being carried helplessly forward. Eveiything in

their path was promptly and unceremoniously

flattened.

PRECESSION
Precession is a strange kind of motion that occurs in

wheels and other rotating objects. You can feel its effects

for yourself if you hold a spinning bicycle wheel by its

axle. When you try- to turn it, vou will find that the wheel

wont turn in the way you intend it to. Instead, it will

"precess^", so that the axle actually turns at right angles

to the direction you expect.

Precession makes a wheel rolling on its own stay upright,

and it enables a cyclist (or unicyclist) to ride. We use

precession instinctively by slightly swivelmg the front

wheel. Each swivel brings precession into play to correct

tilting, helping us to keep the bicycle upright.

The force of precession increases with speed. Conversely,

it decreases as a wheel slows dowTi. This is why it is

difficult to ride a bicycle that is moNing slowly. Remaining

upright on a stationary cycle is purely a feat of balance,

and does not invohe precession.

INERTIA
You'll have experienced the effects of inertia if youVe ever

had to push a car in order to start it. It takes a lot of effort to

get a car moving, but once it is going, it will carry on for

some distance without further pushing and, with luck, will

start itself.

Inertia accounts for all the pushing and shoving. It is the

resistance of objects to any change in their speed, even if

the speed is zero. Ever)thing has inertia, and the amount

depends on mass. The greater an object's mass, the more

inertia it has.

In a rotating wheel, inertia also depends on how the mass

is distributed. A wheel has more inertia if its mass is

concentrated near the rim than if it is concentrated around

the center. This means that two wheels of the same mass

can have different inertia. Wheels designed to exploit

inertia in machines often have heavy or thickened rims to

provide the maximum resistance to any change in speed.
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Centrifugal force
When an object moves in a circle, it is also always

changing direction. Its inertia resists any change in

direction as well as speed, and will make the object move
straight on if it is free to leave the circle.

So, relative to the circle, the object is always tr)ing to

move away from the center under an apparent outward-

acting force. This is known as centrifugal force, and

anything moving in a circle — like the mud on the

unicycle — experiences it. The faster an

object is traveling, the stronger the force is.

Centrifugal force is used in machines to throw

something outward. The simplest example is probably the

spin drier, in which a spinning drum holds clothes while

the water in them is forced outward through holes in the

drum. Other machines use the centrifugal force that is

generated by a sudden movement to activate catches and

ratchets.

As I raced down the hill and over the wreckage, I

wondered about my insurance coverage. Then I

noticed the pond and its stunned occupant. The

mammoth's little adventure had ended, hut it was
several minutes before 1 could approach my vehicle.

Although upside down in the mud, the wheel was
spinning rapidly and as it did, it flung everything

attached to it a considerable distance.
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INERTIAAtWORK
POTTER'S WHEEL
The potter's wheel is a heavy disk with an axle.

It is usually turned either by kicking the axle around or

by operating a treadle. The wheel has considerable inertia,

and this keeps it turning between kicks or presses of

the treadle.

^ FRICTION-DRIVE TOY

fWfliaJI forces? )
Friction-drive toys store up energy in

_2! a flywheel. When you push the toy

Cl^ along the floor, the flywheel is set

^ spinning by the wheels. Its inertia

keeps it spinning so that

when the toy is put

down, it scoots

across the

floor.

!^ ^<^

^ N

Turntable
The turntable of a record player has to rotate at a very

constant speed. To do this, it has a heavy rim so that

most of its mass is concentrated in the part that moves

fastest, thereby raising its inertia. The inertia of the

turntable cancels out any sHght variation in speed that

occurs in the turntable motor

Heavy Rim

A ^^4
Spindle
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Starter Molv
Inertia comes into play both in starting a car and in

producing a smooth ride. A car's starter motor turns

the engine by meshing with the teeth of the flywheel. An
ingenious use of inertia allows the starter motor to

engage and disengage the flywheel through a simple

spring and screw system. Once the engine has started,

the inertia of the heav)' fl)^wheel smooths out the jerky

movement of the pistons.

1 Starting Up
When the ignition key is

turned, the starter motor

rotates rapidly. The motor

shaft turns more quickly

than the pinion, which is

slowed by inertia. The

pinion therefore moves

along the screw thread.

Spring

2 Engine Running
The teeth of the pinion

engage the flywheel, and

through its contact with the

flywheel, the starter motor

turns the crankshaft.

3 Starter
Disengaged
When the engine starts, the

pinion now begins to rotate

faster than the starter motor

shaft, and so it moves hack

along the screw thread,

disengaging the flywheel.
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Km^WWWMMBa) Window Shade
Awindow shade is lowered simply by pulling it

down; the shade unrolls and remains in any

position. To raise it, all that is needed is a sharp tug and

the whole shade will roll up. But how can it tell a gentle

pull from a sharp tug?

The shaft on which the shade is rolled contains a

powerful spring. This winds up as the shade is lowered.

Pawl. Locking
Disk

, Shaft

A locking mechanism — a simple ratchet— prevents]

the spring unwinding if it is released gently. But whei
the shade is pulled suddenly, the ratchet no longerl

holds the shade in position. The motion makes ai

centrifugal device in the locking mechanism release

the spring: the spring unwinds, releasing the ener^

that it has stored, and up goes the shade.

Fixed Central Rod.

Lowering the Shade
As the shaft rotates, it turns the

locking disk to wind up the

spring. The pawls are hinged

and move over the ratchet,

which is fixed to the central

rod and does not move.

Securing the Shade
When the shaft stops, the spring

pulls the locking disk hack

slightly. One of the pawls falls

to engage the ratchet, securing

the locking disk.

Freeing the Shade
A tug on the shade rotates the

shaft sharply, making the

locking pawl move hack and

disengage the ratchet. The

locking disk is now free to move.

Raising the Shade
The spring unwinds, rotating

the locking disk rapidly.

Centrifugal force holds the

pawls away from the ratchet,

and the shade rolls up. n
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A car seat belt works in the reverse way to the window
shade. Instead of locking when the belt is pulled

gently, it locks when the belt is given a sharp tug of the

kind that would occur in a crash, and so secures the

driver or passenger. The belt remains unlocked when
pulled slowly, allowing normal movement in the seat. At

the heart of the seat belt is a centrifugal clutch.

1 THE BeltMoves Freely
Owing nony\al use, the toothed

plate is not in contact with the

clutch and so the plate, and

therefore the belt shaft, are free

to rotate slowly.

2 The Clutch Engages
A sudden movement makes the

toothed plate rotate quickly

within the clutch. Centrifugal

force makes it slide outward to

engage the inner teeth of the

clutch.

. i

3 The BELT LOCKS
Once the clutch has engaged, it rotates to move a pawl which in turn

engages the ratchet. The pawl is fixed to the car body, while the

ratchet is attached to the belt shaft. The pawl prexents the ratchet

turning, so locking the belt. When the belt slackens, springs return the

parts to their initial positions and free

the belt.
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Gyroscope
Aspinning gyroscope can balance on a pivot, Like all other objects, the rotating wheel of the gyro-

defying gravity by remaining horizontal while scope is subjected to gravity. However, as long as the

resting just on the tip of its axle. Instead of falUng off the gyroscope spins, precession overcomes gravity by trans-

pivot, the gyroscope circles around it. The explanation forming it into a force that causes the gyroscope to

for this amazing feat hes in the effects of precession, circle instead of falling.

Spin Axis

. Gravitational

Axis

Fixed End

Free End

1 THEGyroscope StartsSpinning
The gymscope is set spinning so that its axle

is horizontal and the wheel is vertical. The

whole gyroscope rotates around the spin

axis, which runs along the axle.

Grayitafional
Pull

2 Gravity Begins to Act
The gyroscope is now placed so that one end

of the axle isfire to move. Gravity tries to pull

this end downward, rotating the gyroscope

around a second axis, the gravitational axis.

PrecessionalAxis

PrecessionalI

Movement

3 Precession Overcomes Gravitv^

At this point, precession occurs. Instead of

obeying the pull ofgravity, precession makes

the gyroscope move in a horizontal

circle — in effect rotating it about a third

axis, a precessional axis.
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Gyrocompass
A g)Tocompass makes use of the gyroscope to

indicate direction. The axis of the gyroscope rotor is

set in a north-south direction and the rotor is set

spinning. The gyroscope is connected to an indicator

so that as the ship or aircraft carr)^ng the compass

turns, the gyroscope keeps the indicator pointing

north.

However, just as in the toy gyroscope, friction in the

gyrocompass can cause it to drift out of true, and this

may have to be corrected. In some g)Tocompasses,

this is done automatically by using the Earths gravity.

The g}Toscope is connected to a weight, such as a

tube of mercury, that acts as a pendulum. If the

g)Tocompass begins to point away from north, the

pendulum tilts the axis of the rotor Precession then

occurs to bring the axis back to true north.

The Non-Magnetic
Compass
A magnetic compass Tgomxs

to the north magnetic pole,

which is awctyfrom true

north, so correction is

needed. Because gyro-

compasses do not use

magnetism, they always

point to tnie north.

Indicator_

Bearings

_ GiMBAL
Mounting

Rotor

Mercury
Tube

GlMBAL
Mounting
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Springs

Springs that regain their Shape
Springs have two basic forms — either a coil or a bending

bar — and they have three main uses in machines. The first

is simply to return something to its previous position. A
door return spring, for example, contracts after being

stretched, while the valve springs of a car engine expand

after being compressed (see p. 49).

m

A great many mammoths, m spite oj their generally'

placid temperament, are ill-suited to inside work.

Their preference fox the outdoors combined with their

tremendous strength makes them marvelous helpers in the

field. I \vel/ recall seeing mammoths assisting eagerly

dwing a particularly hea\y coconut harvest. Instead of

climbing each-tree and simply dropping the coconuts,

which could' damage the shells, thefarmer used his

mammoth to bring'the coconuts within reach of

a ladderfor effortless picking.

SPRINGS THAT MEASURE FORCE
The second use of springs depends on the amount by

which springs change shape when they are subjected to a

force. This is exactly proportional to the strength of the

force exerted on the spring — the more you pull a spring,

the more it stretches. Many weighing machines use springs

in this way.

^^J

Contracted
Spring

Extended
Spring

Scale

^ Load



SPRINGS 79

this haiinonious partr^rship he

man and mammoth, disaster struck. The unexpected

appearance ofa mouse so deranged the mammoth that it

released the rope. The tree then obeyed its statural desire to

return to its original configuration, thereby dispensing the

coomnits — and the farmer— far and wide.

/
^-*5.

^
Springs that Store energy
The third main use of springs is to store energ): When you
stretch or compress a spring, you give it energ)' to make it

move. This energ\- can be released immediately, as in a door

spring, but if not, the energy remains stored. When the

spring is released, it gives up the energy. Spring-driven

clocks work by releasing the energ\' stored in springs.

ELASTICITY
The special property of springs, their elasticity, is conferred

on them by the way their molecules interact. Two main
kinds of force operate on the molecules in a material— an

attracting force that pulls molecules together, and a

repelling force that pushes them apart. Normally these

balance so the molecules stay a certain distance apart.

Appued Force

Spring Contracts
TO Store Energy

Repelling Force Spring AT Rest
The attracting and repelling

forces are balanced.

Squeezed Spring
Squeezing builds up the

repelling force. When released,

the force pushes the molecules

apart again.

Stretched Spring
Stretching builds up the

attracting force. When released,

this pulls the molecules back

together
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The Stapler

A stapler is an everyday device that conceals an

ingenious arrangement of springs. It uses both a

coil spring and a leaf spring, which feed the staples

along the magazine and return the stapler to its original

position once it has been used. Pushing down the

stapler causes the blade to descend into the magazine,

forcing the front staple through the papers. The anvil

bends the ends of the staple to clip the papers together.

The return spring then raises the magazine and blade,

allowing the magazine spring to advance the next

staple into position.

r- Base Plate
A projection on the base

plate flattens the return

spring when the stapler is

used. The spring raises the

magazine away from the

anvil afler use.

Car Suspension
The suspension of a car allows it to drive smoothly ferred to the car. Springs alone produce a bouncing

over a bumpy road. The wheels may jolt up and motion, so the suspension also contains dampers,

down, but springs between the wheel axles and the commonly known as shock absorbers. These slow the

body of the car flex and take up the force of the jolts, movement of the springs to prevent the car and its

This ensures that the force of the bumping is not trans- occupants bouncing up and down.

Body Mounting
.Upper Wishbone

. SWIVELjOINT

.Swivel Member

LOWTER WISHBONE-

SVvqVELjOINT_

Shock ABSORBER
a shock absorber is fixed between

the wheel axle and car body. Its

piston moves up or down as the

suspension spring flexes. As it

does so, the oil is squeezed through

channels in the piston, slowing

the piston's movement. qil

COIL SPRING CHANNEL

Smaller vehicles have a coil

spring and shock absorber

attached to each wheel. The

axle of the wheel is attached

to hinged struts so that it can

move up and down. The spring Valve

and shock absorber are fixed

between the car body and the

struts, or "wishbones'

JL

Car Body
.Mounting

Piston

Oil
Reservoir



^ Return Spring
The returti spiing is a leaf

spring that raises the blade

Jrom the magazine and

moves the magazine and

anvil apart after use.

.Magazine
A strip of staples is fed into

the magazine of the stapler

4ind held there by a coil

spring that advances the

next staple into position.

Magazine
Spring

'V*?.^ Staple.

.'-t--*

.00 ^^ja

Leaf Spring
Larger vehicles have heavy-duty leaf springs and shock
absorbers to cushion the ride. The leaf spring is a stack of

steel strips slightly curv^ed so that the spring straightens

when the vehicle is loaded. The axle is attached at or near

the center of the leaf spring, and the ends of the spring are

fixed to the body. The shock absorber is fixed between the

axle and body.

.Body Mounting

TORSION BAR
A torsion bar is a steel rod that acts like a spring to take up
a twisting force. If the bar is forced to twist in one
direction, it resists the movement and then twists back
when the force is removed. Many cars contain an anti-roll

bar fixed between the front axles. This rotates as the wheels

go up and down. If the car begins to roll over on a tight

comer, the anti-roll bar prevents the roll from increasing.

Torsion Bar
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Friction
ON MAMMOTHSAND BATHtNG— -- .1,.,. >

Like children, mammoths in a domestic situation n]^
he hathed with some regularity. Also like children,

they tend to see bathing both as an annoying

interruption and a needless indignity.

Frequent bathing is virtually impossible,

but when it must be done the most

difficult part of the process isjust

getting the beast near tne-tyi^.

Getting A GRIP
Friction is a force that appears whenever one surface rubs

against another, or when an object moves through water,

air, or any other liquid or gas. It always opposes motion.

Friction happens because two surfaces in close contact

grip each other. The harder they press together, the

stronger the grip. The same molecular forces are at work
as m spnngs. Forces between the molecules in the surfaces

pull the surfaces together. The closer the molecules get,

the stronger the force of friction.

The bathing team have to contend with the mammoths
superior weight which gives it the better grip on the

ground. Only by reducing friction with the soap and

marbles - a lubricant and bearings - can they move it.

You can never get the same amount of useful work from

a mechanical de\ice as you put into it: friction will always

rob you of some of the energy that is transmitted through

the machine. Instead of useful motion, this lost energy

appears as heat and sound. Excessive heat and strange

noises coming from a machine are sure signs that it is not

Pulling Force

Friction

Molecular Forces

performing well.

Designers and engineers strive to overcome friction and

make machines as efficient as possible. But paradoxically

many machines depend on friction. If it were suddenly to

be banished, cars would slide out of control with wheels

spinning helplessly Brakes, which depend on friction,

would be of no use, and neither would the clutch.

Grinding machines would not make even a scratch, while

parachutes would plummet from the sky
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The bathing scene I remember most vividly was not

unlike the weighing of a large mammoth in its

communal atmosphere. A large sneaker-clad crowd

gathered on one side of a bath filled with soap suds. A
dirty mammoth sat defiantly on the other It should be

noted that a mammoth's weight is its greatest defense and

thatjust by standing or sitting still, it is able to resist all

but the most determined efforts to move it.

Once ropes had been attached to the animal, they were

pulled tight. Meanwhile another team used a t£chnique

which I had not previously encountered in my researches.

First, they employed second-clcLss levers to raise the beast

slightly. Just when I had concluded that they intended to

lever it all the way to the tub, some of their number

poured a mixture of liquid soap and marbles between

the protesting creature and the floor

The result was astonishing: the animal's resistance

was suddenly reduced, and despite its struggles it was

hauled inexorably toward the water Working

simultaneously from both ends, it took little more than

half an hour to get the mammoth close enough to the

foam-filled tub for a good scrub behind the ears.

CAR TIRE
Car tires use friction to

provide traction and steering:

they grip the road so that

the force of the engine and
the force you exert on the

steering wheel are converted

into forces that act on the

tires and propel and turn

the car. Tires must grip the

road surface in all weather

conditions. If a film of water

becomes sandwiched between
the tire and the road, then

friction - and with it traction

and steering - is lost. Jhe
raised tread on the surface of

a tire is designed to maintain

friction on a wet road by
dispersing the water.
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PARACHUTE
As a parachute opens,

it develops a large force

of friction with the air

because it is moving

rapidly. Friction is initially

greater than gravity so the

parachutist slows down.

As the speed of the

parachute lessens, friction

decreases until it equals

the force of gravity. At

this point, there is no

overall force acting on

the parachutist, so he or

she continues to descend

without speeding up or

slowing down. This

constant rate of fall is slow

enough for a safe landing.

Friction

WITH Air

Gravitv
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THE Clutch
In a car, the clutch makes use of friction to transmit

the rotation of the engine crankshaft to the gearbox,

and then to the wheels. It can take up the rotation

slowly so that the car moves smoothly away.

In a car with a manual gearbox, the clutch is dis-

engaged when the clutch pedal is pressed down. The

FWMIEEL
Dri\en by

CR.^NKSR'KFT

3 1

W-: •

.Clutch
Plate

pedal operates the thrust pad, which presses on levers

at the center of the rotating clutch cover. This raises |
the pressure plate away from the clutch plate, dis-

connecting the flywheel, which is turned by the crank-

shaft, from the transmission shaft. When the clutch

pedal is lifted, the springs force the pressure plate and

clutch plate against the flywheel. Friction linings on
the clutch plate allow the plate to sUde before it

becomes fully engaged, which prevents jerking.

Pressure

Plate
.Spring

.Clutch
Covtr

^^mMmm0

^
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^Engine

Transmission

Shaft

1_ Gearbox

Clutch
Differential

Clutch Engaged
Releasing the pedal allows

the clutch springs to force

the clutch plate and flywheel

together, so the flywheel

drives the transmission shaft.

. Transmission Shaft
TO Gearbox

Mli
I

I
I

III

Clutch Disengaged
Pressing the pedal pushes in the

thrust pad, which in turn pulls

back the pressure plate. The

flywheel and transmission shaft

are now disconnected, so the

r'
engine cannot turn

r the wheels.

-^.

Synchromesh
The synchromesh is a mechanism in a cars gearbox (see pp.40- 1)

that enables the driver to change gear easily. It prevents gearwheels
inside the gearbox from engaging at different speeds and crunching
together Before any forward gear is selected, gear wheels driven by the

engine freewheel on the transmission shaft. For a gear to be engaged,
the wheel and shaft need to be brought to the same speed and locked
together The synchromesh uses friction to do this smoothly and quietly

Pushed by the selector fork, the collar slides along the transmission

shaft, rotating with it. The collar fits over a cone on the gear wheel,
making the wheel speed up or slow down until both are moving at the

same speed. The outer toothed ring on the collar then engages the dog
teeth on the cone, locking the collar to the gear wheel.

Synchromesh Disengaged
When the synchromesh is disengaged,

the collar and gear wheel are not

connected, and the gearwheel

freewheels on the transmission shaft.

GearWheei

r
Selector Fork

Transmission Suaft

Synchromesh Engaged
The collar makes contact with the

cone, and friction between them

brings them to the same speed. The

teeth mesh together The gear wheel is

now locked to the transmission shaft

and so can transmit power to itfrom
the engine, turning the wheels.
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CAR BRAKES II

To bring a tast-niovmg car and its passengers to a

halt in a few seconds, car brakes must create a

greater force than the engine does. Yet this force is

produced by friction between surfaces with a total

area only about the size of your hands.

Brakes are powerful because the brake pad or shoe

and the brake disk or drum are pushed together with

great orce. In a car with unassisted brakes, the force

of the drivers foot is amplified by the hydraulics in

the braking system '(see p. 128). In a car with power
brakes, this hydraulic system is boosted by another

system that comes into operation when the brake

pedal is pressed, enabling the driver to achieve

quicker braking (see p. 127).

Brake Pads
The pressure of the

hydraulic fluid forces

pistons in the

cylinders to push the

brake pads against

the disk.

DISK BRAKES
In disk brakes, friction is applied to both sides of a

spinning disk by the brake pads. Much heat can be

generated without affecting performance, giving great

braking power. This is because the heat is removed by

air flowing over the disk. Disk brakes are fitted to the

front wheels of a car, where more braking power is

needed, or to all wheels.

Caliper
The caliperfits around the

disk and houses the

brake pads and the

hydraulic cylinders.

I

Disk
The disk plate is fixed to the

wheel. It is exposed to the

air so that heat generated by

braking is dissipated.

DRUM BRAKES
In drum brakes, friction is applied to the inside of a

spinning drum by the brake shoes. Heat build-up

tends to reduce friction, causing drum brakes to

"fade" and give less braking power. Drum brakes are

fitted to the rear wheels of many cars. The handbrake

or parking brake often operates the rear brakes via a

mechanical linkage.

Brake Shoes
The brake shoes are either

hinged at one end or moved
by two hydraulic cylinders.

The linings on the shoes

come into contact with the

brake drum.

Brake Drum
The brake drum is fixed to

the wheel. A return spring

pulls the shoes away from
the drum when the brake is

released.

Return Spring
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Drilling rigs often have to penetrate deep into hard

rock. The drill bit grinds its way into the ground,

breaking the rock up into small pieces. Grinding is an

extreme form of friction; it develops great heat, which is

removed by a coohng fluid mud that is pumped down
the shaft. Oil rigs are set up above a deposit of oil or gas,

which may be found under land or the seabed. Offshore

rigs either stand on the seabed or on long legs, or float

at the surface anchored in position.

Floating Rig

Land Rig

Seabed

Drill
Pipe

^?»V

k

t

Mud Flow

Cones .

^O

ROTARY BIT
The bit that drills the shaft is mounted on the

end of a long drill pipe, which is rotated by an

engine in the rig above. A tricone rotary bit has

three cones studded with teeth that turn as the

drill pipe rotates. The weight of the pipe on the

bit helps it to crush and grind the rock.

Mud Pump. ^
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DRILLING MUD
The mud used on oil rigs is a special

liquid developed for drilling. It is

pumped into the top of the drill pipe,

and from there it flows down to the

drilling bit and then up the outside of

the pipe back to the rig, bringing up
the ground rock, before it is filtered

and recycled.

'iilrfSiS: IudTank

^^ ^ •o

Shaft
Drill Pipe

rv>
-0

Drilling Bit S3!
%,



THE MECHANICS OF MOVEMENT

FREEDOM FROM FRICTi£^
OD

i^
Machines that move themselves or that create

movement are Hmited by friction. In the moving

parts of an engine, for example, friction lowers

performance and,may produce overheating. Reducing

friction reduces energy needs and so improves

efficiency. This reduction is achieved by minimizing

the frictional contact through bearings, streamlining

and lubrication.

BALL BEARING
In a ball bearing, the area of contact between the balls and

the moving parts is very small, and friction is therefore very

low. Roller bearings contain cylindrical rollers instead of

balls but work in the same way.

INNER RACE ,

OUTER RACE

>^ I

Balls

Car Lubrication
A car has several sections with moving parts and good

lubrication is essential. In the suspension, steering, gearbox

and differential, filling with oil or grease is sufficient. The

engine, however, needs a special lubrication system to get

oil to its components as they work.

Oil is contained in the sump, which is a chamber at the

base of the engine. A pump (see p. 124) forces oil up from
the sump through the oil filter, which removes dirt

particles, and then to all the bearings and other moving
parts of the engine, such as the pistons. The parts contain

narrow channels that lead the oil to the moving surfaces.

The oil then returns to the sump to be recirculated.

Oil Pump

Sump



FRICTION 89

PERPETUAL MOTION
Even with the very best bearings, lubricants and

streamlining, a little friction still remains. Without

a continual supply of fuel or electricity, friction

gradually consumes a machines kinetic energy (its

energy of movement) and the machine slows down and

stops. The mythical perpetual motion machine - one

that, once started, will work forever with no energy

input - must remain a myth... at least, on Earth.

In space, matters are different. No air exists to cause

friction and slow a spacecraft. Once launched into

space, a spacecraft is freed from friction. It can

continue to move in perpetuity without ever firing its

engine again. Thus, in the space probes voyaging

outward toward the stars, we have achieved perpetual

motion, a pure movement governed only by the

celestial mechanics of gravity.
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INTRODUCTION
IT

WAS THE Ancient Greeks who first had the idea that everything is made up of

elements. They conjured up just four of them - earth, fire, air, and water. As it

turned out, the idea was right but the elements wrong. Modern elements are less

evocative but more numerous; they make up just over one hundred basic substances.

Some are commonplace, like hydrogen, oxygen, iron, and carbon; others are rare and

precious, such as mercury, uranium, and gold. Purely by the power of reason, the

Ancient Greeks also made another fundamental discovery, which is that all things

consist of particles called atoms. Elements are substances that contain only one kind

of atom. All other substances are compounds of two or more elements in which the

atoms group themselves together to form molecules. The way molecules behave

governs the workings of many machines, such as ships, airplanes, pumps, refrigerators,

and combustion engines, all of which harness the ancient elements and

set molecules to work.

MORE About molecules
The idea that everything is made of particles takes some imagination to understand. As

you read this, molecules of oxygen and nitrogen traveling at supersonic speed are

bombarding you from all directions. You are unaware of this because the molecules

(which, along with those of other gases, make up the air) are on the small side. You

could get about 400 million million million of them into an empty matchbox. In fact, it

would be truer to say that you could get all those millions of molecules out of the

matchbox, because the molecules of gases are so hyperactive that they will fill any space

open to them. Like five-year-olds, they dash about in all directions with unflagging

energy, crashing into any obstacle they meet. In liquids, the molecules are less

energetic and go haphazardly around in small groups, like drunken dancers prone to

colliding with the walls of the dance hall. The molecules in solids are the least energetic;

they huddle together like a flock of sheep shuffling around in a held. However invisible

molecules might be, their existence does explain the properties and behavior of

materials that are put to use in machines. In a solid, the molecular bonds are strong and

hold the molecules flrmly together so that the solid is hard and rigid. The weaker bonds

between liquid molecules pull them together to give the liquid a set volume, but the

bonds are sufflciently weak to allow the liquid to flow. The bonds between gas

molecules are weaker still, and they enable the molecules to move apart so the gas

expands and fills any space. In all materials, the molecules' urge to stick together or

spread is very strong, and it is put to use in devices as different as the rocket, the toilet

tank, and the aqualung.

.^j^
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Strength in Numbers
Because molecules in liquids and in gases are always on the move, they have power. Each

one of them may not have much, but together they become a force to be reckoned with.

A liner floats because billions of moving water molecules support the hull, while a jumbo

jet can fly thanks to countless air molecules clustering under its wings and holding them

aloft. Molecules continually bombard any surface they encounter. Each collision produces

a little force as the molecule hits the surface and bounces back. Over the whole surface, a

large force builds up - this is known as the pressure of the liquid or gas. If you squeeze

more molecules into the same space, you get more pressure as more molecules strike the

surface. The pressure produced by this restless movement of molecules is put to work in

many ways. Some machines work by producing pressure while others are powered by it.

Speeding Things Up
There is another way of strongly increasing pressure that does not involve physical effort.

This is heat, which is a form of energy. We feel heat, or the lack of it, as a change of

temperature. But on a molecular level, heat is just movement. If you touch something

cold, the molecules in your fingers slow down as they lose heat; if you touch something

hot, they gain heat and speed up. When molecules are heated, they respond by moving

faster. The pressure increases unless the molecules get farther apart, in which case the

material expands. If the molecules are made to move fast enough, the bonds between

them start to give way: a solid melts into a liquid and a liquid forms a gas. If an object is

cooled down, the speed of its molecules slows. The material loses pressure or contracts.

As the bonds between molecules reassert themselves, a gas may condense to a liquid and

a liquid freeze to a solid. There is a point at which all heat vanishes, although no one can

quite achieve it. If a material were cooled to -459°F (-273°C), the molecular motion would

cease altogether, making this - absolute zero - the lowest temperature possible. Machines

that make or use heat all get molecules on the move. The extra motion can strain relations

within the families of atoms inside molecules, making them change partners and form

new molecules. Fire and explosions are some of the possible results, but so too are the

making of steel and toast.

BREAKING THE BONDS
The atoms of elements are made up of even smaller particles - electrons, which form the

outer shells of each atom, and protons and neutrons, which make up its core, or nucleus.

We tap the energy of electrons - in the form of electrical heat - in everyday devices from

hairdriers to heaters. However, breaking the bonds that hold together the nucleus of an

atom is a more serious business altogether. As we shall see in the last section of Harnessing

the Elements these bonds are the strongest of all forces. Breaking them unleashes the most

powerful and potentially dangerous source of energy known.
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Floating

\
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Ol^ TRANSPORTINGA MAMMOTH
Once, when waiting to hoard a ferry, I ohserved

further downstream a rival operator attempting to

shunt a particularly large mammoth onto a sizeable

raft. No sooner had the craft and its protesting cargo

been launched, than both quickly sank.

Taken aback by this turn of events, I relinquished my
position in line to inquire whether 1 might not be of
assistance. My offer was quickly accepted by the soggy

pair After interviewing those involved and making

some hasty calculations, I deduced that the spirit of the

water, clearly afraid of the raft's imposing cargo, had

simply moved out of the way as it approached. This left

nothing below the raft and so it sank.

Clearly, a little subterfuge was necessary to keep the

cargo afloat. The mammoth, I suggested, must be hidden

from the spirit of the water

Jt^^^^ fcl«.6:-

RAFTS AND BOATS
Although characteristically wayward, the inventor's

explanation of the mammoth's adventures contains an

element of truth. Water does move out of the way when
anything enters it. But rather than leaving nothing below an

immersed object, the water around it pushes back and tries

to support the object. If the water succeeds, the object

floats.

Take the case of the raft before the mammoth is on board.

Its weight pulls it down into the water. But the water pushes

back, supporting the raft with a force called upthrust. The
amount of upthrust depends on how much water the raft

displaces, or pushes aside, as it enters the water Upthrust

increases as more and more of the raft settles in the water At

some point, the upthrust becomes equal to the weight of the

raft and the raft floats.

Now let's load the mammoth. The extra weight makes
the raft settle deeper Although the upthrust increases, it

cannot become great enough to equal the weight of the raft

and the mammoth because not enough water gets

displaced. The raft and its load sink to the bottom.

The boat is a different matter Because it is hollow, it can

settle deeper in the water and displace enough water to

provide the necessar)^ upthrust to support the weight of the

boat and the mammoth.
Things can also float in a gas and, like the inflated

mammoth, a balloon floats in air for the same reason that a

boat floats on water In this case, the upthrust is equal to

the weight of air that is displaced. If the weight of the

balloon, the air that it contains and the occupants is less

than the upthrust, the balloon will rise. If it is greater, the

balloon will sink.

THE EFFECT OF DENSITY
Why should a heavy wooden raft float while a pin sinks?

And if a steel pin sinks, why does a steel boat float? The

answer is density. This factor, rather than weight, determines

whether things float or sink.

The density of an object is equal to its weight divided by

its volume. Every substance, including water, has its own
particular density at a given temperature (density varies as

a substance gets hotter or colder) . Any solid less dense

than water floats, while one that is more dense sinks.

However, a hollow object such as a boat floats if its overall

density — its total weight divided by its total volume — is

less than the density of water
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A wooden wall was therefore built around the top of the raft. To

everyone's amazement, except of course my own, both raft and

cargo floated safely across.

In deference to the beast's obvious displeasure at even the risk

of a second dunking, I had suggested that it be clothed in a rubber

diving suit. I confess that I am still unable to fully explain

what happened shortly after landing. The mammoth was tied

up near the dock, wearing the suit and getting some sun. The suit

began to expand and to my astonishment the enormous beast

rose into the air Quite why this happened is completely

baffling. Perhaps it had something to do with

the spirit of the air? We stil

so much to learn.

Displaced
.Water

^ A UPTHRLST
y

The Raft Floats
The force of the upthnist created by the

displaced water equals the weight of the

raft, supporting the raft so that it floats.

The Raft Sinks

The weight of the raft and mammoth
exceeds the upthrust because little extra

water has been displaced. The raft sinks.

The Boat Floats
The boat displaces more water, producing

sufficient upthnist to suppon its weight

plus that of the mammoth, so it floats.

L_
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THE Submersible
Submersibles are designed for use at great depths.

They need to be able to sink, to rise and also to float

underwater. They do this by altering their weight with a

system of ballast tanks which can hold either air or

water If a craft's ballast tanks are flooded with water, the

craft's weight increases. If the water is then expelled by

compressed air, the weight decreases. By adjusting the

amount of water in the tanks, the craft's weight and
buoyancy can be precisely regulated.

Submersibles are designed to perform delicate tasks

deep underwater, and are therefore designed to

withstand high pressure and to be highly maneuver-

able. They do not need to move at speed and therefore,

unlike submarines, they are not streamlined.

Lateral Thruster
This moves the submersible

from side to side.

Vertical Thruster
Small adjustments to the

submersibles position above

the sea floor are produced

by this thruster

Crew Compartment
The spherical pressure vessel

withstands tremendous force

exerted by water at great

depths. The air inside is

maintained at atmospheric

pressure.
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Water
Flow

Diving
With its ballast tanks filled

with air, the submarine has

an overall density lower

than seawater. As a result,

it floats. To dive, the ballast

tanks are flooded. This

gives the submarine a

density the same as

seawater The hydroplanes

then steer the craft

downward as it is

propeUed forward.

Manipulators
The crew operate these arms,

which are equipped with

lights and gripping claws,

from the crew compartment.

Tanks
Full

Surfacing
To reduce the submarine's

density, compressed air is

blown into the ballast

tanks. This forces out the

seawater, and the

submarine begins to rise.

The upward movement is

increased by the action of

the hydroplanes.

Asubmarine works in much the same way as a submersible, with the exception

that it is able to use the force driving it forward to control its depth. Fins on
either side called hydroplanes swivel to deflect the flow of water around the hull.

This lifts or drops the nose so that the submarine can ascend or descend under the

power of its propellers. As in the submersible, buoyancy is controlled by ballast

tanks. These are flooded when diving; when surfacing, the water in the

^^^^^^_tanks is expelled by compressed air.

^0^.,./^"^
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PASSENGER BOAT

1^^
MEBM

All powered craft that travel in or on water move by

imparting movement to the water or air around

them, and they steer by altering the direction in which

the water or air flows. In a large ship, power is provided

by the propellers, and the direction is governed by a

rudder But large ships also need to be able to control

their movement sideways when docking, and their roll

during heavy seas. They do this with bow thrusters and

stabilizers, two devices that act in the same way as the

main propellers and the rudder

Below the water's surface, the hull is as smooth as

possible to reduce the ship's water resistance and

increase efficiency. The bow thrusters are recessed, and

therefore do not disturb the water flow. The stabilizers

are retractable, folding away inside hatches when not in

use. At the bow, the hull may project forward beneath

the water in a huge bulb. This bulb reduces the bow
wave that the ship makes as it slices through the water

The water resistance of the ship is lessened, and this

raises the speed or saves fuel.

BOW THRUSTERS
The bow thrusters are small pro-

pellers (see p. 100) mounted
sideways in the base of the hull at

the front of the ship. Although the

thrusters are in a fixed position,

their blades can swivel to force

water either to port or to starboard.

The bow of the ship then turns in

the opposite direction. The bow
thrusters help the vessel to

maneuver at low speed or when
stationary, for example when in

harbor

Ship's Movement

Water
Movement

Turning
TO
Starboard

Turning
TO
Port
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Tropical Frhsh Water
Non-Tropkai Frlsh Water
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PLIMSOLL LINE OR LOAD LINE
The loading of a ship is regulated by marks on
the side of the hull. The Hnes indicate loading

hmits for a variety of seas and seasons. As the

ship is loaded, it settles deeper in the water. For

safety, it must not be loaded so that the relevant

mark goes below the water.

The different levels are due to differences in

the density of water, and therefore the upthrust it

produces. Salt water is denser than fresh water,

and cold water denser than warm water

STABILIZERS
Ships roll from side to side as they encounter high waves. To reduce

rolling, they have stabihzers. These are two large fins that extend

from the hull. The fins swivel as the hull begins to roll, acting like

horizontal rudders (see p. 101) to produce upward or downward
forces that counteract the roll. The stabilizers are often controlled

by a gyroscope (see p.76) that senses the ship's motion. The fins

can reduce rolling movement by 90 per cent.

Hull

Stabilizer

Water Flow
Deflected
DOWTslWARD

Direction of Roli

Extended Fin

when the hull rolls down, the front

edge of the fin tilts up to deflect the

waterflow downward. This produces

an upward force on the fin, which

stops the roll. Tilting the fin in the

opposite direction stops an upward

roll.



100 HARNESSING THE ELEMENTS

PASSENGER BOAT

M ost craft that travel on water need a source of Overall, a combination of reaction and suction drives

power to propel them forward and also a means the spinning propeller through the water.

A rudder affects the water flowing around it in the

same way. Reaction and suction produce a turning

force that changes the boat's direction.

Propellers drive most surface vessels as well as
_

submarines and submersibles. They also work
in air, powering airships and many
aircraft. Virtually all forms of water <v>^0.

of steering. These requirements are met by propellers

and rudders, two devices which work by the same pair

of principles.

The first principle is action and reaction. As the

blades of a propeller spin, they strike the water and

make it move toward the rear of the vessel. The force

with which the blades move the water is called the

action. The water pushes back on the blades as it transport and most forms of air

begins to move, producing an equal force called the transport steer with

reaction which drives the propeller forward. rudders. , vSJ^i^^S^
The second principle is called suction. The surface

^
,x v'^'^''^

^

of each propeller blade is curved so that the blade has vnv\>v^NSSS>

the shape of an airfoil (see p. 107). Water flows around s ^Xn^n
the blade as it rotates, moving faster over the

surface. The faster motion lowers the water

pressure at the front surface, and the \s^ *^^"^^>.""^>>^ '^^ >^^^\\'

v^ ^.\ v^. Cov
V \ >>

>e front ^-X^XV^.^S^

blade is sucked forward

f
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PROPELLER
The blades of a ship's propeller are broad and curved hke

scimitars to slash strongly through the water The propeller

does not turn rapidly, but, having broad blades, it moves a

large amount of water to produce a powerful reaction as

well as strong suction. Small high-speed vessels have fast-

spinning propellers with narrow blades that move less

water but which give high suction. At ver)' high speeds the

propeller may make water vaporize, causing a loss of power

Water Flow

Fast-Moving
Water 0\t.r

Front Surface

OF Blade

Water Pushed
Backward by

Blade

Forces on blade Action, Reaction and Suction

Suction Force J

Pulls Front Surface

OF Blade Forward

Reaction
Force Pushes Back
Surface of Blade
Forward Water Flow

Rudder
The rudder acts on the water flowing past the vessel and

the backward flow generated by the propeller. The rudder

blade swivels to deflect this flow^^ As the water changes

direction, it pushes back with a reaction force and the

blade moves in the opposite direction. Suction produced

by water flowing around the blade assists reaction. These

forces move the stern of the boat and the whole vessel turns

around its center so that the bow points in a new direction.

BOAT MOVES Straight Ahead Rudder Turned

Rudder^ ,
Center OF Boat ^ Reaction Moves Rudder

TO Left

.Flow OF Water
Around Rudder Rudder Handle

Moves to Left

Deflected Flow
(Action)

Boat Turns
TO THE Right

Boat Turns
Around its

Center

Boat on New Course



102 HARNESSING THE ELEMENTS

/VJi^THE WINDSURF^
Modem sailing craft from the windsurfer to the

racing yacht can use the power of the wind to

propel them in any direction, no matter which quarter

the wind may blow^ from.

This versatility is achieved with a triangular sail that

can be shifted around the boat's mast to engage the wind

at various angles. The sail is able to propel the boat at

any angle to the wind, except head-on. However, sailing

boats are able to make progress into the wind, although

in an indirect way. They do this by "tacking", or

following a zig-zagging course which keeps the sail at

an angle to the wind, atid so enables it to provide power.

The windsurfer is the simplest craft with a movable

sail. It is basically a raft with a sail on a tilting mast and

a small keel beneath. The person aboard the windsurfer

grips a curved bar to move the sail in any direction to

take advantage of the wind. The sail not only drives the

windsurfer forward but also steers it.

Sailing Before The
Wind
Wlien the wind is directly

behind the windsiufei; the

sail is held at tight angles to

the wind. Theforce of the

wind pushing the sail diives

the boardjonvaid.

Wind
,

Wind Force.

Wind.
Sailing Into The
Wind
The sail is held edge-on to

the wind so that the wind

blows around it. The wind

inflates the sail, cwving it so

that the sail becomes an

airfoil (seep.107). The air

flow produces a suction force

that pulls the sail at right

angles to the wind. Tliis pull

is split into thi-ust, to mo\'e

the windsurferforward,

and a heelingforce.

Suction

Force

Sailing Across The
Wind
The sail is still held at right

angles to the wind, but water

resistance on the keel

prevaUs it moving sideways.

Theforce of the wind is split

into thrust driving the board

fotAvard and a heelingforce

actine on the sail.

Heeling
Force

Turning Away From
The Wind
If the mast is tipped

forward, the heeling jorce

on the sail moves in front of

the keel. The water resistance

on the keel and the heeling

force combine to tuni the

board away from

the wind

Water
Resistance

Heeling Force

Heeling Force

Turning Into The
Wind
Tipping the mast backward

makes the windswfer turn

into the wind. The heeling

force moves behind the keel.

The water resistance on the

keel and the heelingforce

on the sail combine to turn

the board into the wind.
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THEYACHT
A yacht usually has two triangular sails - the A yacht is steered with a rudder (see p. 101), which

mainsail and the jib. The sails propel the yacht deflects the flow of water that passes the hull to turn

before, across or into the wind in the same way as the the yacht in the required direction. As the yacht

windsurfer. When sailing into the wind, the two sails turns, the crew let out or pull in the sails so that they

combine to act as one large airfoil with a slot in the take up the best angle to the wind. A balloon-like

center. The slot channels air over both sails, producing

a powerful suction force. This force splits into two

separate forces - thrust that propels the yacht forward

and a heeling force that tilts it over. The weight

of the tilting hull and keel counteracts the heeling

force, while water resistance stops the yacht moving

sideways.

spinnaker sail may be used when the yacht is sailing

before the wind.

_ Mainsail

Heeling

Force
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THE AIRSHIP
An airship has a vast envelope that creates a

powerful upthrust to lift the substantial weight of

the cabin, engine, fans and passengers. The bulk of the

envelope contains helium, a hght gas which reduces

the weight of the airship so that it is equal to the

upthrust, thereby producing neutral buoyancy. Inside

the envelope are compartments of air called ballonets.

Pumping air out of or into the ballonets decreases or

increases the airship's weight and it ascends or

descends. The airship also has propellers called ducted

fans that drive it through the air and which swivel to

maneuver the airship at take-off or landing. Tail fins

and a rudder can tilt or turn the whole craft as it floats

through the sky. In this way, the airship travels from

place to place like an airborne combination of

submarine and submersible.

Support Cable
The cabin is suspended I

cables from the upper

surface of the envelope.

The Envelope
The envelope of an

airship is made of

syntheticfabric and is not

rigid, maintaining its

shape by the pressure of

gas inside. The gas is

helium, which is seven

times less dense than air

and is non-flammable.

Ascent

Weight Weight
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THE HOT-AIR BALI
The envelope of a hot-air balloon has to be big so

that it can displace a large amount of air, thereby

creating sufficient upthrust to float the basket and its

occupants through the air The balloon works like an

underwater craft in reverse. Operating the burner heats

the air in the envelope; the air expands and some
escapes from the envelope. The overall weight

decreases, and the upthrust carries the balloon

upward. When the burner cuts out, the air in the

envelope cools and contracts. Air now enters the

envelope, increasing the balloon's weight and causing

it to descend. Fast descent can be achieved by opening

a port in the top of the envelope. This partially deflates

the envelope to reduce the upthrust.

A hot-air balloon has no means of propulsion and

drifts with the wind. Intermittent blasts of the burner Envelope
enable the balloon to stay at a constant height.

Burner

Rudder

Ascent
The burner, which

uses propane forfuel,

heats the air in the

envelope to a

temperature of about

100°C (212°F). The

air expands, and

about a quarter of the

hot air leaves the base

of the envelope. The

weight of the whole

balloon is reduced to

less than its upthrust,

and the balloon rises.

The burner cuts out and the air

in the envelope cools. It

contracts and air enters the base

of the envelope, increasing the

weight of the balloon to exceed

the upthrust so that it descends.

Weight
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FIYING
ON THEADVENT OFAIRFREIGHT

One day I chanced upon a delivery mammoth from
a local awning manufactur^^ighing under the

weight of a large woodenframe over which was stretched

a piece of canvas. Apparently waitingfor its driver, the

mammoth was tethered to a tree with the awning

firmly secured to its back. Suddenly the wind

picked up. lif^ng the startled beast

dramatically into the sky. I noticed

that as long as the wind blew

and the rope between tree

and mammoth held, the

creature remained

airborne. .

.

. . .but when.the wind abruptly died,

the mammoth returned to the ground

without ceremony, destroying not

only the ccwning but also the

manufacturers entire premises.

f*^ <^(^-

HEAVIER-THAN-AIR FLIGHT
In the struggle to overcome its not inconsiderable weight

and launch itself into the air, the mammoth becomes in

turn a kite, a glider and finally a powered aircraft. These

are three quite different ways by which an object that is

hea\ier than air can be made to fly.

Like balloons and airships, heavier-than-air machines

achieve flight by generating a force that overcomes their

weight and which supports them in the air. But because

they cannot float in air, they work in different ways to

balloons and airships.

Kites employ the power of the wind to keep them aloft,

while all winged aircraft, including gliders and helicopters,

make use of the airfoil and its power of lift. Vertical take-off

aircraft direct the power of their jet engines downward and

heave themselves off the ground by brute force.

The two principles that govern heaxier-than-air flight are

the same as those that propel powered vessels - action and

reaction, and suction (see pp. 100-1). When applied to

flight, suction is known as lift.

Reaction Force

l_ Wind

Kite

The kite flies only in a wind, and it is held by its sthng so that

It deflects the wind downward. The wind provides the force

for flight. It exerts a reaction that equals the pull of the stnng

and the weight of the kite to support the kite m the air
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w^uring my own experiments with awning delivery, I

^Ly discovered that by securing a slightly curved

awning to a volunteer mammoth's hack, the danger and
considerable expense of crash landings could he greatly

reduced. Should the wind speed drop or the rope break,

the mammoth would usually glide hack to Earth in a

gentle spiral. 1 planned one further

improvement in which friction-

reducing foot-gear would enable

the mammoth to leave the

ground simply by

blowing backward

with its trunk

4y,

However, despite repeated attempts, the mammoth
never got far enough off the ground to make this

novel form of delivery a practical procedure. Even with

the specially designed foot-gear in place, landings

remained somewhat unpredictable.

I recall one most unfortunate incident in which a

mammoth had to be completely bandaged after an

unusually clumsy four-point landing. This resulted

in the rather interesting streamlinedform depicted

here. It is not one that I feel could ever leave

the ground.

Airfoil

The cross-section of a wing has a shape called an airfoil. As

the wing moves through the air, the air divides to pass around

the wing. The airfoil is curved so that air passing above the

wing moves faster than air passing beneath. Fast-moving air

has a lower pressure than slow-moving air The pressure of the

air is therefore greater beneath the wing than above it. This

difference in air pressure forces the wing upward. Theforce is

called lift.

Air Flow

Glider
A glider is the simplest kind ofwinged aircraft. It is first pulled

along the ground until it is moving fast enough for the lift

generated by the wings to exceed its weight. The glider then

rises into the air and flies. After release, the glider continues to

move forward as it drops slowly, pulled by a thrust force due to

gravity. Friction with the air produces a force called drag that

acts to hold the glider back. These two pairs of opposing

forces — lift and weight, thrust and drag — act

on all aircraft.

Thrust

Lift
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THE Airplane
Adding an engine to a flying machine gives it the

power to dispense with winds and air currents that

govern the flight of unpowered craft such as balloons

and gUders. In order to steer an airplane, a system of

flaps is used. These act just like the rudder of a boat (see

p. 101). They deflect the air flow and turn or tilt the

airplane so that it rotates around its center of gravity,

which in all airplanes lies between the wings.

Airplanes usually have one pair of wings to provide

lift, and the wings and-tail have flaps that turn or tilt the

aircraft in flight. Power is provided by a propeller (see

p. 1 00) mounted on the nose, or by several propellers on
the wings, or by jet engines (see p. 160) mounted on
the wings, tail, or inside the fuselage.

Aileron

Leading Edge
OF Wing

Pedals

_ Control Column

Control Cables
The control surfaces ofmany airplanes are

physically connected to the control column

by cables. Hydraulic systems or electric

motors operated by the cables move the

surfaces. In "fly-by-wire" aircraft, the

surfaces are operated by motors that respond

to control signals fed along wires from a

computer The computer is connected to the

control column, and it controls the surfaces

to produce the required movement of the

plane.

Thrust Generated
BY Reaction OF
Propeller

Climbing
To climb, the pilot pulls the control column

back. This raises the elevators on the tail,

which deflect the airflow so that the tail

drops. The nose rises and the aircraft climbs.

Diving
To dive, the pilot pushes the control column

forward. This lowers the elevators on the

tail, which deflect the airflow so that the tail

rises. The nose drops and the aircraft dives.



FLYING 109

Turning
To turn to the right or left, the pilot moves the control column

in the required direction to raise or lower the ailerons on the

wings and presses the pedals to swivel the rudder on the tail.

One aileron goes up as the other goes down to bank the aircraft

while the rudder turns the nose. Both movements combine to

give a smooth change of direction.

Rudder

/—

Elevator
.

pOi.

Traiung Edge
OF Wing

Aileron

Rolling
Moving the control column to one side

raises one aileron while lowering the

other One wing goes up, causing the

plane to roll. This is necessary to turn

smoothly.
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FIYING MACHINES
Many different flying machines now fiU our skies. They range from solo sports and

airobatic planes to wide-bodied and supersonic jet airUners which carry

hundreds of passengers. Some, such as pedal-powered planes, lumber along just above

the ground, while others, such as reconnaissance aircraft, streak at three times the

speed of sound at a height three times that of Mount Everest.

There are also unpowered gliders, of which the returning space shuttles are the

largest and hang ghders the simplest. Development in other directions has led to

heUcopters and vertical take-off aircraft which are capable of rising

vertically and hovering in the air. There are also kites of all

shapes and sizes, some large enough to carry a person.

Machines also fly through water Hydrofoils

flying through the waves employ exactly

the same principles that keep

winged airplanes aloft. ,^"^~^M| OLIDER
Being unpowered, a glider

cannot travel fast and so has

long straight wings that produce

high lift at very low speed.

-Pi

Space Shuttle
The space shuttle re-enters the

atmosphere at very high speed,

and so has a delta wing like a

supersonic airliner It then

glides to a high-speed landing.

Hang Glider
The A-shaped wing inflates in

flight to produce an airfoi

with low lift and drag, giving

Icjw-speed flight with a light

load.

Light AIRCRAFT
Short straight wings produce

good lift and low drag at

medium speed. Propellers orjet

engines provide the power that

produces the lift.

Pedal-Powered Plane
Because the flying speed is very low, long and

broad wings are needed to give maximum
lift. Drag is at a minimum at such low speeds.
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Forward-SweptWings
This experimental design gives high lift and

low drag to produce good maneuverability

at high speed. Two small forward wings

called canards aid control.

SwiNG-WiNG Aircraft
The wings are straight at take-off

and landing to increase lift so

that take-off and landing speeds

are low. Inflight, the wings swing

hack to reduce drag and

enable high-speed

flight.

IfcuPERSONic Airliner

^jMrcraft thatflyfaster than the

speed ofsound often have

dart-shaped delta wings.

This is because a shock waveforms in the

K.J^ <i %r^^>>^ around the aircraft, and the wings

Airliner
Swept-back wings are needed to

minimize drag at high speed.

However, lift is also reduced,

requiring high take-offand

landing speeds.

Flapping Wings
This is a highly efficient wing design that

you should look out for, particularly in

places where bird feeding is encouraged.
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AirlinerWING
On a small airplane, the wings need little more

than simple hinged ailerons to control flight. An
airliner \ving, however, experiences enormous and

var)ing forces both in the air and on the ground. To

cope with these, it uses an array of complex flaps that

change the wing's shape.

During take-off and landing, the wing shape needs to

be ver}' different to that needed for cruising. By

adjusting the area of the flaps presented to the air, and

their angle to it, a pilot is able to var)^ the amount of lift

Ground Spoilers

and drag generated by the wing to suit different phases

of the flight.

There are four basic kinds of flaps. Leading-edge

flaps line the front edge of the wing, while traihng-edge

flaps take up part of the rear edge. These flaps extend to

increase the area of the wing, producing more lift and
also drag. Spoilers are flaps on top of the wing that rise

to reduce lift and increase drag. Ailerons are flaps at the

rear edge that are raised or lowered to roll the aircraft in

a turn.
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Take-Off
The leading-edge flaps extend

and the trailing-edge flaps are

raised to increase the area of the

wing. This improves lift at low

speed without incurring much

extra drag, so that tahe-offspeed

is not high and the take-off run

not prolonged.

Cruising
Leading-edge and trailing-edge

flaps are both retracted for

minimum drag, so the wing

presents the minimum area to

the oncoming air The ailerons

operate to control the flight, and

may he assisted by the spoilers.

Landing Approach
The leading-edge flaps extend to

increase wing area and produce

more lift at low speed. The

trailing-edge flaps extend

and droop to increase drag,

slowing the aircraft for landing

Landing
The ground spoilers rise

immediately on landing to reduce

lift and push the aircraft down so

that the wheels grip the runway

firmly. This enables

the brakes to work. The

engines may reverse thrust to

assist braking.

h
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THE HELICOPTER
Rotor Blades
Most helicopter rotors have

from three to six blades.

Each is connected to a

flapping hinge and a pitch

control rod.

FLAPPING Hinges
Each rotor blade has a flapping hinge that

allows it to flap up and down as it rotates. If the

blades did not flap, they would develop uneven

lift caused by the helicopter's motion through

the air and roll the helicopttr^

over

With its whirling rotors, a helicopter looks very

different to an airplane. Yet, like an airplane, it

too uses airfoils for flight (see p. 107). The blades of

the helicopters main rotor have an airfoil shape like

the wings of a plane. But whereas a plane has to rush

through the air for the wings to develop sufficient lift for

flight, the helicopter moves only the rotor blades. As

they circle, the blades produce lift to support the

heUcopter in the air and also to move it in the required

direction. The angle at which the blades are set

determines how the heUcopter flies - hovering, vertical,

forward, backward or sideways.

Rotor Shaft
The rotor shaft drives the

rotor blades and the upper

swashplate.
\

N

RoT\TiNG Scissors

L \ This link turns the upper

Upper Swashplate
The upperswashplate rotates

on bearings above the lower

swashplate. It is raised,

lowered or tilted by the lower

swashplate.

Pitch Control Rods
These rods are moved up or

down by the upper swash-

plate as it rotates. They raise

or lower the front edge of

the rotor blades to change

the pitch of the blades.

/
/

'I

-

Lower Swashplate ,y^

The lower swashplate does

not rotate. It is raised,

lowered or tilted by links

with the control columns.

HOW THE ROTORWORKS
As the blades of the main rotor spin

around, their angle or pitch can be

varied to produce different amounts

of lift for different modes of flight.

The pitch is controlled by the

swashplate, which is connected to

two control columns. The swashplate

moves up or down or it tilts in

response to movements of the

columns. It then moves control rods

that alter the pitch of the blades.



FLYING

Main Rotor

Tail Rotor

HOVERING Flight
The cyclic pitch control column holds pitch control column raises the

Vertical Flight
To ascend, the collective pitch

control column raises the swash-

plate and increases the pitch of all

the blades by an equal amount.

The rotor lift increases to exceed

the helicopter's weight so that the

helicopter rises. To descend, the

swashplate is lowered. The pitch

of all the blades decreases and

reduces rotor lift so that the

helicopter's weight now exceeds

lift and causes it to descend.

the swashplate level, so that each

rotor blade has the same pitch and

the helicopter does not move

forward or backward. The collective

Rotor Bi7\dh

swashplate so that the pitch of the

blades is sufficiently steep for the

rotor to produce just enough lift to

equal the weight of the helicopter

Rotor Biade

Swashplate

Weight

Forward Flight
The cyclic pitch control column tilts the

swashplate forward. The pitch of each

blade increases as it moves behind the

rotor shaft then decreases as it moves in

front. Lift increases over the back of the

rotor, tilting the whole rotorforward. The

total rotor lift splits into a raising force

that supports the helicopter's weight, and

thrust that moves it forward.

Total Rotor Lift Raising Force

Weight

Backward
Flight
The cyclic pitch contro

column tilts the

swashplate backward.

The pitch of each blade

increases as it moves in

front of the rotor shaft

then decreases as it

moves behind. Lift

increases over the front

of the rotor, producing a

backward thnist.
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SINGLE-ROTOR HELICOPTER
A helicopter is powered by a gasoline

engine or a gas turbine similar to a jet

engine (see pp. 1 60- 1) . The engine or turbine

drives the rotor shaft, whereupon action and

reaction come into play. The rotor shaft

pushes back on the heUcopter as the blades

turn, exerting a powerful force that tries to

spin the heUcopter in the opposite direction.

Without help, the helicopter would spin out

of control.

Help comes in the form of another rotor to

counteract the reaction of the main rotor A
so-called single-rotor helicopter also has a

tail rotor, which produces thrust like a

propeller The tail rotor not only stops the

helicopter spinning, but it also steers the

machine in flight. Although the pedals that a

helicopter uses to steer are called rudder

pedals, the machine does not in fact have a

>,--• .^ rudder: the pedals control

/Vv /
"^

the thrust of the tail rotor.

BACKWARD Spin

// the blades of a helicopter

were held still, the reaction

of the rotor would make the

helicopter spin around in the

opposite direction to the

blades' normal rotation.

^

Direction of Main Rotor
STEERING A SINGLE-
ROTOR HELICOPTER
Nomally, the thrust of the

tail rotor equals the reaction

of the main rotor. The thrust

and reaction cancel each

out, and no force acts to

spin the helicopter.

Operating the rudder pedals

to increase the thrust makes
the extra thrust turn the

helicopter in the same

direction as the rotor blades.

Decreasing the thrust of the

tail rotor allows the reaction

of the "main rotor to turn the

helicopter in the opposite

direction

Reaction of Main Rotor
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TWlN-ROTOR HELICOPTER
Large helicopters often have two main

rotors to give double the lift of a single

main rotor and raise a heavy load or more
passengers. No tail rotor is needed because

the two rotors spin in opposite directions.

The reaction of one rotor cancels out the

reaction of the other. To turn, the rudder

pedals change the speed of the rotors so that

one rotor gets more power than the other.

The reaction of this rotor increases, and the

extra force turns the helicopter.

Front Rotor

Rear Rotor

Rear Gearbox

Main Transmission Shaft

Overlapping
ROTORS
Because the areas swept

out by the front and rear

rotor blades overlap,

the rotors have to be

/? fi xTuMl^ designed so that their

^ <*Cf^fe Li
blades cannot collide.

This is done by having

each rotor at a different

height, and by staggering their

rotation, so that only one blade passes over the

body of the helicopter at any one time.

Rear
Rotor
Area

.Cabin

1:
"^.j^^

^ (^



118 HARNESSING THE ELEMENTS

TheJUMP JET
The principle of action and reaction (see

p. 100) is put to use in all powered aircraft,

but as a means ot propulsion rather than as a

direct method of producing lift. Propellers

and jet engines move air backward at high

speeds, and this pushes back to force the

aircraft forward.

By using the downward thrust of its

jet engine, the jump jet can dispense

with the need for a runway and take off

vertically from the ground. When the engine

exhausts are swiveled backward, the wings

then provide lift in the normal way.

Compressed
Air Jets

Low-powerjets at the tail,

nose and wing- tips

control the aircraft's

angle when jlymg

vertically or hoveting — a

task which is too delicate

to be canied out by the

main engine nozzles.

2 Transition
The nozzles swivel to direct the air jets at

an angle. The reaction splits into a

raising force and forward thrust. As the

aircraft moves forward, the wings begin

to produce lift.

Engine Nozzles
Thejump jet has four engine nozzles which

can be^swiveled to point at any angle from

vertical to horizontal. These provide the power

for vertical and horizontal flight.

3 Forward Flight
As forward speed increases to give

sufficient lift for flight, the nozzles swivel

to direct the air jets backward. Reaction

now only drives the jet forward.

The two air intakes are connected

to a single jet engine. The engine

produces a stream of air at

extremely high pressure which

flows to the four engine nozzles.

\

K

1 Vertical Take-Off
The nozzles in the engine exhausts direct

air jets from the engine downward The

reaction of the moving air raises the jump
jet vertically.

Thrust

Vw.
\W -v^

l^^S^^:;^ "The Ga^den-

^
<=->

^
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THE HYDROFOIL
The principles of flight do not only apply to air. An

airfoil (see p. 107) in fact works better in water,

which is denser than air and therefore gives more lift

at lower speed. An airfoil used in this way is called a

hydrofoil, and this name is also given to a kind of

boat that literally flies through the water.

A hydrofoil has a hull like a floating boat, and it does

,iloat-at rest and low speed. But at high speed, wing-like

foils beneath the hull rise in the water and lift the hull

above the surface. Freed from friction with the water, a

hydrofoil can skim over the waves at two or three times

the speed of the fastest floating boats.

Water Fi^ow

Submerged foil
These foils remain fully submerged in the water. They are

controlled by a sonar system (see pp. 298-9) aboard the

hydrofoil that detects the height of oncoming waves. It

then sends signals to the foils, which change their angle to

vary the amount of lift generated. In this way, the foils adjust

lift as the hydrofoil encounters waves, smoothing out the

rise and fall and ensuring a steady ride.

SURFACE-PIERCING FOIL
The amount of lift generated by surface-piercing foils

depends on the depth of each foil in the water When the

foil is deeper, it generates more lift. This makes the

hydrofoil rise as it moves into the crest of a wave. As it enters

a trough, more of the foil emerges from the water; lift

decreases and the foil sinks. The hydrofoil follows the

contours of the waves instead of breaking through them.

^̂̂1^-^
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Pressure power
ON FIGHTING FIRES

Through careful study, 1 have been able to devise a

way to improve both the capacity and range of
mammoths in fighting fires. First the mammoth is

encouraged to drink as much water as it can hold and
still get to the scene of the conflagration. Meanwhile a

heavy post is set into the ground a short but safe

distancefrom the blaze. The creature is then squeezed

against the post in a series of rapid strokes by a large

flre-fighter-operated piston.

9

PUMPS FOR PRESSURE
The events recorded for all time in the parchment above

concern the conversion of the mammoth into a primitive

but highly effective pump. Pumps are often required to

raise the pressure of a fluid (a Hquid or a gas), though they

may alternatively reduce the pressure. The change in

pressure is then put to work, usually to exert a force and
make something move or to cause the fluid to flow.

A pump increases pressure by pushing the molecules in

the fluid that enters the pump closer together One way of

doing this is to compress the fluid, and this is what is

happening to the mammoth. The piston squeezes its

stomach, so that the molecules of water inside crowd

together The pressure of the water increases as the

molecules exert a greater force on the stomach walls.

If the fluid is able to move, it flows from the pump
towards any region that has a lower pressure. The air

around the mammoth is at a lower pressure than the water

inside. The water pressure therefore forces the water along

the trunk, where it emerges in a powerful jet.

SUCTION POWER
A pump may also reduce the pressure of a gas. One way is

to increase the volume of the gas so that its molecules

become more widely spaced. The mammoth experiences

this as the piston is removed, and its empty stomach

regains its normal bulk. The pressure of the air inside now
becomes less than the pressure of the air outside, and air

flows into the mammoth — sucking any nearby object in

with it.

PRESSURE ANDWEIGHT
Any hquid or gas has a certain pressure by virtue of its

weight. When the weight of a liquid or gas presses against a

surface within the liquid or gas or against the walls of a

container, it creates a pressure on the surface or the walls.

Water flows from a tap under pressure because of the

weight of the water in the pipe and tank above. Air has a

strong pressure because of the great weight of the air in the

atmosphere. Suction makes use of this "natural" pressure

of the air
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Tests show that my apparatus not only

completely empties the mammoth, but also

dramatically increases the force with which the

water is discharged. The only problem with my
design occurs if the piston is released too quickly

when the mammoth is empty. Naturally, once the

pressure is off the mammoth expands to its

original shape and size, resulting in a deep and

powerful inhalation. Anyone or anything

standing too close to the animal's trunk during

this expansion is likely to be sucked bodily into

the animal's interior

Nozzle

Applied Force

Piston
Rod

. Piston

Chamber

Water
Molecules

Pumping Out
When the piston is pushed in a simple pump, the force

creates a high pressure in the water as the water molecules

crowd together The molecules move to any point where the

pressure is lower and they are less crowded. This point is

the nozzle of the pump, and the water emerges from it in

a jet.

APPLIED FORCE W//////'////^.

C

Nozzle

Piston
Rod

Chamber

Air
Molecules

Sucking In

As the piston is pulled back, the air pressure in the now
empty pump is reduced because the air molecules move

apart. The air molecules outside the pump are closer

together because the air there is at higher pressure, and

so they surge into the pump chamber
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Reciprocating Pumps

^ m



PISTON PUMP
In the piston pump, a

piston moves up and down
inside a cylinder, sucking in

water or air at one end and

then compressing it to expel

it at the other end. A hand-

operated water pistol

contains the mechanism

shown here. A bicycle pump
is another simple kind of

piston pump.

Pumps increase (or

decrease) the pressure of a

liquid or gas in two main

ways. The piston pump is a

reciprocating pump, in

which a part such as a piston

or diaphragm moves
repeatedly to and fro. Rotary

[Himps compress with a

rotating mechanism.

fii

Piston In

The piston moves in, increasing

the pressure of air in the empty

pump. The inlet valve closes, but

the outlet valve opens as air

escapes.

Piston Out
The piston moves back, lowering

the air pressure. The outlet valve

closes, while the water beneath

the pump, which has a higher

pressure, flows up into the pump

Piston In

The piston moves in again,

increasing the pressure of the

water in the pump. The inlet valve

closes, but the outlet valve opens

to let the water out of the pump.

dC3 Outlet Valve Filter

Diaphragm Pulled Down
A rotating cam on the camshaft tilts a

lever to pull the diaphragm down. The fue

pressure is reduced, and fuel flows through

the filter

and inlet

valve into

the pump.

Dl\phragm PushedUp
The spring moves the lever

back and raises the

diaphragm. The pressure of

the fuel increases, opening

the outlet valve to move the

fuel to the engine.

Camshaft

Cam

DIAPHRAGM PUMP
In this pump, a flexible diaphragm replaces the

reciprocating piston. The use of a diaphragm ensures

thai no liquid or gas leaks out of the pump, as could

happen with a worn piston. The fuel pump in a car

is a diaphragm pump that is driven mechanically or

by an electric motor. The pump forces fuel from the

lank lo the carburetor or fuel injectors (sec p. 140).
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RoiARY Pumps
Gear Pump
The oil that lubricates the

engine of a car must be forced

at high pressure around

channels in the engine (see

p.88). A sturdy and durable

gear pump is often used to do

the job.

The rotating camshaft of

the engine (see pp. 50-1)

normally powers the oil

pump, driving a shaft that

turns a pair of intermeshing

gearwheels inside a close-

fitting chamber The oil enters

the pump, where it is trapped

in the wheels. The wheels

cany the oil around to the

outlet, where the teeth come
together as they intermesh.

This squeezes the oil and
raises its pressure as it flows to

the outlet. The speed of

pumping is directly hnked to

the speed of the engine.

M.\^v\\m\\\\\.\\\a

ROTARYVANE PUMP
This pump contains a

chamber with a rotor

mounted slightly off-center

The rotor has slots fitted with

sliding vanes. As the rotor

turns, the vanes are thrown

outward against the chamber

wall, thereby creating

compartments of changing

size.

Where the liquid or gas

enters the pump, the

compartments expand to

suck it in. As the fluid is

carried around the pump, the

compartments get smaller

The fluid is squeezed, and

leaves the pump at high

pressure. Rotary vane pumps
are often used to deliver fuel

at gas stations.

%



PRESSURE POWER 125

I PERISTALTIC PUMP
Most pumps are likely to clog up when used

with a liquid such as blood which contains

particles. Furthermore, they would damage
blood cells. The peristaltic pump, which

is used in devices such as heart-lung

machines, avoids both these problems.

The pump contains a flexible tube

that is repeatedly squeezed by rotating rollers.

The rollers push the blood gently along the tube.

This pump has the added advantage that

the blood does not come into contact

with any mechanical parts and so

remains clean.

Centrifugal pump
The cooling system of a car

engine (see p. 152) requires a

steady flow of cool water The
water pump raises the pressure

of the water to force it through the

radiator and engine. This kind of

- rotary pump works by centrifugal

force (see p.71).

The pump contains a fan-like

impeller Liquid or gas is fed to the

center of the impeller, and flows into

the rotating blades. The blades spin

the liquid or gas around at high speed,

flinging it outward. As the hquid or

gas strikes the wall of the chamber

around the impeller, it is raised to high

pressure before it leaves the outlet.
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Pneumatic machines
Supporting a Weight
The weight that compressed air can support

depends on the pressure difference between

it and the atmosphere.

DOUBLING THE AREA
The weight that can he supported also

depends on the area. Doubling the area

doubles the weight that the air can support.

DOUBLING THE PRESSURE
Doubhng the pressure on the original

area also doubles the weight that

the air can support.

te»=

/\ur
possesses considerable power when placed

..under pressure, and when compressed it can be

used to drive machines. Pneumatic or air-driven

machines all make use of the force exerted by air

molecules striking a surface. The compressed air

exerts a greater pressure than the air on the other side

of the surface, which is at atmospheric pressure. The
difference in pressure drives the machine.

Gas TURBINE Engine

HOVERCRAFT
A hovercraft exploits the power of compressed air to lift itself above the surface

of the water or ground. Buoyed up by a cushion of air, it can then float and travel

rapidly because there is little friction with the water or ground. The hovercraft

uses propellers for horizontal movement and rudders for steering. These may
operate in the air, as in an aircraft, or underwater like

those in a ship. Gas turbines or piston engines drive both

the lift fans that compress the air and pump it into the

flexible skirt

and also the

propellers.

INFLATED SKIRT
Compressed airflows

beneath the hovercraft.

The skirt holds

it in toform a

high-pressure

cushion.
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PNEUMATIC DRILL
Control lever Disk Val\e

AIR Duct

Air Flow

ANVIL

Spring

Blade

Raising the blade
Pressing the control lever

admits air \ia the air duct

to the base of the piston,

which rises. The powerful

spring raises the blade

and the anvil above it.

The force that Ufts a hovercraft above

the sea is put to use on the road in

the reverse direction. The ear-blasting

roar which often accompanies road

repairs is produced by the pneumatic

drill, air hammer, or jack-hammer. This

device is fed with compressed air from

a pump as a source of power. The
high-pressure air is used to produce a

cycle of operations that delivers

powerful repeated blows to the tool

or blade, which hammers down into

the road surface.

Hammering the Blade
Air forced up above the nsing piston lifts the

disk valve. This diverts the incoming air to the

top of the piston, pushing it down. The piston

strikes the anvil, which in turn hammers the

blade. The fallmg piston forces air back up the

air duct, causing the disk valve to fall and the

cycle to begin again.

Booster unit

POWER BRAKES
PARTIAL VACUUM
The booster unit contains air at reduced pressure

(yellow) from the engine, allowing external air at

atmospheric pressure to force in the main piston.

BR.J1KE Fluid from
Master C^tinder

Air at Atmospheric
Pressure

Air pressure can help a driver who has to

stop quickly. In a car with power brakes,

the atmosphere helps to boost the brakes so

that they operate with greater force. Pressing

the brake pedal increases the pressure of the

brake fluid in the hydraulic braking system

(see p. 128). The fluid first goes to the booster

unit, opening a valve that admits air to the

booster to increase the pressure even more.

An engine-powered hydraulic system may
also provide extra power to the braking system.
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Hydraulic Machines

Ahydraulic machine makes use of pressure in a hquid. It does this

with a set of two or more cyUnders connected by pipes

containing the hydraulic fluid. In each cylinder is a piston. To

work the machine, force is applied to one cylinder, which is

Ch? known as the "master" cylinder. This raises the pressure of the

2^ fluid throughout the whole system, and the pistons in

I the other cylinders - the "slave" cylinders - move out

I and perform a useful action. The force produced by

each slave cylinder depends on its diameter.

Hydraulic machines work on the same principle

as levers and gears: the wider the slave cylinder, the

greater is the force that it applies, and the shorter is the

distance that it moves. As with levers and gears, the converse

also applies, so a narrow slave cylinder moves a large

distance with reduced force.

m
J I.

l>

)'..^

11
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Hydraulic brakes
Except for the hand-brake, which is operated by a

cable, cars use hydraulic braking systems. The brake

pedal moves the piston in the master cylinder, raising

the pressure of the brake fluid evenly throughout the

system. The brake fluid, its pressure boosted by the

power-brakes booster unit (see pT27), then makes

pistons in the wheel cylinders move out with great

force. These pistons apply the brake pads or shoes

to slow the car (see p. 86).

Brake Fluid

Reservoir

Drum Brake
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HYDRAULIC RAM LOADER BUCKET RAM

Machines such as the excavator

(see p. 23) and the firefighters

hydraulic platform (see p. 29) work
with hydraulic rams. Each ram
consists of a piston in a cylinder,

connected by pipes to a central

reservoir of hydraulic fluid. The

controls open valves that admit

high-pressure fluid to either side of

the piston, which then moves in or

out with great force and precision.

HYDRAULIC LIFT
A hydraulic lift easily raises the weight

of a car. It has only one piston. Air is

pumped by a compressor into an oil

reservoir where it increases the

pressure of the oil. The oil reser\'oir

acts as the master cylinder. The high-

pressure oil then flows to the base of

a cylinder, where it forces up a piston,

which supports the car's weight.

Closing the oil valve keeps the piston

extended. To lower the car, the oil and

air valves are opened. The compressed

air escapes, reducing the oil pressure

and allowing the piston to descend.

Digger

BUCKET
Ram

DIGGER

BUCKET

Stabilizer Rams
These rams take the strain off the

wheels when the machine is raising

a hea\y load.

Slave Cylinder
The pressure of the oil in the slave

cylinder increases until the pressure

on the piston is greater than the

weight of the load, so the piston

rises. The piston moves up a greater

distance than the oil in the reser\'oir

moves down.

MASTER Cylinder
When compressed air is pumped into

the reservoir, oil is forced out of the

reservoir and along the pipe to the

narrower slave cylinder, which drives

the piston.

POWER STEERING
Hydraulics can help with steering a car as well as braking.

Power steering reduces the effort of turning the car by
using a hydraulic system to boost the force that you apply

to the steering wheel. Power-steering systems may use

electric motors instead of hydraulics.

WHEEL SWIVTLS

TO Right

Rack moves to Left

TR.ACK

ROD

High-Pressure

Fluid

Control
Valve

Pinion

/i.

Piston Moves
to Left

Cylinder

Steering

Column

I) rod

-Belt-Driven

Pump raises

Fluid

Pressure

Steering Wheel
Turns to Right

Fluid

Reservoir

Track rod
Swivels Wheel

Steering System
A rack-and-pinion system (see p.43)

transmits the rotary motion of the steering

wheel to the track rods that swivel the car

wheels. A control valve admits high-

pressure hydraulic fluid to either side of a

piston in a cylinder depending on which

way the steering wheel is turned. The

piston moves in or out and drives a rod

fixed to the rack so that it boosts the force

acting on the rack.
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Suction Machines
Reducing the pressure inside

a machine causes suction.

The pressure of the outside air,

which is created by the weight

of the atmosphere, is greater

than that inside the machine.

This difference in pressure

can then be put to work. In a

vacuum cleaner, the pressure of

the outside air forces material

into the cleaner. Power brakes

(see p. 127) may use suction to

boost braking.

T;-
Air IN

_ Atmosphere
t-.f,

i///
WT)

Drinking Straw
when you suck

through a straw, the

air in the atmosphere

presses down on the

drink and pushes it up

into your mouth.

i
^<?ZSSZ2Z222»

VACUUM CLEANER
Cylinder vacuum cleaners work entirely by suction. An electric

motor in the cleaner drives a fan that pumps the air out of the

hose. The pressure of the atmosphere pushes air into the cleaning

attachment and up the hose, pulling in dust and dirt with it. The

dust-laden air then passes through a dust bag, which retains the

dust and dirt, before leaving the back of the cleaner. In some
cleaners, the fan whirls the incoming air around at very high speed

so that the dirt and dust collects on the mside walls of the cleaner.

No dust bag is needed.

'* f.

e*

El-ECTRIC

Motor .

Fan.

Ts^m
t^

,•«»

d)
(P'

Jl
^^,

_ Dust Bag
,

, t

Upright Cleaner
Upright models have a ^

n rotating bnash that beats

the dust and dirt out of a

carpet before it is sucked^

into the dust bag.
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THE AQUALUNG
With the aid of an aqualung or scuba (Self-

Contained Underwater Breathing Apparatus),

a diver can stay underwater for long periods. This

device does away with the need for a diving suit by

suppl>ing air at changing pressures during a dive.

The divers body is under pressure from the

surrounding water, which becomes greater the

deeper one dives. The air inside the diver's lungs is at

about the same pressure as the water The air in the

cylinder is at high pressure. The aqualung's regulator

has two stages that reduce the pressure of the air

coming from the cylinder to the same pressure as the

water so that the diver can breathe in. The first-stage

valve, worked by a spring, opens to admit air at a

set pressure always greater than water pressure. The

second-stage valve, worked by a lever, opens by

suction to admit air at water pressure.
Spring

Air Tube
.Mouthpiece

Air From Cyunder

Air at Set Pressure

AirJust Above Water Pressure

AiRjusT Rfi ow Water Pressure



132 HARNESSING THE ELEMENTS

THE TOILETTANK
jy[any toilet tanks work with a siphon, which

accompUshes the apparently impossible feat of

making water (or any other liquid) flow uphill. Provided

the open end of the siphon tube is below the level of the

surface, the water will flow up the tube, around the bend

and then down to the open end. Operating the toilet

tank starts the siphon flowing. Once the water begins

to double back down the siphon tube, air pressure

makes the rest of the water follow it.

Tube

Water

c> •*

^^ ^

TFlhemr? goe^'

*^ \

1 TheTank Flushes
After the handle is pressed

down, water is lifted up the

siphon tube by the disk. The

water reaches the bend in the

siphon pipe and then travels

around it. As it falls, the water

in the tank follows it.

2 The Valve Opens
When the water level in the tankfalb
below the bottom of the bell, air enters the

bell and the siphon is broken. By this time,

the float has fallen far enough to open the

valve, and water under pressure enters to

refill the tank and the float begins to rise

again.

3 THEValve Closes '

. The risingfloat gradually shuts the valve,

cutting off the water supply Although the

tank is full, the water cannot leave through the

siphdn tube until the handle is pressed downi :

forming the siphon once again. Thefloat anm
vahework together to form a self-regulatingfi

mechanism.
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PRESSURE GAUGES
Mechanical pressure gauges respond to the pressure

of a fluid, which exerts a force to move a

pointer over a dial. One of the simplest is
^

the Bourdon gauge, which is found in

the oil-pressure gauge in a car, the pressure

gauge on a gas cylinder, and the depth

gauge used by a diver It works like the

curled paper tubes you

could find yourself

blowing into at

parties.

'5

ZV'ER

Metal Tub L

Liquid

OR Gas

Under
Pressure

ANEROID BAROMETER
A barometer measures changes in the

pressure of the air, which is an indicator of

the weather ahead. The most common kind is

the aneroid barometer.

At the heart of this barometer is a capsule

from which air is removed. As the air pressure

falls, the spring pulls the side of the capsule

outward The arm rises, causing the rocking

bar to slacken the chain. The hairspring

unwinds, moving the pointer counter-

clockwise until the chain is pulled taut.

When the air pressure rises, the capsule

contracts and the pointer moves clockwise,

winding up the hairspring.

Pointer e

Rocking Bar
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THEWATER METER
A ny liquid or gas that is

Xi.under pressure will flow.

By detecting the rate of flow

with a meter, the amount of

liquid or gas that passes can

be measured. A water meter

often works rather like a rotary

pump in reverse. As the water

flows through the meter, it

turns the blades of an impeller

The shaft of the impeller turns

a worm gear (see p.37) that

reduces the speed of the

impeller Sets of gears then

turn a pointer and counters

that register the total amount
ofwater used.

^ Impeller

/ Water may travel

/through the meter at

high speed. The blades

of the impeller are set

at a small angle to

the waterflow in

order to slow the rate

at which the impeller

Dial Pointer

Meter Body

Reduction
Gears
The rate of rotation of

the impeller axle is

reduced by gears. A
worm gear is the first

in the series; the

rotation rate is then

further reduced by a

set ofspur gears.

WoR\^ Gear
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JETS AND Sprays

Water P.^TOL

After being raised to a high

pressure by its internal

piston pump (see pp. 122-3), the water is

forced out of the nozzle in a powerful jet.

Forcing a liquid through a nozzle requires pressure

because the narrow hole restricts the flow. The
liquid emerges in 'a high-pressure jet which may
break up into a spray of droplets as it meets the air.

Jets and sprays have many uses, from delivering

liquids in a useful form to providing power by action

and reaction. Gases, rather than Uquids, are usually

employed to produce power. A pump may deliver the

fluid to the nozzle, as in a dishwasher, or it may be

contained under pressure, as in a spray can.

^m
Spray Arm

Cold Water In

A dishwasher uses hot water under pressure from all directions so that it reaches all the

both to power its spray arms, and also to dishes and utensils. These are then rinsed

do the cleaning itself. To be effective, the by jets of clean water before drying.

water has to be sprayed in powerful jets

THE Dishwasher Cycle

1 WATER Treatment 3 Washing
Cold water enters through a water softener, which The hot water is pumped by the wash pump to the

treats the water so that the dishes dry without rotating spray arms. It sprays the dishes and returns

marks. to the base of the dishwasher, where it is recycled

after being filtered.

2 Heating 4 Rinsing and Drying
The waterfills the base of the dishwasher, where it After washing, the dirty water is pumped out of the

is heated. Detergent is added. dishwasher and goes to the drain. The dishes are

then rinsed and dried.

rjL>
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MANNED MANEUVERING UNIT
Whenever a jet or spray is produced, a force is

generated that acts in the reverse direction to

the flow of the fluid. This is an example of action and

reaction (see pTOO). It causes the spray arms of a

dishwasher to rotate, and is also made use of in the

manned maneuvering unit (MMU). This vehicle

enables astronauts to fly around in space. It is propelled

by jets of nitrogen gas which spurt from small nozzles.

These jets make the nozzles move backward, thereby

pushing or turning the MMU in the desired direction.

Nitrogen Tanks

Nitrogen
Supply Pipe

Thruster Set
The MMU has eight sets of

thmsters, each with three

nozzles pointing at right

angles to each other. The

controls feed nitrogen gas to

different thrusters at differait

pressures.

The MMU has two tanks of

nitrogen at high pressure

thatfeed the thrusters. The

tanks can he refueled in

space.

Thruster

Thruster

Thruster

Thruster
Nitrogen gas is non-

flammable. Each thruster

creates movement simply by

releasing the gas under

pressure. A rocket engine

(see p. 162) has a similar

effect but works by burning

fuel to produce a jet of gas.
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THESP

Gaseous
Propell\nt
AT High
PRESSURE—,

The Nozzle
The nozzle is held shut by a

spring. Pressing it down
opens the channel inside so

that the pressurized liquid

escapes to form a spray. The

spring re-seals the can when

the nozzle is released.

Liquid Propellant
Plus Product

v>

Tube

Curved Base
Resists Pressure

Spring .

Spray cans produce an aerosol, the technical term

for a very fine spray. They do this by means of a

pressurized propellant, which is a liquid that boils at

everyday temperatures. Inside the can, a layer of gaseous

propellant forms over the liquid as it boils. The gas

pressure increases, and eventually it becomes so high

that boiling stops. When the nozzle is pressed, the gas

pressure forces the product up the tube in the can and

out of the nozzle in a spray or foam. The propellant may
emerge as well but, now under less pressure, it

immediately evaporates.

Cariosityb!^' '^^ ^
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THE FIRE EXTINGUISHER
Operafing Lever _ Gas Cartridge

A cartridge containing

carbon dioxide gas at

high pressure provides

the pressure needed to

work the extinguisher

Nozzle

1 Handle Pressed _3 Gas Escapes
The gas then pushes

down on the water,

which is driven up

the siphon tube to a

hose connected

to the nozzle.

2 Valve Opens
The release valve

admits the gas to

the space above

the water

An extinguisher puts out a fire by excluding oxygen

so that combustion (see p. 146) can no longer

continue. The extinguisher must smother the whole

fire as quickly as possible, and therefore produces a

powerful spray of water, foam or powder. Some
extinguishers produce a jet of carbon dioxide, a heavy

gas that prevents burning. A fire extinguisher works in

much the same way as a spray can. The extinguishing

substance, such as water, is put under high pressure

inside the extinguisher, and the pressure forces the

substance out of the nozzle.

I

Siphon Tube
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CARBURETOR AND FUEL INJECTION
venturi

Float Chamber
The gasoline first enters

the float chamber As

the float rises and falls,

it moves the float

needle to control the

flow of gasoline to

the carburetor

t=^

Outlet Valw Spark Plug
,
Inlet Val\^

Incoming Air

Gasoline

Injector

ball of
Spray

Circulating

Air

Putting your foot down" can mean more than

being firm: in a car, you speed away as you press

the gas pedal The car speeds up because the pedal

causes more fuel to be fed to the engine (see

pp. 156-7). The fuel enters the engine cylinder as a

spray of droplets mixed with air in just the right

proportion to ignite and produce the required

power. A mixture richer in fuel gives more power.

However, the way in which the fuel forms a spray

varies from one car to another. Older gasoline-

engine cars may have a carburetor, in which the

spray forms before it enters the cylinder. In newer

gasoline-engine cars and diesel cars, the fuel is

injected into the cylinder to form a spray.

Gasoline direct Injection
A fuel injector squirts gasoline directly into the cylinder in a

precise amount controlled electronically. The air swirls

around to form a ball of spray close to the spark plug,

which then fires to ignite the gasoline. Direct injection can

provide both fuel economy and powerful performance

when required because the proportion of gasoline to air can

be very finely controlled.

DIESEL Engine
There are no spark plugs in a diesel engine. Instead, the

rising piston compresses the air inside the cylinder so

strongly that it becomes very hot. The diesel fuel is injected

by an electronically controlled injector linked to the gas

pedal to form a spray, often in an ignition chamber in the

wall of the cylinder. There the hot air causes the fuel spray to

ignite. Diesel engines use gas oil instead of gasoline and are

economical on fuel.
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Carburetor
As the piston in the cyUnder moves dowTi, the inlet vah'e

opens and air is sucked m through the carburetor. This

contains a passage with a narrow section called a venturi.

Gasoline is fed from a float chamber through a nozzle to the

\enturi. The air speeds up as it flows through the narrow

venturi, and its pressure falls. The low-pressure air sucks

gasoline out of the nozzle to form a spray, which goes to the

cylinder. In the passage is a throttle valve linked to the gas pedal.

The valve opens as the pedal is pressed, speeding the flow of

air through the carburetor and sucking in more gasoline.

Spray Fuel Injector

Pens
Many pens work by capillary action, which

occurs in a narrow tube or channel. Liquid

flows up a narrow tube because the pressure inside

is lowered as the molecules at the liquid's surface are

attracted to molecules in the tube. External air

pressure then forces the liquid up the tube.

Low
Pressure

Meniscus

Glass

TUBE

Capillary Action
Molecules of water are

attracted toward the glass

molecules, Jorming a curve

called a meniscus and

causing the pressure to drop

BALLPOINT PEN
At the tip of a ballpoint

pen is a tiny metal ball in

a socket. Ink flows from

the ink tube through a

narrow channel to the

ball, which rotates to

transfer the ink to

the paper. The ink

dries immediately.
BALL

FiBER-Tip Pen
The tip of a fiber-tip pen

contains one or more

narrow channels through

which ink flows by

capillary action as soon

as the tip touches the

paper.

Dip Pen
A dip pens nib is split

into two halves and has

a gap that fills with ink

as the pen is dipped in

the ink. Capillary

action, together with

gravity, conducts ink

from the gap down the

narrow split in the

nib to the paper.

Ink in Gap

Split in Nib
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Exploiting heat

^
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On the us
ofmammoth heat

There are two things that

mammoths enjoy above all ;^

else (with the ipossihle exception

ofswamp grass) . They are

working at some useful task and

sleeping.

! During my travels, I have come

across a number ofsituations in

^which the two have been successfully

combined to the benefit of both man
and beast

In figure 1, heat absorbed during

a long sleep in the Sun or created by

chewing swamp grass is used to warm
water stored in the animal's trunk.

W%eH the trunk is secured vertically,

the warmest water rises to the top,

making it readily available.

In figure 2, the animal is shown

/performing its bed-warming

function. Heat absorbed or created

ring the day is transferred from

the mammoth to the bed in

anticipation of its human occupant

To rouse the beast either a mouse

is slipped under the covers, or the

bed's would-be occupant makes

squeaking noises. In either case the

terrified beast is quickly displaced.

THE NATURE OF HEAT
The mammoth receives heat from the

Sun in the form of invisible heat rays

and makes heat inside its vast bulk by

the consumption of sw^amp grass and

other elephantine foods. The heat

travels through its body and warms its

skin. In the trunk, the heated water

rises of its own accord.

Heat is a form of energy that results

in the motion of molecules. Molecules

are constantly on the move in every-

thing and the faster they move, the

hotter is their possessor So when
anything receives heat energy, its

Radiation

Heat Rays

Moving
Molecules

molecules speed up; removing heat

energy slows them down. Heat travels

in three ways — by radiation,

conduction and convection.

RADIATION
Hot things radiate heat rays, or

infrared rays. The rays travel through

air or space and strike cooler objects,

which warm up. This form of heat

transfer is called thermal radiation.

The heat rays make the molecules in

the surface of the object move about

faster. Heat then spreads through the

object by conduction or convection.
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J
n figure 3, a hot sleepy

mammoth is employed as a

clothes press. To operate the

mammoth, one worker tickles the

beast behind the ear with a

feather As the mammoth rolls

'^ over onto its back in anticipation

of having its stomach scratched, a

second worker places the garments

to be pressed onto the warm spot.

hen the tickling stops, the

mammoth resumes its original

position. (I have observed that if the

tickling stops before the switching of

garments has been completed, the

result can be disastrous.)

Figure 4 shows a further

development on the principle of the

clothes press. In this case, the weight

and heat ofone or more mammoths
is employed to make and cook "Big

Mamms". These wafer-thin burgers

have become particularly popular

with the young and are available

with a variety of toppings.

Conduction

Vibrating Molecules

^cfOjj^.-n>\^.^.a^

Heat
Spreads Through Solid

Conduction
The molecules in solids vibrate to and

fro. When part of the solid is heated,

the molecules there vibrate faster.

They strike other molecules and make
them vibrate faster to spread the heat.

CONVECTION
In liquids and gases the molecules

move about. When heated, they also

move further apart. A heated liquid oi

gas expands and rises, while a cooled

liquid or gas contracts and sinks. This

movement, which is known as

convection, spreads the heat.

Convection

Hot Liquid

Expands

AND Rises

AUL
Cool Liquid

Contracts

AND Sinks
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HEATWAVES
The Sun bombards us with a whole

range of energy-carrying rays,

particularly light rays and infra-red

rays. These rays, and also microwaves,

have similar characteristics: they

pass straight through some
substances, they are reflected by

others and they are absorbed by the

remainder Objects that absorb rays

become hot, and this is made use of in

a variety of devices including the

solar heater and the microwave oven.

^;^^^
'^'^'^1?

^
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Hot Water

Copper Sheet
Transfers Heat

SOLAR HEATER
A solar heater traps some of

the immense heat that

reaches us from the Sun.

Like a closed car on a sunny

day, the inside of a solar

panel on a roof gets hot as

infra-red rays from the Sun
penetrate the glass cover

The heat passes into a

copper tube through which

cool water flows. The water

takes up the heat and then

flows directly to a hot-water

tank or (as shown) to a heat

exchanger

Cold Water Sl'pply

MICROWAVE Oven
A magnetron produces a beam of micro-

waves, which have high heating power
The beam strikes a spinning fan, which
reflects the waves onto the food from all

directions. They pass through the

container and enter the food, heating it

throughout and cooking the food evenly

and quickly.

Microwave
Beam

Microwave
Heating
The microwaves

strike molecules of

water in thefood (1).

Each wave of energy

causes the water

molecules to align (2) ai

then reverse alignment C
The extn

rapid

repeated twisting

produces heat Turntable _
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THEVACUUM FlASK
A vacuum flask can keep drinks piping hot — or icy cold —

for hours on end. It does this by preventing as much
movement of heat as possible, either out of or into the flask.

Inside the flask is a double-walled container of

glass or steel. The walls are silvered

on the inside to reflect heat rays

(which behave hke light rays)

so that rays cannot leave or

enter the flask. Between

the container walls is a

vacuum, which prevents

heat conduction through

the walls. The container

support and stopper are

made of an insulating

material, such as cork,

that reduces

conduction.
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COMBUSTION MACHINES I

FIRE AND WATER
Hydrogen hums in oxygen to create great

heat, producing water Molecules ofhydrogen

and oxygen both contain pairs of atoms. At

a sufficiently high temperature each oxygen

molecule collides violently with two

hydrogen molecules. The collision breaks the

molecules apart, and the atoms reform as

two fast-moving water molecules.

Before Combustion

Oxygen
Molecule

Hydrogen
Molecule

After Combustion

Hydrogen Atom
Oxygen Atom.

Water
.Molecule

Warm Air Combustion, or burning, is one common source

of heat. Combustion machines allow two

substances, often a fuel and oxygen in the air, to react

so that the heat they produce is harnessed. The

production of heat may be the sole purpose of the

machine, as in a gas fire, or the heat produced

may then be put to use, as in a welding torch

or an engine.

Gas Fire
The gas fire uses all three

methods of heat movement —

radiation, conduction and

convection. Cool air enters at

the base of the fire, and some of

this goes to the burners. The
flames heat the fireclay radiants,

which produce heat by radiation.

The waste gases travel through

the heat exchanger which

warms the air behind the fire by

conduction. The warmed air

rises by convection and flows

out into the room.

Heat
Rays



EXPLOITING HEAT 147

WELDING TORCH
Metal parts can be joined with great strength by melting or

welding them together A welding torch may work by

combustion. Cylinders of oxygen and hydrogen, acetylene

or another gaseous fuel are connected to the torch. The

oxygen and fuel bum to give a very hot flame.

In electric welding, a strong electric current or a hot

electric spark heats the two parts at the join.

Filler Rod
The welder uses a filler rod

to add metal to thejoin.

Wi'mi^MM
Gun Cartridge
A cartridge contains two explosives to fire a bullet from the barrel of a gun at very

high speed. Explosives are materials that bum very quickly; they produce lots

of gas that rapidly expands with great power

The first explosive in a cartridge (the detonator) is a sensitive

explosive that is set off by the firing mechanism of the gun. It

ignites the second explosive (the propellant). The resulting

gas can only expand in one direction, and it drives the

bullet out of the cartridge and along the barrel.

FLARES
Combustion gives light as well as heat but

is nowadays mostly used for emergency

lighting only. Flares contain materials that

burn brightly to hght up the night. When
used as distress signals, flares also contain

chemicals that produce intense colors.

--O.
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URNACE AND STEEL CONVERTER
Steel depends on combustion at several points in its

manufacture. It is basically iron mixed with a

precise but small quantity of carbon, and it is made
from iron ore and carbon in the form of coke. Iron

ore is a compound of iron and oxygen. To remove

the oxygen and free the iron, the ore is heated

with coke in a blast furnace. The ox^'gen in

the iron is released and taken up by the

coke during combustion.

FURNACE Gas
The waste gases from the

top of the furnace contain

carbon monoxide, which

hums in air This furnace

gas goes to the stove.

4

i'
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Blast Furnace
Inside the h\ast

furnace, the carbon

in the coke bums in

a blast of hot air

The great heat

makes more carbon

combine with the

oxygen in the iron

ore as it slowly

descends.

(
C

-'V*
/"

«ft V'

BL\ST
Hot airfrom the stoxe

blasts into the base of

the blastfumace.

I

mMi'
Pig Iron
Molten pig iron, which is rich in

carbon, collects at the bottom of the

blastfumace. It is piped into

containers and taken to the converU

ifoT-Y^)V• • • • /^ y / ^
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In the blast furnace, the iron mixes with too much
carbon to make good steel. A steel converter removes

this extra carbon. The most common kind of converter

blows oxygen gas onto the molten iron. The oxygen
burns away the extra carbon to give steel. Scrap steel

may be added to the converter for recycling.

Other kinds of steel converters include the open
hearth furnace, in which flames of burning fuel play on
a charge of iron to burn away the excess carbon, and

electric furnaces powered by a strong electric current.

^ Steel Converter
Molten pig iron is placed in

the converter, which is tilted

upright. Oxygen is then

blown onto the iron through

a tube. The carbon in the pig

iron bums, providing heat to

keep the iron molten. Waste

gases from the converter are

cleaned and discharged.

Oxygen

Steel Ingots
When the steel-making

process, which is called the

basic oxygen process, is

finished, the converter tilts

over and discharges the steel.

It is then cast into ingots

ready for use.
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ELECTRIC HEAT
No torm ot heating is as convenient as electric

heating. It is available at the click of a switch and

is totally clean to use, although its generation may
produce polluting waste through combustion and

nuclear fission (see p. 166).

Like all other sources of heat, electricity hastens the

motion of molecules, giving them extra energy that

appears as heat. When an electric current flows along a

wire, billions of tiny particles called electrons move

from atom to atom along the wire. The electrons are

smaller than the atoms, and jostle the atoms as they

pass. The vibration of the metal atoms increases, and

the wire gets hotter

Many machines contain electric heating elements

thatwork in this way. Heat may radiate from the element,

as in an electric fire, or the element may be enclosed in

an electrically insulated container that heats water, for

example, by conduction and convection.
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ELECTRIC KETTLE
An electric kettle contains a long

heating element coiled so that it fits

into the base of the kettle. The element

is long so that it gives plenty of heat

and boils the water quickly. The kettle

may also contain a thermostat (see

p. 154). This stops

the supply of current to the element

when the water boils so that the kettle

will not boil dry if unattended. The
thermostat may also cut off the power
if the kettle is switched on without any

water so that the element does not

overheat.

HAIRDRIER
A hair drier produces an instant blast

of hot air, yet is light enough to be

held in one hand so the air can be

directed. It contains a very long coil

of thin wire that develops great heat.

A jet of air blown by a fan behind the

heating element carries away this

heat. If the air flow is obstructed and

the air becomes too hot, a thermostat

cuts off the power



Heating Elements

Rack Handle

Catch

Heat Sensor
A metal strxf expands

and hends outward

as the temperature increases

and the toast browns.

'When the toast is ready,

the strip meets the trip plate,

completing an electric circuit and

activating the solenoid.

Solenoid
The solenoid contains an

electromagnet (see p.275) that

attracts the catch. As the catch

moves, it trips the lever which

releases the toast rack.

The toaster
An electric toaster is designed to pop up toast

browned to perfection. The slices of bread

descend into the toaster on a spring-loaded rack. This

switches on heating elements that brown all sides. A
timing mechanism then switches off the elements

when the toast is ready. The rack, released by an

electromagnetic catch, springs back up.

Browning Control
Operating the control shifts

the trip plate. For lighter

toast, the plate is moved

toward the heat sensor
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REFRIGERATOR

The refrigerator is a machine that makes heat move. It takes heat out of the •

inside and moves it to the outside. The heat flows into the air and the^

inside, having lost heat, becomes cold. Refrigerators work by evaporation.

When a liquid turns to vapor, it loses heat and gets colder This is because the

molecules of vapor need energy to move and leave the liquid. This energy

comes from the liquid; the molecules left behind have less energy and so the

liquid becomes colder i

Evaporator
The refrigerant leaves the

expansion valve at low

pressure, causing it to

evaporate inside the pipe

and get cold. The evaporator

is inside the refrigerator and

heatflcnvs into the

evaporator, making the

w^ refrigerg0.r cold.

Compressor
An electric refrigerator contains

a compressor to move a refrigerant

(a volatile liquid) around a pipe.

The compressor pumps the liquid

from the evaporator into the

condenser It then returns through

the expansion valve.

Radiator
Air blowing through

the radiator cools

the water

Thermostat Car Cooling System
Most cars have water-cooled engines. A pump (see

p. 125) drives the water around channels inside the

engine. The hot water then passes through the thermostat

to the radiator, where it loses its heat to the air before

returning to the pump. In some cars, the hot water also

flows through the car's heater

Cooled
Water
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Condenser
The refngerant vapor leaves the condense hack to liquid

compressor at high pressure. As it refrigerant. As this happens the

flows through the condenser, the vapor gives out heat, making the

high pressure causes the vapor to condenser warm. The condenser

AIR CONDITIONER
This machine works in the same basic way as a refrigerator. A

compressor circulates a refrigerant from an evaporator through a

condenser and expansion valve and back to the evaporator The

evaporator is placed over a fan that extracts hot and humid air from the

room. It takes heat from the air, making its moisture condense into

water droplets. The cool dry air then returns to the room. A fan

removes the heat from the condenser outside the room.

_ Hot Humid Air Expansion Valve

Compressor

<iy v^ INSIDE Outside
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THERMOSTATS
Thermostats are devices that regulate heaters and

coohng machines, repeatedly turning them on and

offso that they maintain the required temperature. They
work by expansion and contraction. As something

heats up, its molecules move further apart. The object

expands in size. When the object cools, the force

pulling the molecules together reasserts itself; the

molecules close ranks and the object contracts.

r

^

Expansion Contraction

Bimetal thermostat
This common thermostat contains a strip of two different

metals, often brass and iron. The metals expand and

contract by different amounts. The bending produced by

heating or cooling the thermostat can be used to activate a

heater switch.

Bimetal Strip __

Contact
Open

Switch Open
The strip bends as it gets hotter, opening the contact. The current

stops flowing and the heater switches itself off.

ROD THERMOSTAT
Gas ovens and heaters often contain rod thermostats. The
control is connected to a steel rod housed in a brass tube.

The tube expands or contracts more than the rod, which
closes and opens a valve in the

flow of gas.Spring ,

Valve

Brass Tube

i>

Bypass

I— Control

Current In O

Temperature Increases
The tube expands more than the rod,

allowing the spring to close the valve

at the required temperature and cut

offmost of the gas supply. A little gas

reaches the burner through a bypass

so that the burner does not go out,

which would be dangerous.

ri.-------i
Current Out

Contact Closed O

Switch Closed
The strip bends back as it cools and makes contact. The current passes

and the heater switches itself back on.

Temperature Decreases
The tube contracts, pushing back the

rod so that it opens the valve. The full

supply ofgas begins toflow to the

burner

CAR THERMOSTAT
The thermostat in a car cooling system

(see p. 152) controls the flow of cooling

water to the radiator Most car thermostats

contain wax, which melts when the water

gets hot. The wax expands, opening a

valve in the water flow. A spring closes the

valve when the water cools and the wax
solidifies.

Rod

Wax

Valve Closed
When the engine is cool, the

rod is seated in the wax
inside the brass container

Valve Open
The wax melts and expands,

pushing against the rod and

forcing the container down.



As things expand or contract, they change

size by an amount that depends on the

temperature. A rise of twenty degrees, for

example, gives twice the expansion

produced by ten degrees. Expansion and

contraction can therefore

be used to measure

temperature.

In a common
thermometer (left),

colored alcohol or

mercury rises in a

narrow tube as the

liquid gets hotter and

expands. The level

falls as it gets colder

and contracts.

The maximum-
minimum thermo-

meter (right) makes use of both

to record extremes of temperature.

Maximum Temperature

Markers
The steel markers each

have a small spring that

stops them falling back

down the tube. A magnet

is used to pull the markers

back to the mercury

The U-shaped tube contains alcohol

with mercury in the center At high

temperatures, the alcohol in the bulb

above the minimum scale expands,

pushing the mercury up the

maximum scale. A metal marker

remains at the highest point reached.

Minimum Temperature
The alcohol in the bulb above

the minimum scale contracts.

The air in the other bulb pushes

the mercury up the minimum

scale, mcjving the marker up the

scale.

©
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Gasoline engine

1 INDUCTION Stroke
The piston moves down and the

inlet \alve opens. The fuel and air-

mixture is sucked into the cylinder.

2 Compression Stroke
The inlet valve closes and the

piston moves up. The mixture is

compressed.

In the gasoline engine, we put heat to use by convening

it into motive power. A gasoline engine is often called

an internal combustion engine, but this means only that

the fuel bums inside the engine. The jet engine and

rocket engine are also internal combustion engines.

A gasoline engine works by burning a mixture of

gasohne and air in a cylinder containing a piston. The

heat produced causes the air to expand and force down
the piston, which turns a crankshaft linked to the wheels.

Most cars have a four-stroke engine. A stroke is one

movement of the piston, either up or dowTi. In a four-

stroke engine, the engine repeats a cycle of actions

(showTi above) in which the piston moves four times.

Many light vehicles, such as motorcycles, have two-

stroke engines. This kind of engine is simpler in

construction than a four-stroke engme, but not as

powerful. A two-stroke engine has no valves. Instead

there are three ports in the side of the cylinder that the

piston opens and closes as it moves up and dowTi. A
diesel engine is similar to the gasoline engine, but has

no spark plugs (see pp. 140-1).

The exhaust gases that leave the engine contain

harmful polluting gases, and may hrst pass through a

catalytic converter. This converts the harmful

substances to harmless products. The cleaned-up gases

finally go to the silencer before leaving the exhaust.
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3 POWER Stroke
The electric spark plug produces a

spark and the fuel ignites, forcing

the piston back down the cylinder

CATALYTIC CONVERTER
The harmful gases include carbon monoxide, nitrogen oxides, and

hydrocarbon fuel. In the converter, surfaces coated with catalyst

metals change the gases into carbon dioxide, nitrogen, and water

vapor. The metals are platinum, palladium, and rhodium.

4 EXHAUST Stroke
The outlet valve opens and the piston

rises, pushing the exhaust gases out

of the cylinder

Silencer
The exhaust gases leave the engine at high pressure, and would

produce intolerable noise if allowed to escape directly The

silencer contains a series of plates with holes, which reduce the

pressure of the gases so that they leave the exhaust pipe quietly

Exhaust
Pipe
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Steam power
The first engine to make use of heat to drive a

machine was the steam engine. It employed steam

raised in a boiler to drive a piston up and down a

cylinder. This engine was vital in the development of

the Industrial Revolution, but is now obsolete.

However, the age of steam is by no means over

because steam power provides us with the bulk of our

electricity. Thermal power stations, which burn fuels

such as coal (shown here) and oil, contain steam

turbines to drive the electricity generators — as do

nuclear power stations (see pp. 170-1). All power
stations are designed to pass as much energy as

possible from the fuel to the turbines

Chimney
Thejlue gasesfrom the

burning coal pass through

the reheater, economizer and

preheater before going to the

chimney.

Flue
Gases

Incoming
Air

Steam
Reheater

Precipitator _

The flue gases contain

dust and grit that are

removed by the

electrostatic precipitator

before the gases are

discharged to the

atmosphere. Inside the

precipitator are

electrically charged plates

(See p. 262) that attract

the dust and grit particles.

Coal Conveyor

PREHEArER_
To extract as much

heat as possiblefrom

the fuel, the hot flue

gases from the boiler

pass through the

preheater and heat

the incoming air

ECONOMIZER

V

The waterfrom the con-

denser is first heated in the

economizer before it returns

to the boiler

/^%i*'^r^ y

Coal Mill
The coal is ground to afmc
powder inside the coal mill.

Air heated in the preheaters

blows the powdered coal

along pipes to the furnace.
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Boiler
Waterflows through

tubes inside the

furnace, producing

steam at high pressure

in the steam drum.

This steam then flows

to the superheater at

the top of the furnace.

STEAM TURBINE
A steam turbine works in the same basic way
as a windmill (see p. 34). The high-pressure

steam strikes the blades of the turbine and

makes them rotate, just as the wind blows the

sails of a windmill. The turbine contains sets

of stationary blades attached to the inner wall

that direct the steam on to the rotating

blades.

The steam expands as it drives the blades,

lowering its pressure and temperature. The
turbine has three stages with separate sets of

blades that work at high, intermediate and low

steam pressures. In this way, the maximum
amount of heat energy is turned into motive

power

The steam from the turbine is condensed to

water in the condenser It then returns to the

boiler In the condenser, the steam flows through

pipes surrounded by cold water This cooling water

may then be piped to cooling towers.

COOUNG
Watkr
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THEJET ENGINE
Without the jet engine, many of us would have little

experience of flight. Superior both in power and
economy to the propeller engine, it has made mass
worldwide air travel possible.

A jet engine sucks air in at the front and ejects it at

high speed from the back. The principle of action and

reaction (see p. 100) forces the engine forward as the

air streams backward. The engine is powered by heat

produced by burning kerosene or paraffin.

THE TURBOFAN
The engine that drives big airliners

is a turbofan engine. At the front of

the engine, a large fan rotates to

draw air in. Some of this air then

enters the compressors, which

contain both rotating and

stationary blades. The compressors

raise the pressure of the air, which

then flows to the combustors or

combustion chambers. There,

flames of burning kerosene heat

the air, which expands. The hot,

high-pressure air rushes toward

the exhaust, but first passes

through turbines which drive the

compressors and the fan.

The rest of the air sucked in by

the fan passes around the com-
pressors, combustors and turbines.

It helps to cool and quiet the

engine, and then joins the heated

air A large amount of air speeds

from the engine, dnving the aircraft

forward with tremendous force.

Rotating
Fan Blades

Engine _
COWUNG

,o<v^^

Stationary
Fan BiADES
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ROCKET ENGINES
The rocket is the simplest and most

powerful kind of heat engine. It

bums fuel in a combustion chamber

with an open end. The hot gases

produced expand greatly and rush from

the open end or exhaust at high speed.

The rocket moves forward by action and

reaction (see p. 100) as the gases exert a

powerful force on the chamber walls.

Rockets can work in space because,

unlike other heat engines, they do not

require air for combustion.

Their fuel burns without
Paper—_4— Ny^ the need for an external
Cone / \ oxygen supply.

Colored Stars

Explosive

Charge

Clay

Rolled
Paper Tube

Propellant

Stick

Firework Rocket
Firework rockets are the

simplestform of heat

engine. They are packed

with a propellant, a

powder that bums

fiercely. The smoke and

hot gases stream from
the base and drive the

rocket upward, while the

long stick keeps the

rocket's flight straight.

The propellant is slowly

consumed by combustion,

and finally the burning

powder ignites an

explosive charge which

expels the glowing stars.

SOLID-FUEL ROCKET
Many spacecraft are launched by solid-fuel boosters, which are

rocket engines that, like firework rockets, contain a solid

propellant. A circular or star-shaped channel runs down the

center of the propellant. The propellant bums at the surface of

this channel, so the channel is the combustion chamber. A
solid-fuel booster develops more power if the channel is star-

shaped. This is because the channel's area is larger, and a greater

volume of hot gases is produced. Solid-fuel rockets can produce

great power but, once ignited, they cannot be shut down; they fly

until all the propellant has burned.

Igniter

Propeuant .

Channel .

Nozzle
The rocket can be

steered by swiveling

the nozzle at the base

of the rocket.

!|
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Liquid-Fuel rocket
Spacecraft that require repeated firings of their engines,

often for maneuvering in space, have liquid-fuel rocket

engines. UnUke soUd propellants, Uquid propellants are

fed to the combustion chamber and are burned for as

long as necessary. The propellants consist of two liquids,

usually called the fuel and the oxidizer Liquid hydrogen

and liquid oxygen are often used.

Fuel Tank.

Oxidizer Tank

Pumps
The rocket may contain

pumps that feed the pro-

pellants to the combustion

chamber The pumps are

driven by a turbine often

powered by gas produced by

the propellants. In some

rockets, the propellants are

delivered under gas pressure,

so pumps are not needed.

Valves
These control theflow of the

propellants, enabling the

engine to work at different

degrees ofpower

Combustion
Chamber
The propellants generally

have to be ignited in the

combustion chamber, but

some rockets use propellants

which ignite on contact.

Nozzle

/^

_ Main Engines (Liquid Fuel)

Space Shuttle
The space shuttle has five principal rocket engines.

These are two huge solid-fuel boosters fixed

alongside the orbiter, and three liquid-fuel main

engines at the rear of the orbiter The external tank

contains liquid hydrogen and liquid oxygen for the

main engines. These five engines only take the

shuttle into space. Other smaller Uquid-fuel engines

are used to attain and leave orbit and to maneuver

the shuttle in space.
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Nuclearpower
n-n.

On the gift that kepton giving

During my travels, I once became snowbound in a town that had

completely exhausted its fuel supply. On one bitterly cold morning,

I awoke to learn that an enormous concrete mammoth had somehow
appeared outside the gate. An excited crowd quickly surrounded it, and

my professional opinion was sought.

Attached to the mammoth's long flexible trunk Ifound a note which

stated that this gigantic machine yvas a giftfrom a friend. If treated

properly, the note continued, thejfnammoth would give all the heat, in

theform ofsteam, that the towti would ever need. In return, all the

machine required was plenty ofwater and an occasional pillctfrom a .

bag provided. Scribbled at the bottom of the note was a reminder to ..^

bury in heavy containers all the waste material that discharged
''*

periodicallyfrom the rear of the contraption. The note was not signed.

NUCLEAR REACTIONS
The mechanical mammoth is able to supply such pro-

digious amounts of energy from so little fuel because it is a

nuclear machine. Inside is a nuclear reactor that converts

the fuel into heat, but it does not burn the nuclear fuel.

Burning or combustion is a chemical reaction. The
elements present in the fuel and the oxygen in the air

merely rearrange themselves as burning progresses. The
new arrangement of elements, which yields ash, smoke and

waste gases, has less energy than the original fuel and

oxygen. The leftover energy appears as heat.

A nuclear reaction exploits the elements to produce

heat in a totally different manner
When a nuclear reaction occurs, the elements in the fuel

do not remain the same. Instead, the nuclear reactor

changes the elements in the fuel into other elements. The

waste products of the nuclear reaction have less mass than

the fuel, and the lost mass turns into heat energy. A nucleai

reaction in fact creates energy; it does not convert one form

of energy into another A Httle mass gives a lot of energy,

which is why nuclear power is so abundant.
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We followed the instructions faithfully. A large amount ofwater was pumped
into the concrete creature after which a few pellets were tossed in. It seemed no

time at all before, to loud cheersfrom the assembled populace, clouds

ofsteam began puffingfrom the mammoth's trunk. A piping system was promptly

attached from the trunk to every building in the town. Thereafter, even on the coldest

days, everyone, myself included, was warm and cosy When the waste

issued forth, we took it in turns to seal and bury them as the note had

instructed.

As the winter wore on, however, the disposal

teams grew less and less inclined to turn

out to bury the waste which, after all, seemed

harmless enough. Fortunately, I was able to

devise a most ingenious way to solve the

problem of unsightly waste. A large

hole was cut in the wall through which

the front end of the mammoth was

pushed. Since the rear end of the

mammoth stood outside the wall, the

waste products could be ignored.

There were those in the town, who
remained suspicious of the concrete

mammoth. They wondered not only

how it worked but also where it had

comefrom; could it really be as

beneficial as it seemed? But by

announcing that I v^ould open the

mdchi^ up and, lead conducted tours ]

of the mechariism; I was able to allay
\

theseJears.
•

|

However, spring arrived, the snow

cleared and I was on my way again ':.

before the promise could be kept. As I
'

left, I noticed that the trees near the

waste had yet to burst into leaf

CONTROLLING NUCLEAR POWER
The people are right to be wary of the nuclear mammoth. A
nuclear reaction can, if uncontrolled, produce an enormous
explosion as the immense release of energy takes place

almost instantaneously. This occurs in nuclear weapons.

Nuclear reactors achieve the controlled release of nuclear

power. However, the reaction itself and also its waste

products give out harmful rays known as radiation, and the

reactor has to be encased in concrete and the waste stored

well away from people for safety. The production of radiation

is also a nuclear reaction, for it changes the elements in the

waste. However, it takes place at a much slower rate than in a

nuclear reactor, and the radioactive waste can continue to

emit harmful radiation for many years.

It is ironic then that we all depend ultimately on nuclear

power, because the heat and light that support hfe on Earth

come from a gigantic nuclear reaction that is taking place

in the Sun. Indeed, the production of energy on such a vast

scale is possible only by nuclear reactions. Ever)' second,

the Sun loses four million tons of its mass to sustain its

huge output of energy.
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Nuclear fission
Nuclear power gets its name because the process of

power production takes place inside the nucleus.

Each atom of fuel contains a central particle called the

nucleus, which is itself made- up of even smaller

particles called protons and neutrons.

The kind of nuclear reaction that happens inside a

nuclear reactor is called nuclear fission. The fuel is

uranium or plutonium, two very heavy elements which

have many protons and neutrons in their nuclei. Fission

starts when a fast-moving neutron strikes a nucleus.

The nucleus cannot take in the extra neutron, and the

whole nucleus breaks apart into two smaller nuclei.

Several neutrons are also released and these go on to

break more nuclei, which produce more neutrons and

so on. Because the first neutron sets off a chain of

fissions, the nuclear reaction is called a chain reaction.

Without control, it can multiply rapidly and produce

enormous heat in a fraction of a second.

% -1

^

Fission Fragments
Eac\v^\s>s\on produces two

smaller nuclei called

fission fragments. As the

chain reaction proceeds,

the fragments and neut-

rons mo\'e at high speed,

agitating the atoms of

fuel and producing greci

heat.

CHAIN REACTION
Free neutrons in the fuel strike nuclei of

uranium or plutonium, causing them to break

apart and produce more neutrons. If there are

sufficient nuclei, the neutrons produce a chain of

further fissions as more and more nuclei break apart.

RADIATION
As each fission occurs,

gamma rays are released.

This form of radiation is

ham\ful and highly pene-

trating, requiring a

concrete shield for safety.
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NUCLEAR FUSION
Nuclear power can be produced by a process

called fusion as well as by fission. In this kind

of reaction, the nuclei of the fuel come together and do

not break apart. UnUke fission, nuclear fusion occurs

only with small atoms whose nuclei contain very few

protons and neutrons. The gaseous fuel consists of two

different forms of hydrogen, which is the lightest of the

elements. To produce nuclear fusion, pairs of nuclei

meet so that their protons and neutrons fuse together

and become a single nucleus. A spare neutron is left

over. The fused nuclei and neutrons move off at high

speed, producing great heat. Radiation is not emitted,

but the neutrons are harmful.

To get the nuclei to meet and fuse, the atoms must be

banged together with tremendous force. This can only

be done by heating the fuel to temperatures of millions

of degrees. Nuclear fusion powers the Sun, and it also

occurs in thermonuclear weapons.

J Tritium
^The other gas in the fuel

is tritium, anotherform

of hydrogen. It has one

proton and two

neutrons in each nucleus

Tritium is made hy

bombarding lithium, a

common metal,

with neutrons, ^x^

Helium
when the nuclei of deuterium

and tritium fuse, they first

produce a nucleus containing two

protons and three

neutrons. This

nucleus is an unstable

^ form of the element

\ helium.

It breaks I

apart to y,
enormalf\

helium, which has j:

two protons and two neutrons,//

and the extra

neutron

escapes

/

*

U9\^ ' <> * «
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NUCLEARWEAPONS

..v^*

^ \

^\

K
ATOM BOMB
An atom bomb is better known as a fission

bomb because it works by nuclear fission. The
bomb contains a hollow sphere of uranium or

plutonium. The sphere is too big to initiate a

chain reaction because neutrons that occur

naturally escape from the surface of the sphere

without causing fission.

To detonate the bomb, a source of neutrons is

shot by the detonator into the center of the

Detonator

sphere. Explosives then crush the sphere around
the neutron source. The neutrons cannot now
escape. A chain reaction occurs and fission

flashes through the uranium or plutonium in a

fraction of a second. The bomb explodes with a

power equal to thousands of tons (kilotons) of

TNT. Intense radiation is also produced.

Neutron Source

Uranium or
Plutonium Sphere

Explosive

HYDROGEN BOMB
The hydrogen bomb or H-bomb is a

thermonuclear weapon which works partly by

nuclear fusion. Two forms of hydrogen —

deuterium and tritium — are compressed at very

high temperature to produce instant fusion.

These conditions of ultra-high temperature and

pressure can only be created by a fission bomb,
which is used to trigger fusion in a thermonuclear

weapon. Explosives crush aU the nuclear

Nuclear Testing
The'fallout or debris

produced by the explosion of

a nuclear weapon is so
' radiogtctive that the weapons

must he tested in chambers

dug deep underground in

remote areas. Tn this way, the

f j^tmosphere is-j^ot con-

taminated by th^jallout.

Neutron Source

Casing

materials around a neutron source to detonate

the bomb.
Some thermonuclear weapons also contain a

jacket of uranium, which produces a blast equal

to millions of tons (megatons) of TNT. The
neutron bomb, on the other hand, is a fusion

weapon of relatively low power that produces

penetrating neutrons. The neutrons released by

the bomb would kill people while most buildings

would survive the weak blast.

-Casing

c^^W-
UraniumJacket

Fusion Fuel

Uranium or
Plutonium Trigger

|[
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FALLOUT
A future nuclear war would not only reduce cities

and towns to ruins. Fallout from the nuclear

explosions would spread through the atmosphere,

bombarding the land with lethal amounts of radiation.

The only means of escape would be to live in deep

underground shelters away from the fallout. This

imprisonment would have to last until the radiation

decreased to an acceptable level, which could take

many years. Even then, chmatic changes, shortage of

food and the threat of disease would make life above

ground a grim business.

• i .

^ yo^ ... V
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NUCLEAR REACTOR
The heart of a nuclear power station is its nuclear

reactor. Here, immense heat is generated by the

fission of uranium fuel. The heat is transferred from the

reactor to a steam generator, where it boils water to

steam. The rest of the nuclear power station works in

the same way as one powered by coal (see pp. 158-9).

In all nuclear reactors, a liquid or gas flows through the

core of the reactor and heats up. Its purpose is to take

away the heat generated by fission in the reactor core,

so it is called a coolant. The main kind of nuclear

reactor used in nuclear power stations, the pressurized

water reactor (PWR) , uses water as the coolant.

Fuel RODS
Thefuel consists of pellets of

uranium dioxide loaded into

long metal tubes. Clusters of

these fuel rods are then inserted

into the reactor core.

Control Rods
Among the fuel rods are control

rods, which contain a substance

that absorbs neutrons. Moving

the rods in or out of the core

controls theflow of neutrons so

that fission progresses steadily

and provides a constant supply

of heat. The reactor is shut down

by fully inserting the control rods.

Reactor Core
A steel pressure vessel surrounds

the core of the pressurized water

reactor, which contains the fuel

rods and control rods. Neutrons,

which occur naturally, start a

chain reaction in the fuel and

fast neutrons are produced by

Neutron Shield

fission. The coolant (pressurized

water) flowing through the core

slows the neutrons down. The

slow neutrons cause further

fission and keep the chain

reaction going. Heat produced by

fission is passed to the coolant.

Hot Coolant Out.

Control
Rod

Coolant
In

Fuel Rod

Control
ROD

Steel

Pressure
Vessel

Circulating
Coolant
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The core has a concrete shield

which reduces the levels of

radiation inside the reactor

building. Within the shield, the

top of the reactor core may he

immersed in water to absorb

radiation.

REACTOR BUILDING
The reactor core and steam generators are

housed in a steel containment vessel surrounded

by a thick layer of concrete. The concrete

ab'sorbs radiation while the steel vessel seals off

the reactor and steam generators to prevent the

escape of any radioactive water or steam. The

spent fuel is also highly radioactive; its

radioactivity may take decades or even centuries

to decline to a level where it can be considered

safe. Spent fuel may be stored at the power

station, or alternatively, it may be sealed and

buried either underground or beneath the sea.

Steam Generator
The temperature of the core is far

above the normal boiling point of

water, and the coolant water is

placed under high pressure to stop

it boiling. This superhot water then

goes to the steam generators,

where it gives up its heat to boil

unpressurized waterflowing

through the steam generators. This

steam then travels to the turbines.

Coolant Pump
Powerful pumps circulate the

hot coolantfrom the reactor

core to the steam generators.

\ m
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FUSION POWER
Nuclear fusion could provide us with almost

unlimited power. The fuels for fusion come from

materials that are common. Deuterium is made from

water and tritium is produced from lithium, which is a

metal that occurs widely in minerals. All that is needed

is a machine to make them fuse under controlled

conditions.

In practice, these conditions are extremely difficult

to achieve. The two gases must be heated to a

temperature of hundreds of millions of degrees, and

kept together for a few seconds. No ordinary container

can hold them, and several different systems based on

magnetic fields or lasers are being tried.

However, progress is being made; fusion has been
achieved on a limited scale but the amount of energy

produced is much less than the energy fed into the

fusion machine to create the conditions. Scientists

hope that fusion power will advance to become reality

early in the next century. If so, we shall possess a source

of energy that not only has tremendous power but uses

fuels that are abundant. Although a fusion reactor

would not be likely to explode and release radioactivity,

it would produce radioactive waste in the form of

discarded reactor components.
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thetokamak
Most fusion research uses a machine

called a tokamak, which was originally

developed in Russia. At its heart is a

torus — a doughnut-shape tube that

contains the gases to be fused. A huge

electrical transformer and coils of

wire surround the tube. The

transformer produces an electric

current in the gases, which heats them

up to produce an electrically charged

mixture, or plasma. At the same time,

strong magnetic fields produced by

the current and the coils act on the

hot gases.

The magnetic fields (see pp. 274-5)

confine the gases to the center of the

torus so that they do not touch the

walls. They can then become very hot

indeed and begin to fuse. Extra

heating can be achieved by

bombarding the gases with powerful

radio waves, and by injecting beams of

particles into the torus.

Torus
The torus contains a vacuum into which the

fuel gases are injected.

Magnetic Field Coils

These coils are wound around the torus and

are supplied with a powerful electric current

A magnetic field is created in the torus.

Transformer
Electric current supplied to the transformer

coils at the center of the machine is stepped

up hy the transformer coils to create a

powerful current in the plasma. This current

heats the plasma and produces a second

magnetic field around the plasma. The two

magnetic fields combine to give afield that

confines the plasma to the center of the

torus.

Plasma
The gasesfed into the torus are heated to sucli

high temperatures that they become a

plasma, a form ofsuperhot gas that is

affected by magnetism. The magnetic field

squeezes the plasma into a narrow ring at the

centre of the torus. The high temperature and

pressure cause fusion to occur

FUSION REACTOR
This is how a fusion reactor of the

future could work. Deuterium and

tritium are fed into the torus, where

they fuse together. Fusion produces

non-radioactive helium, which

leaves the torus, and high-energy

neutrons. Around the torus is a

blanket of lithium metal. The
neutrons enter the blanket and

convert some of the Hthium into

tritium, which is extracted and
goes to the torus. The neutrons also

heat up the blanket. This heat is

removed by a heat exchanger and

goes to a boiler to raise steam for

electricity generation. The reactor

shield absorbs the low-energy

neutrons leaving the blanket.

Torus

SOLAR FUSION
Several forms of power make use of

the heat and Hght that come from

the Sun. None are yet the principal

providers of our energy, but they

may become important in the

future. Solar power makes use of

nuclear ,fu?ian, which produces

; the Siih'sv heat and light.

Fj""
"

Water FROM
Turbine
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INTRODUCTION
AT EXTRY MOMENT OF OUR LIVES, we are bombarded with waves of energy. Painful though

this may sound, it is actually nothing to get alarmed about, because most of this energy

passes by us, or in some cases, right through us, without having any harmful effect.

However, not all of these waves escape our notice. Through our senses, we can detect a small

but important part of this ceaseless barrage. We can feel heat energy through our skin, we can

see light energy with our eyes, and we can detect sound energy with our ears. But with the

help of the machines described in this part of The New Way Things Work we can do far more

than this: we can communicate over unimaginable distances, bring hidden worlds - both

microscopic and astronomic - into view, and reconstruct sights and sounds that would

otherwise be locked away in the past.

Stretching our Senses
Machines that work with waves use wave energy to amplify and extend our eyes and ears.

Telescopes and microscopes upgrade the lenses in our eyes to reveal the extraordinary

amount of fine detail that is actually present in light rays, but which unaided our eyes cannot

see. Printing and photography put words and pictures on paper in full color, while in

holograms, lasers exploit the clash of light waves to produce astonishing images that are so

real you think you can put your hands around them. Methods of recording sound and

moving images recreate waves of sound and light to produce a potent means of illusion.

What most of these machines do is quite easy to describe, because many of them, for

example the camera, tape recorder, video recorder, and telephone, are familiar objects found

in almost every home. More difficult is understanding how wave energy allows them to do it.

Energy on the move
When a sewing machine or a gasoline engine is used, it is easy to see where the energy comes

from and where it goes to. Machines that work with waves are different. You cannot hold

waves of energy in order to examine them, and to make things trickier, energy waves behave

according to a separate set of principles from those that govern physical matter.

The important feature of energy waves is that when they are conducted through matter, it is

only the energy itself that moves. When a stone is dropped into a pond, for example, the

ripples spread out from the point where the stone hits the water. But these miniature waves

are not made up of water traveling outward. Instead, the water at the surface of the pond just

rises and falls, and only the energy moves outward. The waves used by machines work in just

the same way. Every passing wave consists of a regular rise and fall of energy. The distance

between successive energy rises is the wavelength, and the rate at which they pass is the

wave's frequency. Both are very important in our perception of waves.
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WAVES THROUGH MATTER
The machines in the following pages use two different types of waves. Of the two, sound

waves are easier to understand because they consist of vibrations in matter. They can only

travel through matter - air, water, glass, steel, bricks and mortar; if it can be made to vibrate,

sound will travel through it. An individual sound wave is a chain of vibrating molecules - the

tiny particles in the air, water, or solid materials. When a loudspeaker vibrates, the molecules

in the air around it also vibrate. But like the water in the pond, the molecules do not

themseWes move with the sound. Instead, they just pass on the vibration. Regions of high

and low pressure movT through the air and spread out from the source. Sound is simply our

perception of this vibration. If something vibrates faster than about 20 times a second, we

can hear it - this is the deepest note that human ears can detect. As the vibration speeds up,

the pitch gets higher. At 20,000 vibrations a second, the pitch becomes too high for us to

hear, but not too high for machines such as the ultrasound scanner, which uses high-pitched

sound in the same way as a flying bat to create an image built up of echoes.

WAVES Through Space
The second category of waves includes light and radio waves - members of a family known

as electromagnetic waves. These mobile forms of energy are often called rays instead of waves

- heat rays are also family members. The only way these waves differ is in their frequency.

Rather than vibrating molecules, electromagnetic waves - light, heat rays, and radio waves -

consist of vibrating electric and magnetic fields. Because these fields can exist in empty space,

electromagnetic waves can travel through nothingness itself. Like sound waves, each wave

has a particular frequency. In light, we see different frequencies as different colors just as

higher and lower sound frequencies give treble and bass notes. All electromagnetic wav^es

travel at the speed of light, while sound waves crawl along at a miUionth of that speed.

COMMUNICATING WITH WAVES
In traveling to us and through us, waves and rays may not just bring energy but may also

communicate meaning. Waves that are constant, as in the beam of a flashUght, cannot convey

any information. But if that beam is interrupted, or if its brightness can be made to change,

then it can carry a message. This is how all wave-borne communications work. Patterns of

energ}' arriv^e from energ)^ sources that are high or low, loud or soft, light or dark, different

colors. In this way, sound wav^es and light rays bring us music, voices, words on a page and

expressions on faces. By converting these waves to radio waves and electrical waves that can

travel great distances, sounds and images can flash around the world. The machines on the

following pages show something of the vast range of wave communications - from a

telephone conversation with a next-door neighbor to the feeble signals from a space probe

hurtling towards the Solar System's distant edge.
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Lightand images
On SEEING THINGS

My life as an inventor has not been without its setbacks. Perhaps

the most distressing was the failure ofmy athletic trophy

business. Having perfected the folding rubberjavelin and the

stunning crystal discus, I entrusted their production to an

apprentice. His initial enthusiasm however soon

gave way to strange yyyi^ /^
delusions ofgiant ^,^ ^ ^^^ ^^=^^^^
mammoths.

UK^ f

LIGHT RAYS
All sources of light produce rays that stream out in

all directions. When these rays strike objects, they

usually bounce off them. If hghts rays enter our eyes

we either see the source of the light or the object

that reflected the rays toward us. The angle of the

rays gives the object its apparent size.

Rays from
Source of Light _

Rays Reflected
Toward E^ts

EYESIGHT
The lens of the eye bends the Hght rays that come

from an object. It forms an image of the object on

the hght-sensitive retina of the eye, and this image is

then changed to nerve impulses which travel to the

brain. The image is in fact upside down on the

retina, but the brain interprets it as upright.

R.-\YS

from Object

Lens Retina

n

EyebauN

Image of Object

t
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Assuming that he was simply overworked, I reduced his

hours and improved ventilation in the workshop. But

his condition deteriorated and one day he confronted me
in my laboratory, claiming that miniature mammoths had

invaded the premises. He insisted that a procession of

these creatures was making its way across the wall,

accompanied hy a trail ofsmoke. Within the hour, word

reached us that the workshop and all its contents had

mysteriously burned to the ground. 1 realized that the

frightened youth must have knocked over a candle as he
'

fled, and although very disappointed at the loss, I decided

to humor him and attribute the disaster to the spirits.

FORMING IMAGES
As light rays enter and leave transparent materials such as

glass, they bend or refract. Seen through a lens, a nearby

object appears to be much bigger because the rays enter

the eye in a wider angle than they would without it. This is

why the mammoth's eye is magnified by the discus.

Lenses can also throw images onto a surface. Cones of

rays from every point on the object are bent by the lens to

meet at the surface. The cones cross, inverting the

mammoths, while the sun's rays meet to form a hot spot

on the wall.

Rays from
Top of Bulb

Lens
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Lighting
There are two basic methods of producing artificial filament is heated so much that it glows. The second

hght. The first is to heat something so hot that it method is to pass an electric current through a gas or
glows. The flame of a candle or oil lamp contains vapor so that the gas or vapor Ughts up. Both methods
particles of carbon that have been made white-hot by cause electrons, the tiny charged parades inside
the combustion of the wax or oil. In a hght bulb, the atoms, to emit energy in the form of hght rays.

Orbiting _
Electrons

Energized Electron
^ —

Iq
. Nucleus

Civ^ ^'

—

*K^ Light Ray

. ^ /

Stable Atom
Inside an atom, tXtcirons. mmt in a number

ofconcentric orbits around the nucleus.

ELECTRONS Move Out
Heat or electricity provides enough energy to

make the electrons "jump" to higher orbits.

Electrons Fall Back
When the electrons fall hack, their extra

energy is emitted as a ray of light

Electrode Phosphor Coating Glass Tube Electrode

Free Electrons
©,•

1 » «

Mercury Vapor *»-' /

th*'

V'^^

/

i-^

Fluorescent lamp
A fluorescent lamp contains a glass tube that glows with
white hght when an electric current is passed through it.

At each end of the tube are electrodes that are heated by
the current and emit free electrons. The electrons strike

atoms of mercur\- vapor in the tube, and cause the atoms

to emit rays of ultraviolet light. The ultraviolet rays, which
are invisible, strike a phosphor coating on the inside of the

tube. The rays energize the electrons in the phosphor
atoms, and the atoms emit white hght. The conversion of

one kind of light into another is known as fluorescence.

c
—^——

^

t ^At -
" Street Light

^ ' The color of fluorescent

j
street Ughts depends on
the substance inside the

Q mbe. Sodium Ughts

C contain sodium vapor

^ which glows a bright

.' % yellow-orange when

ll ^\ electricity is passed

I \^ . through it. Neon signs

HI
1 J^^. work with a number of

l&l Mt3B^ 1 ' sases: neon itself glows red.^

ELECTRONIC FLASH
The electronic flash on a camera is

similar to a fluorescent lamp. A capacitor

inside the camera builds up a strong electric

charge and then discharges it as the shutter

is pressed. The charge produces a bright but

very brief spark of Ught inside the flash tube.
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LIGHT BULB
An electric light bulb consists of a filament of

tungsten wire wound in a tight coil. The passage of

electricity through the filament heats the coil so that it

becomes white hot. The filament reaches a temperature

of about 4,500°F (2,500°C) . Tungsten is chosen because

it has a very high melting point and will not melt as it

heats up. The bulb contains an inert gas such as argon

to prevent the metal combining with oxygen in the air,

which would cause the filament to burn out. The gas is

usually under reduced pressure.

In modern light bulbs each coil of the filament is

often made up of even tinier coils. The filament is

therefore very long but very thin. This arrangement

increases its light output.

Gl\ss Bulb Inert Gas at Low Pressure
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Adding Colors
Many of the color images we see are not quite what of light, such as color television pictures (see p. 246)

,

they seem. Instead of being composed of all the combine colors by "additive" mixing. Stage Ughts
colors that we perceive, they are actually made of three produce a range of colors by additive mixing of three

primary colors mixed together Images that are sources primary colors at various brightnesses.

BLACK
The three primary colors

in additive mixing are red,

green and blue. When no

light is produced, there are

no colors to mix together

and the result is an

absence of light — or black.

YELLOW
When green and red lights

illuminate a white object,

they mix together to

color the object yellow.

In a television picture,

green and red dots or

stripes light up and the eye

fuses them to see yellow.

CYAN
An equal mixture of two

primary colors is called a

secondary color Yellow is

a secondary color and so

is cyan, which is produced

by mixing blue and green

lights.

MAGENIA
Magenta is a third

secondary color,

produced by mixing red

and blue. Other colors

are formed by mixing the

primar)' colors in different

proportions.

WHITE
White is produced by

mixing all three primary

colors together White

light is given by an equal

mixture of red, green and

blue lights.
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Subtracting Colors
Images produced by mixing printing inks (see light. The pictures reflect some of the primary colors in

pp.2 14-5) and paints form colors by "subtractive" the white light that illuminates them, and absorb or

mixing. This gives different colors to additive mixing subtract the other primary colors. We see the reflected

because the pictures themselves are not sources of primary colors added together.
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MIRRORS
Aflat mirror reflects the light rays which strike it so that the rays

leave the surface of the mirror at exactly the same angle that they

meet it The Ught rays enter the eye as if they had come directly from

an object behind the mirror, and we therefore see an image of the

object in the mirror This image is a "virtual" image: it cannot be

projected on a screen. It is also reversed. Images formed by two

mirrors, as in the periscope, are not reversed because the second

mirror corrects the image.

PERISCOPE

The periscope makes it possible to see

around corners. It has one mirror to

capture light rays from an object and sends

them to another mirror which directs the

rays into the eye.

Image-'

Convex
Mirror

w
Object

DRIVING MIRROR
A driving mirror is a convex mirror, which curves toward the viewer

It reflects light rays from an image so that they diverge. The eye sees an

image which is reduced in size, giving the mirror a wide field ofview

Concave Mirror

Parallel Rays

IN Light Beam

HEADLIGHT MIRROR
In headlights and

flashlights, a concave

mirror is placed behind

the bulb. The light rays

are reflected by the

curved surface so that

they are paraUel and form

a narrow and bright

beam of light.
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ENDOSCOPE

Fiber Optics

Fiberoptic de\'ices depend on internal

reflection, which allows light to pass along a

narrowfilament ofvery pure glass. The light-

conducting fibers used by instruments such as the endoscope have a glass

coating that reflects light rays along the fiber core. An image formed by a

lens on one end of a cable offibers appears at the other end, no matter

how much the cable twists. Each fiber carries part of the image. Optical

fibers also carry light signals over long distances in telecommunications

(see pp.234-5).

By
using an endoscope, a doctor can easily see what

is going on inside a body without cutting it open. A
narrow tube containing fiber optic cables or guides is

inserted into a channel in the body, such as the throat,

light guides transmit light along the fibers to light up
the interior. The image guide sends a picture of the

interior back along the tube, where it is viewed in an

eyepiece. The tube also contains air and water pipes as

well as a channel for small surgical instruments. Wires

control the bending of the tube.

Instrument Channel
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LENSES
Lenses are ot great importance in devices that use

light. Optical instruments such as cameras,

projectors, microscopes and telescopes all produce

images with lenses, while many of us see the world

through lenses that correct poor sight. Lenses work by

refraction, which is the bending of light rays that

occurs as rays leave one transparent material and enter

another. In the case of lenses, the two materials involved

are glass and air. Lenses in glasses and contact lenses

are used to supplement the lens in the eye (see p. 178)

when it cannot otherwise bend the rays by the angle

required to form a sharp image.

Object Light Rays Lens -Converging Rays

Screen

Object ^Virtual Image

Inverted Real Image _

CONVEX LENS
A convex lens is thicker at the center than the edges. Light

rays from an object pass through it and converge to form a

"real" image — one that can be seen on a screen.

r
I

L Light Rays

Concave Lens
A concave lens is thicker at the edges than the center It

makes light rays diverge. The eye receives these rays and

sees a smaller "virtual" image (see p. 184) of the object.

Front Convex Lens .

VA^'f^^^^^'^'^^ifi^^

Telephoto
Configuration
lo gwe the vnaxvmwixi

magmjxcaixon, the front

convex lens is moved

forward while the concave

lens is moved backward.

This narrows the field of

view.

ZOOM Lens
A zoom lens produces an inverted real image, either on the

film in a camera or the light-sensitive tube of a television

camera (see p. 242). The image can vary in

magnification, giving the impression of the camera

moving toward an object or pulling away from it, when the

camera does not in fact move.

A zoom lens contains several different lenses that move

in or out to vary the angles of the light rays passing through

them. This cha v'ymges the range of angles at which the rays

from a see v^'^^/ne can enter the lens, and alters the field of view.

Here,^^^ymree^ lenses are shown for simplicit)-. The central

foncave lens and front convex lens move toward each

^her to give a wide-angle view, and move apart for a

telephoto view. The rear convex lens does not move.

m^^^^iiff^^

'^°^7^

Wide-Angle
Configuraiion
To produce a wide-angle

image, the front convex lens

is moved backward and the

concave lens forward,

bringing the two closer

together This widens the

field of view.

.^^

OJ^J^
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MAGNIFYING GLASS
A magnifying glass is a large convex lens. When held near a small object, a

magnified \irtual image can be seen in the lens. The lens makes the rays from

the object converge as they enter the eye. The part of the brain that deals with

vision always assumes that light rays arrive at the eye in straight lines. For this

reason, it perceives the object as being larger than it really is.

Virtual Image

6
/

\

/
v'—— -

—

Assumed Path

OF Light Rays

_ Dght Rays _,

Object

Concave Lens .

'^/^^fm^J^f^yfi^i^yf^f^^^^

. Rear Convex Lens

iiJ^^^^^^^!:5^^^^%J%0%S5^

Telephoto Image
In the telephoto configuration, the

magnification is increased, giving a close-up

view of the object. However, because the field of

view is decreased, only a small part of it can be

seen.

mfy^yyyy^yyyyyy^yyj^yyy^

WIDE-ANGLE Image

In the wide-angle image, the field of view is big

enough to take in large objects. To balance this,

the magnification is much reduced.

J-^—_i
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TELESCOPES y
A telescope gives a close-up view of a distant object,

which, in the case of an astronomical telescope

viewing a far-off planet or galaxy, is very distant indeed.

Most telescopes work in the same basic way, which is to

produce a real image of the object inside the telescope

tube. The eyepiece lens then views this image in the

same way as a magnifying glass (see p. 187). The viewer

looks at a very close real image, which therefore

appears large. The degree of magnification depends

mainly on the power of the eyepiece lens.

REFRACTING
TELESCOPE
In a refracting telescope, an

objective lens forms the real

image that is viewed by the

eyepiece lens. The image is

upside down but this is not

important in astronomy. A
terrestrial telescope gives an

upright view. It contains an

extra convex lens that

forms an upright realimage

and the eyepiece lens views

this image.

REFLECTING
TELESCOPE
In a reflecting telescope,

a large concave primary

mirror forms the real

image that is then Niewed

by an eyepiece lens.

Usually, a secondary

mirror reflects the rays

from the primary mirror

so that the real image

forms beneath the mirror

or to the side. This is

more convenient for

vieN\ing.

Reflecting telescopes

are important in

astronomy because the

primary mirror can be

ver)' wide. This enables it

to collect a lot of light,

making faint objects

visible. Collecting light

from an object is often

more important than

magnif)ing it because

distant stars do not

appear bigger even when
magnified.

Primary_
Mirror

Cassegrain Focus
The \\^i rays ^as,s \\xroVi^

a hole m. the phmary

mirror and meet behind

it toform the real image.

This is then viewed with

an eyepiece lens or photo-

graphed with fl camera.

COUDE Focus
Two extra minors are inserted to form the

real image at the side of the telescope, where

it can he easily viewed or photographed.
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Motion About
Horizontal Axis

Primary

Mirror

f^vm,

Telescopemounting
In astronomy, a telescope

must move to counteract the

motion caused by the

rotation of the Earth if it is

to keep a distant object

continuously in view. Most

modem telescopes have an

altazimuth mounting, in

which the telescope tube

pivots on a vertical axis and

horizontal axis. Moton
controlled by a computer

move the telescope about

both axes at the same time.

MOTION About
Vertical Axis
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BINOCULARS

Apair of binoculars is basically two small refracting

telescopes that together produce a stereoscopic

or three-dimensional \ie\v. Each eye sees a separate

close-up view, but the brain combines them to

perceive an image that has depth.

Binoculars are different from telescopes

in one respect. They contain a pair of

prisms between the objective and eyepiece

lenses. The faces of the prisms reflect the

light rays internally so that an upright non-

reversed image is seen. The prisms also

lengthen the light path between the lenses, which

narrows the field of \iew and increases magnification

in a short tube. In addition, the two objective lenses

may be farther apart than the eyes, which enhances

stereoscopic \'ision.

Eyepiece Lenses

The objective lens gives

an upside down reversed

image. The first prism

reverses this image

again so that it

appears the right

way around, and

the second prism

inveits it so that

the image is upright

Objective

Lens
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ICROSCOPES

Magnetic
Condenser
The condenser concentrates

the electrons into a beam

that strikes the specimen.

Magnetic Objective .

The objective deflects the

electrons that pass through

the specimen. Denser or

thicker parts of the specimen

allowfewer electrons

through.

191

An optical microscope (left) gives a highly enlarged

view of an object that is invisible to the unaided

eye. The microscope works in the same way as a

refracting telescope, but the object or specimen is very

close to the objective lenses instead of being distant.

The objective lenses form an enlarged real image of the

specimen near the eyepiece lenses, and this image is

viewed through the eyepiece lenses which further

enlarge it. The specimen is illuminated by a beam of

light reflected from a mirror and concentrated by

condenser lenses.

Electron
Source

Magnetic Projector
The projectorfurther deflects

the electrons toform an

electron image on the

fluorescent screen.

..^^

ELECTRON MICROSCOPE
An optical microscope magnifies as much as

2,000 times, but an electron microscope

(above) can make things look a million times

bigger. Instead of using light, it uses a beam of

"^moving electrons (see p. 180). It has magnetic

lenses, which are electric coils that produce

magnetic fields to deflect the electrons in the

same way that glass lenses bend light rays. In the

transmission electron microscope (shown

here), the beam passes through the specimen. In

the scanning electron microscope, the beam is

Reflected from the specimen.
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POLARIZED LIGHT
Light rays are electromagnetic waves: their energy vibrate in the same plane. The direction of this plane is

consists of vibrating electric and magnetic fields the plane in which the electric field vibrates. Polarizing

(see p. 2 39). In normal light rays, these fields vibrate in filters are found in, among other things, anti-glare

planes at random angles. In polarized light, all the rays sunglasses and liquid crystal displays.

Random
Planes

Vertical Filter

This filter allcfws through

only rays that vibrate in a

vertical plane.

Horizontal Filter

This filter blocks the

vertically polarized light.

NORMAL Light
The rays vibrate in planes at

random angles.

polarizing
Filters
a polarizing filter blocks all

rays except those vibrating in

a certain plane. If polarized

light strikes a filter whose

plane is at right angles to the

plane of the rays, then no

light passes.

Polarizing sunglasses work

in this way. Light reflected

from shiny surfaces is partly

polarized, and the sunglasses

are polarizing filters. They

block the polarized light and

reduce glare.

^ Liquid Crystals Liquid Crystal
display
A sandwich of liquid

crystals lies at the heart

of the liquid crystal

display (LCD) in, for

example, a calculator or

watch. Light striking the

display is first polarized,

and then passes through

the transparent

electrodes and liquid

crystals to a second

polarizer at right angles

to the first. At the rear

of the display is a

mirror.

Normal Light

(Random Polarization)

The liquid crystals

affect the polarized light

so that it is either

blocked or reflected by

the segments of the

display, which go dark

or light.



LIGHT AND IMAGES 193

LIQUID Crystals
Liquid crystals are liquid materials

with molecules arranged in patterns

similar to those of crystals. The

molecules are normally twisted and

when polarized Ught passes through

liquid crystals, its plane of vibration

twists through a right angle.

A weak electric current changes the

pattern of molecules in liquid crystals. It

causes the molecules to line up so that

polarized light is no longer affected. The

liquid crystals are sandwiched between

two transparent electrodes, which pass

Ught rays and deliver the electric

current.

By arranging Uquid crystals in

separate segments, numbers and letters

can be produced in a liquid crystal

display. The display is controlled by

microchips (see p.359).

Current Off

Current On

Current Off
The liquid crystals twist the polarized light

so that it passes through the rear polarizer

to the mirror The reflected light is twisted

hack to emergefrom the front polarizer The

segment remains light.

. Light Reflected ^ Light Blocked

.
Current On
A current passes through the portion of

liquid crystals in the segment. The liquid

crystals do not affect the polarized light,

which is blocked hy the rear polarizer The

segment goes dark.

Segments
A number or letter is

produced by a group of

segments linked to a battery

or solar cell. Each segment

is normally light and cannot

be seen. When an electric

signal passes to it, the

segments darken in patterns

thatform numbers or letters.

FIGURE "3"

Seven segments can produce the numbers

from to 9. Here, five darken to give a 3.
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LASER

A laser produces a narrow beam of very bright light,

either firing brief pulses of light or forming a

continuous beam. Laser stands for Light Amplification

by Stimulated Emission of Radiation. Unlike ordinary

Ught, laser fight is "coherent", meaning that all the rays

have exactly the same wavelength and are all in phase,

vibrating together to produce a beam of great intensity.

1 Exciting the
ATOMS
In a laser, energy is first

stored in a losing medium,

which may he a solid, liquid

or gas. The energy excites

atoms in the medium,

raising them to a high-

energy state. One excited

atom then spontaneously

releases a light ray. In a gas

laser, shovm here, electrons

in an electric current excite

the gas atoms.

A laser beam may either be ofvisible fight, or of invisible

infrared rays. Visible light lasers are used in digital

recording and fiber-optic communications as well as

in surveying and distance measurement, and give

results of very high quafity and accuracy. The intense

heat of a powerful infrared laser beam is sufficient to

cut metal.

2 Light Builds Up
The ray of lightfrom the

excited atom strikes another

excited atom, causing it also

to emit a light ray. These

rays then strike more excited

atoms, and the process of

light production grows. The

mirrors at the ends of the

tube reflect the light rays so

that more and more excited

atoms release light.

3 The Laser Fires
As each excited atom emits

a light ray, the new ray

vibrates in step with the ray

that strikes the atom. All the

rays are in step, and the

beam becomes bright

enough to pass through the

semi-silvered mirror and

leave the laser The energy is

released as laser light.

Gas Laser
A gas laser produces a

continuous beam of

laser light as the gas

atoms absorb energy

from the electrons

moving through the gas

and then release this

energy as light



LIGHT AND IMAGES 195

HOLOGRAPHY

Object

One very important application of lasers is

holography, the production of images that are

three-dimensional and that appear to have depth just

like a real object. Holography requires light of a single

exact wavelength, which can only be produced by a laser.

In holography, the light beam from a laser is split into

MAKING A HOLOGRAM
The photographic plate or film

receives laser light from the object

and from the reference beam. The

arrangement here produces a

reflection hologram, which gives

an image in ordinary light. For a

transmission hologram, which is

viewed with a laser, the two beams

strike the same side of the plate or

film.

two beams. One beam, the object beam, lights up the

object. The second beam, the reference beam, goes to

a photographic plate or film placed near the object.

When developed, the plate or film becomes a

hologram, in which a three-dimensional image of the

object can be seen (see pp. 196-7).

Beam Spreader
The laser beam is spread so

that it can illuminate the

object.
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HOLOGRAM
A reflection hologram is made with a photographic

plate or film and laser Ught (see p. 195). In the

plate or film, hght first reflected by the object meets

light coming directly from the laser Each pair of

rays — one from every point on the surface of the object

and one in the reference beam — interferes. The two rays

give light if the interference is "constructive" or they

cancel each other out to give dark if the interference is

"destructive". Over the whole hologram, an interference

pattern forms as all the pairs of rays meet. This pattern

depends on the energy levels of the rays coming from

the object, which vary with the brightness of its surface. I
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Virtual Image OF
Point on Object

Set of Curved
Silver Layers in

Interference

\,^ Pattern

V^ ^VN'v.
^^ ^^W "^^

"^ ^. ^
^
\̂ \ ^
\ \ \
^ *^ ^^

Apparent Path
OF Rays Behind '\ " v
Hologram \ N.

\
\

\
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Viewing a reflection hologram
when developed, a reflection hologram

contains an interference pattern preserved in

layers of silver from the photographic

emulsion. A person viewing the hologram in

ordinary light sees a three-dimensional image

of the object behind the hologram. This is

because when ordinary light strikes the

hologram, it penetrates the interference

pattern and is then reflected. As the white

rays pass the atoms of silver, they are changed

to monochromatic or single-colored rays by

a process called diffraction. The interference

pattern reflects the colored rays to the

viewer's eye, so that the eye sees an image.

Reflective Layers
Each pair of interfering rays

produces its own pattern of silver

atoms in ultra-thin curved layers.

When light rays illuminate the

that they diverge. The eye then sees

a "virtual" image of a point on the

object. This is the pointfrom which

the light ray came that formed the

hologram, the layers reflect them so set of layers. If that point was

Seeing in depth
In a hologram, each eye sees many points

formed by different sets of layers in the

interference pattern. This gives an image of

the object. The two eyes look at different parts

of the hologram and so see separate images of

the object. The brain combines them to give a

three-dimensional image.

The image in each eye is produced by

different parts of the hologram formed by rays

that left the original object at different angles.

Each side of the hologram is formed by rays

coming from that side of the object. Moving

your head therefore brings another side of the-

object into view and your view of the image

changes.

bright, the layers will contain much
silver and reflect more light to give

a bright image. With a dark point,

the layer contains less silver and

reflects less light.

Three-Dimensional
Image of Object

Ught Rays .

Left Eye
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Photography
ON MAMMOTH PICTURES

While playing golfone day, I noticed that the grass in the specified caddy

waiting areas was considerably lower and less green than the grass in the

sunlight. I played on, hut my mind was no longer on the game. If the image of

a mammoth could he made on the grass accidentally, I reasoned, then

perhaps images of other things could he made intentionally?

Returning to my workshop, I begged the assistance of the family

next doorfor my first experiment. I asked them to sleep in a line on the

gras^ outside. They were reluctant I offered to pay

them and tUey were soon snoring away.

M«iff9m*Mt

i

PRESERVED IN SILVER
Rather than grass, black-and-white photography uses silver

to preserve images permanently. Tiny crystals of light-

sensitive silver compounds are suspended in an emulsion of

gelatin, which coats a transparent plastic film. In a camera,

the lens forms an image of a scene on the film. This exposure

to light, even for a fraction of a second, is enough to start a

chemical change in the crystals, and they begin to break

down into black specks of metallic silver Developing the

film then completes the formation of silver to produce a

negative of the scene.

Exposure
When \\\t lightfrom the bright parts of the image is thrown

onto the film, it makes the crystals in the emulsion start

breaking down into silver

Development
The developer changes the crystals

exposed to light into silver, while the

fixer dissolves the unexposed crystals.

Negative
Black silver is left where

the scene was bright,

while clearfilm is left

where it was dark.
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\

J
had them return for

the next five days and lie

in exactly the same spot. By the end ofthe^wctk I had a perfect image

ofmy neighbors. The procedure soon caught on, ahd eventually even

school groups could he seen lying motionless on the workshop's lawns.

However, several drawbacks arose which I had notforseen.

The images required continuous trimming once the subjects left the

picture. They were also difficult to display as well as being

astronomically expensive to frame. Had I been able to shrink people

before they were recorded, I am convinced that my discovery would

have had a bright future.

^x-

PRINTING THE PICTURE
A print is made on photographic printing paper, which

bears a Ught-sensitive emulsion Hke that on a film. The
negative is used to expose the paper, often with an enlarger

that projects a magnified image of the negative. The paper

is then developed to create a picture made up of black

silver light areas in the negative now appear dark in the

print and vice-versa — the same as in the original scene.

Using a different process, a positive picture can be made
directly on photographic film or paper without producing

a negative.

Exposure
An image of the negative is formed on printing paper by

placing the negative in an enlarger Moving the lens enables

the image size to he enlarged.

DEVELOPMENT
The paper is developed and fixed in red

light, to v^hich the emulsion is not

sensitive.

POSITIVE

Light areas on the negative

create black silver on the

print, while dark areas

create white paper

Negative
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THE Single-Lens reflex Camera

Release

Button.

Take-Up Spool

Film

Pentaprism -

_ Viewfinder Eyepiece

I

Focal Plane Shutter
The shutter consists of two spring-loaded

blinds in front of the film. The first blind

normally covers the film. As the shutter

release is pressed, the first blind moves

across to expose the film to the light beam

from the lens. The second blind then follows to

cover the film again.

_ First Bund
Gap Between
Bunds—

^^N

Film

Cassette

V\

focusing
Screen
The focusing screen is

made ofground glass.

The lens and mirror

form an image on the

screen, which is seen

in the eyepiece. The

screen and film are

both the same

distance away from

the mirror Focusing

the image on the

screen therefore also

focuses it on the film

S^

Hinged
Mirror

Second Bund^
^

^
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Some cameras have two different sets of lenses: one

to view the image and one to throw it onto the

film. Many photographers prefer to view the actual

image that will fall on the film before taking a picture.

The single-lens reflex (SLR) camera is so named
because it uses a single collection of lenses both for

viewing and for taking the picture. The SLR camera

has a hinged mirror that rests at an angle of 45 degrees

in front of the film, and reflects the light beam from

the lens onto a focusing screen above the mirror. The

image forms on this screen, and light from it is

reflected by the faces of the pentaprism into the

viewfinder eyepiece. The various reflections turn the

viewfinder image upright and the right way round.

When the shutter release is pressed, the mirror rises

and the light beam strikes the film.

Iris Diaphragm
This controls the aperture of the lens,

regulating the amount of light that

enters the camera. The diaphragm is

at the centre of the lens, and contains

,

a set of hinged blades that move to

open or close the central hole.

Opening the diaphragm, which gives

a lower f number, lets more light in.

Viewfinder
Eyepiece

Lens
A high-quality lens is made up ofseveral lens elements

that work together to form a sharp image on the film.

The field ofview depends on the focal length of the

lens, which is the distance from the lens to the film

when an object at infinity is in focus. The lens surfaces

are often coated to reduce reflections.
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COLOR PHOTOGRAPH
No matter how multicolored prints or slides may appear, they are made of only the threei.

secondary colors (see p. 183) arranged in layers. When you look at a photograph, lighil.j

passes through the layers and combines to give full color Developing a print film produces 2

color negative, while in a slide, a process called color reversal (below) forms a positive coloi

image on the film.

PROJECTING A SLIDE

In a slide projector, the curved mirror

and the pair of lenses in the condenser

concentrate the lightfrom the hulh onto

the slide. The projector lens then forms

an image of the slide on the screen. As

white light passes through the slide, the

three layers subtract blue, green or red to

produce a full-color image.

\

1 Unexposed Slide Film
The film contains three color-

sensitive layers. The one in the

middle is sensitive to green.

2 First Developer
Magenta light contains no green.

It does not expose the layer, so

silver develops.

3 Color Developer
This attaches a magenta dye to

the silver particles.

4 Silver Dissolved
Dissolving the silver leaves the

layer colored magenta.
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Color SuDE
Before Color
De\"elopment

. Blue-

Sensitfvt

Layer

. Green-

Sensitivt

La\tr

Red-

Sensiti\t

La^tr

The Three-Layer System
Each of the color-sensitive layers in a color film is similar

to a black-and-white film, except that the top layer is

sensitive only to blue light, the middle layer to green and

the bottom layer to red. The three layers detect the

amounts of these colors in the image formed on the color film

by the camera lens.

Developers for color films contain dye couplers, which
attach dyes to the silver that forms in the emulsion during

development. The silver is then dissolved, lea\ing a layer of dye.

The top layer becomes yellow, the middle layer magenta and the

bottom layer cyan.

In color slide film, color reversal, shown on the opposite

page, changes the unexposed layers into layers of dye. Green, for

example, exposes only the middle layer, so the first and third

layers become yellow and cyan. These two layers mix to give

green. Each piece of film becomes a color sUde.

In color print film, the exposed layers are changed into layers

of dye. Yellow, for example, appears as a mixture of magenta

and cyan which gives blue. The negative is then printed on
color paper, which contains the same three layers as a film, and_

which is developed in the same way.
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ALMOST INSTANT PICTURES
Immediately on taking a photograph with an instant

camera, a plastic sheet emerges. After a minute, the

picture begins to appear and a little later a full-color

photograph is in your hand. Instant photography uses

basically the same process as a color slide (see p. 202).

The film contains layers of silver compounds sensitive

Rollers

to blue, green and red Hght that develop to give layers of

yellow, magenta and cyan dyes. It also contains the

developing chemicals. -As an instant photograph

develops, the three dyes leave their layers and move up
through the film. They collect in a layer beneath the

surface, where the dyes mix to form the picture.

Red Light
Striking Film

.ACID^W^R"^ —

Reagent Pod -^

1 Film Exposed
The film contains nine

separate chemical layers.

When it is exposed, light

penetrates to the layers of

silver compounds sensitive

to blue, green and red light.

Here, red light is shown

exposing the red layer

Blue-Sensitive L\yer

(Unexposed)

Yellow Dye Developer

Spacer

Green-Sensitive L\\tr

(Unexposed)

Magenta Dye Developer

Spacer

Red-Sensitive Layer

(Exposed)

Cyan Dye Developer

Black Base

3 IMAGE Begins to
Form
The reagent activates the

dye developers in the light-

sensitive layers. Where the

silver compounds were not

exposed, the dyes dissolve

and begin to diffuse through

the other layers to the image

layer But in the exposed

layers, the developer

produces silver, which

prevents the dye moving.

Here, the cyan dye in the

exposed red-sensitive layer

cannot move. Yellow and

magenta dyes formed in the

other two unexposed layers

diffuse upward.

Yellow and Magenta
Dyes Diffuse

Silver Immobiuzes
Cyan Dye

/:

^ > \ ^ ''^ —I

^

" /

z.

Reagent Enters
Acid Layer

2 Film Leaves Camera
The sheet offilm passes

through the rollers, which

squeeze a thin pod of.

reagent in the borders

around the picture area. The

reagent contains white

pigment, opacifiers that

prevent light passing, water

and alkali. It enters the film

just above the light-sensitive

layers, and the opacifiers

Reagent Layer

Enters Film

stop light getting to these

layers as the film emerges.

The reagent spreads down

through the light-sensitive

layers, but its progress

upward is slowed by the

timing layer

4 Image Clears
The reagent reaches the acid

layer, which neutralizes the

alkali and makes the

opacifiers clear The dyes in

the image layer are seen

against the white pigment,

giving a clear picture.

Yellow and Magenta
Mix in Image Layer

to Form
Red
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TO BOOTH

2 Light Reflected
The prism reverses the

image formed by the lens

ov the paper, so the

picture is the right way
around.

1 Subject
Electronicflashes

(see p. 180) light

up the sitter as the

shutter opens.

3 Paper Cut
The paper strip mows
down after each

exposure, and the

cutter slices the strip

afterfour exposures.

A photo booth produces a strip of

pictures soon after the flashes

fire. It uses photographic printing

paper, which the machine dips into

several tanks of chemicals that form a

positive image directly on the paper

The booth can develop several strips

separately, so that more customers

can use the booth while others

are waiting for their pictures.

4 Paper Developed
The exposed paper travels

through nine or more tanks.

It is first developed to form

a negative and then the

dark silver in this image is

dissolved. The unexposed

emulsion that remains is

then treated and developed

to form silver, giving a

positive image on the paper

The strip is then washed.

5 Delivery

After washing, the developed

photographs are dried by a

fan. When this process is

almost complete, they

emerge through the slot in

the side of the booth.
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MOVIE Camera
Moving pictures depend on illusion, not only in the

acting but in our eyes. A movie film consists of a

series of still pictures seen in rapid succession. After it

leaves the screen, each image persists in the eye until

the next image arrives. Our eyes merge the separate

images together to give an illusion of motion.

A movie camera photographs a sequence of still

images on a strip of film. It normally takes 24 pictures

or frames every second. The film is still when each

picture is taken, and moves on between exposures.

Shutter

.Feed Spool Take-Up Spool

IJGHT Path

Lens

Film Loop
Thefilm makes a loop before

and after the gate. The loops

enable the film to be moved

intermittently through the

gate by the claw.

MOVIE Film
Movie film comes in four

standard widths: 35mm
(cinema), 16mm (television)

i

and 8mm and Super-8
|

(home movies) . 70mm film .

is used for wide-screen \

cinema films.
|

Light Path

MAKING Movies

Gate
,

Sprocket
Hole

Shutter

Reflex Viewtinder
The shutter's surface reflects the light beam

from the lens as it covers the film, sending the

light into the viewfinder The camera operator

sees the moving scene that is being

photographed by the lens.

^

SprocketWheel
Teeth on the sprocket wheel

engage the sprocket holes in

the film and move the film

from one spool to the other

^ ViEWFlNDER

Film

K

1 Exposure Begins
The claw is disengaged from

holes in the film. The gap in

shutter moves in front of the

allowing the lens to form an

the film.

the sprocket

the rotating

still film,

image on

Image

Crank _
Claw-,

Shutter Moves
INTO Light Path

2 Exposure ends
The shutter begins to cut off the light

reaching the film. Meanwhile the crank

has turned to raise the claw.
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MOVIE PR(|

A movie projector works like a movie camera in

reverse. A claw moves the film intermittently

through the projector gate, allowing the lens to project

a still image on the screen for a fraction of a second. A
rotating shutter allows light to reach the film, and then

cuts off the hght source so that the image disappears as

the film moves. As in the movie camera, the projector

shows 24 frames in every second. But it projects each

frame twice so that the eye sees 48 separate pictures,

which reduces flicker

Condenser

Light Source
The lightfrom a bright lamp

is reflected by a curved

mirror and concentrated hy

a condenser to illuminate

the film. A fan cools the

lamp.

3 Claw Engages
The claw engages the sprocket holes in

the film. The shutter prevents light

reaching the film as it begins to move.

k,.
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Printing

MODERN METHODS OF PRINTING
The mammoth mint works by a printing process known as printing plates for simpUcity. Printing presses often have

letterpress, the oldest of the three main methods now in use. curved plates that rotate to print multiple copies on sheets

The other two are gravure and hthography. Here we show flat or strips of paper, but the principles involved are the same.

LETTERPRESS

1 The plate has raised

letters.

2 Ink sticks to the letters.

^^m

3 Paper is pressed against

the plate.

4 The ink transfers to the

paper

Gravure

1 The plate has recessed

letters.

2 Ink fills the letter recesses.

L

WmMMS
1
3 Paper is pressed against 4 The ink transfers to the

the plate. paper
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ONA MAMMOTH MINT
Following a rash ofparticularly skillful boulderforging, I was

asked to suggest a more secure and ifpossible more portable

medium of exchange. The result was my mammoth mint.

'High quality leaves ofpredetermined size were carefully centere

on a mat, one at a time, by trunk suction. A large pad containing

herbal dye ofmy own concoction was kept at the required

pioisture by the chiefsquirter After pressing a patteme
^ " ^wn on the pad, the master minter then brought th^

sl^mp down onto the pre-centered leaf transferring

mtgfession. Each leafwas then thoroughly dried,

checke^^nd counted before shipment to one ofseveral

fha^mdth }^anks.

Alj^hough\ethnically flawless, the mint

suffered msurmountable staffing difficulties. Losses

which I had initially attributed to pilfering

were later

explained by j/^^^^A^K \ ^a
the toothsome ^ -^^ jT^ i^K I

'^^^

haracter v^^^

The processes here show printing in a single color In

full-color printing, a number of inks are applied one after

the other by different rollers. Three colored inks, together

of the new
currency to

mammoths.

with black, can produce a complete

range of hues by the process of

color subtraction.

f.*^

Lithography

1 An image of the letter is

projected onto the plate.

2 The plate is treated to

deposit lacquer on the letter

3 The plate is wetted and the

lacquer rejects water

^^iBSffltew

4 The plate is inked. The

lacquer accepts ink, hut the

wet surface rejects ink.

5 Paper is pressed against

the printing plate.

6 The ink transfers from the

lacquer to the paper

PRINTING
ON STONE
Lithography first

used stone printing

plates, hence its name
which means "writing

on stone". An artist

can draw on the

stone with a greasy

substance that attracts ink,

and the ink is transferred to

paper in a press. Modem
litho printing uses

light-sensitive

plates on which

text and images can be

deposited by photography

In offset htho printing, the ink

is first transferred to a

cyhnder that then

prints the paper
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Papermaking
rinting is of little use without paper. A sheet of paper is a

flattened mesh of interlocking plant fibers, mainly of

wood and cotton. Making paper involves reducing a plant
•• ^ to its fibers, and then ahgning them and
' ~j3p£ coating the fibers with materials such as

glues, pigments and mineral fillers.

Belt

1 Felling
Trees are felled and then transported

to paper mills as logs.

2 Debarking
The hark has first to he stripped off the logs

without damaging the wood.

Deckle Straps
6 PRESSING DANDY ROLL

Belts move the web between the press

rolls, which remove more water

and compress the paper

These hold the layer of

pulp down on the

mesh belt.

Damp Paper

7 Drying
The damp web moves

through the drier, where it

passes between hot cylinders

and felt-covered belts that

absorb water It then passes

through the calender stacks

before being wound on reels

or cut into sheets.

Lower Felt

Covered Belf
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Digester
Materials other

than wood, such as

cotton rags, may
he pulped in the

disester

f' ^J^^^^^^ 3 Pulping
^ ^ //^ . ""^ ?u\p\ng reduces the wood to a slurry

'^^^ll^ of loose fibers in water The logs are first

> ^-'-fj'x?^ sliced into chips and then treated with

^^hemicals in a digester These dissolve the lignin

binding the wood fibers together Alternatively,

"' machines may grind the logs in water to produce "*^^

*"
\|.

' • pulp. The pulp is then bleached

5 FORMING THEWeb
Liquid pulp is fed from theflowbox onto the mesh belt

Water drains through the holes in the mesh; the

drainage is accelerated by suction. The dandy roll

presses the fibers together into a wet

ribbon kncrwn

^as a web.

Mixer
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PRINTING PLATE

when a book like The New Way Things

Work is printed, all the color

pictures in it are produced by just four

inks. These are the three secondary colors

- yellow, magenta and cyan (see p. 183) -

and black. Each ink is printed by a

separate printing plate. Producing these

plates involves two processes, color

scanning and t)pesetting. Color scanning

breaks the illustrations down into the

three secondar)^ colors and black, while

t)pesetting converts the text into print.

COLOR SCANNING
A color scanner breaks down each illustration into

the four separate images or separations which

together will re-create the full-color picture. In

each separation, the picture is broken up into man\

separate dots. The computer in the scanner

controls the size of the dots, producing large dots

where the ink must be dense and small dots in other

parts of the separation. Breaking the picture up into

dots enables the printing plate to print any color at

any intensit)'.

TYPESETTING
The text of this book has been set into print using a laser typesetter The
operator keys in the text, together with codes that specify the typeface

and t)p)e size. The operator's keyboard is linked to a computer whose
memor)' contains all the type characters in a variety of different

typefaces and sizes. The computer then sends signals to the typesetter, in

which a laser beam forms lines of text on film or paper

Screen

Keyboard
The text appears on a screen as the

operator keys it into the typesetter

Alternatively, a disk from the author's

word processormay by inserted directly

into the typesetter

COMPUTER
The computer converts

the signals produced hy

the keyboard into signals

that operate the laser

Laser TYPESETTER
Photographic film or paper

rotates on a drum as a laser

beam moves across the film or

paper The computer switches

the beam on and offso that

each character is formed by a

set of close-spaced vertical

lines. The film or paper is then

developed.

i
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_Scanning Drum
The picture - either a color transparency or

piece of artwork — rotates on the scanning

drum. The optical system moves across the

picture, detecting its color and brightness

I

and breaking them down into a large number

of dots. Signals from the optical system go to

the scanner's computer where they are stored.

_RECORDING DRUM
Signals from the computer operate the

recording drum. Film is placed around the

drum, which rotates. The computer-controlled

laser beam moves across the film to create

four separations made of lines of dots.

Completed Separations

The yellow, magenta and cyan separations are

black-and-white images formed by the

amounts of each color in the

original picture. The black separatioWis an

ordinary black-and-white image of the

picture. The lines of dots are scanned at

different angles to prevent patterns becoming

visible in the printed picture.

PLATE Production
The printing plates are made from

negative or positive films containing the

text and color separations. The black

film (shown here)

may contain both the black

separation and the text, or each

may have its own film.

The plate is coated

with a light-sensitive

substance. Light is shon

through the film to

expose the plate, which

is then developed so that the text

and picture form in the coating. The

plate is then treated with chemicals,

which penetrate parts of the coating

and create the text characters and

picture dots on the plate. The kind of

chemical treatment depends on

whether the plate is for letterpress,

gravure or litho printing. Three more
printing plates are then made from

the other color separations in the

same way. Each plate may contain

a number of pages.
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PRINTING PRESS
The printing press, as its name implies, prints by ofpaper pass rapidly through the press and are printed

pressing paper against an inked plate. Large while on the move. Presses which print in color have

printing presses are rotary machines in which the four or more printing cylinders so that the color

printing plate is fitted around a cyhnder As the separations are printed immediately one after the other

cylinder rotates, cut sheets or a web (continuous strip) Quick-drying inks prevent smudging.

Sheet-Fed Offset press
This book, like many books and magazines, has been

printed by offset lithography, a process which combines

speed with quality printing. Sheet-fed presses are mainly

used for printing books because print quality is very high.

Sheets of paper are fed into the press and pass through four

printing units that print in cyan, magenta, yellow and

black. The three colors form color pictures, while the

black plate adds contrast to the pictures and prints black

text. The sheets are printed first on one side, and are then

fed back into the machine for printing on the reverse side.

Cyan Unit Magenta Unit Yellow Unit Black Unit

Web Offset press
Web offset presses achieve very high speed as well as good

quality, and are often used to print magazines and

newspapers. Large reels feed the web into the press, which

is then printed with four or more colors. Each printing

.Next Reel Leader
The rollers allow the reels to be changed

without stopping the press.

unit usually contains two sets of printing cylinders so that

both sides of the paper are printed at the same time. After

leaving the press, the web continues on to folding and

cutting machines (see p. 2 16).

Extra Unit
Additional units can print

extra colors or add varnish

for a glossy finish.

Tension
Control
Rollers keep

the web tight

Cyan Unit Magenta Unit Yellow Unit Black Unit

1_Web
.Reel OF Paper
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Offset Litho printing
The dampening roller first wets

the printing plate on the plate

cyUnder, which is then inked by

the inking rollers. The ink then

transfers to the rubber blanket

cylinder, and the impression

cylinder presses the paper

against the blanket cylinder.

The blanket cylinder prints the

paper, its flexible rubber surface

overcoming any irregularities in

the paper

Oscillating Rollers
These rollers are cooled to

chill the ink and prevent

moisture loss. They oscillate

hack and forth to pass the

ink evenly to the inking

rollers.

Dampening
Rollers

Paper

Water

PlATE Cyunder .

Printed Web Moves
TO Folder AND Cutter

.Drier

The printed web passes

through a heated tunnel

in which the ink is dried.

IT

ChilungUnit
Chilled rollers cool the

paper, which gets wry hot in

the drier

Impression Cyunder

MOISTURE Unit
Water is applied to the

paper to replace moisture

lost in the drier
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The printed sheets or webs that roll off the press have

to be folded and, if necessary, cut to produce

sections of the book called signatures. Then all the

signatures in the book must be collated, or assembled

in the correct order. Next, the signatures are bound
together and their edges trimmed. Finally, the

cover — which is printed separately — is attached and

the book is ready to use.

Sheet FOLDER
A sheet from a sheet-fed press usually contains one

signature and is folded several times.

1 Entering
THE Folder
Rollers feed the sheet into

the slot of the folder, which

stops it moving.

1 First Fold
The web passes over a pointed

metal "nose" and then between

rollers that fold the web

along the center

2 Separation
A serrated blade pierces

the folded web so that the

signature is torn loose.

3 Second Fold
A folder blade pushes the

center of the signature

between a pair offolding

rollers.

Folder Blade

Folding
Rollers

Signature

2 Buckling
THE Sheet
The rollers force the shee

forward so that it begins to

buckle in the center

3 FOLDING
THE Sheet
The lower rollers grip

buckle and pull the sheet

through to fold it in two.

4 Third Fold
The signature is folded

again and the pages are

now in the correct order

FAN WHEEL
Signatures are fed into

the fan wheel, and the

wheel delivers them to a

conveyor belt which

takes them to be bound
into books.
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Front

First Fold

Back

Signatures
The pages in the signature are printed on the sheet or web

in a particular order When folded the right way the pages

in each signature will be in the correct sequence.

Signatures may contain various numbers of pages: most

books have signatures of 16, 24 or 32 pages.

Third Fold

Second Fold

^^>^

16-Page Signature
The sheet orweh is four pages wide and the

signature two pages deep. It is folded in the

center three times.

HAND BINDING

1 The set ofsignatures is

aligned in the correct order

2 The hacks of the

signatures are sewn togeth£r

3 Glue is applied to hold the

signatures together The

pages are then trimmed.

4 A lining is glued to the

spine (hack) of the hook.

Signatures

Lining

5 The case (cover) is glued

to the lining.

The Finished BOOK
Machine binding follows much the same sequence

of operations as hand binding, although

sometimes gluing is used without sewing.
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Soundand music
ON PLmNG 1HE MAMMOTH

lile I do not profess to understand the "modem"
music, I have long been involved in the

development of the mammoth as an instrument. In my
earliest experiments^ trio ofcourageous musicians

produced the most remarkable assortment ofsoundsfrom

a single properly Uined and securely tethered beast. The

tusks, when structi by wooden mallets, gave a rich melodic

chime. The great belly played with leather-covered

mallets, offered a sonorous thud. The tail, secured by a

flexible tree trunk, produced a soothing twang when

plucked. By moving the tree trunk to either stretch or relax

the tail, the plucker could achieve many different notes.

But perhaps the most extraordinary sound was that

produced voluntarily by the animal itself As the

mammoth slipped into the spirit of the music, it issued

periodic trumpet blastsfrom its great trunk. The trio

became a quartet in which man and nature achieved an

unforgettable harmony.

Making Sound
All sound producers emit sound by making something

vibrate. As a vibrating object moves to and fro, it sets up

sound waves in the air The waves consist of alternate

regions of high and low pressure, which are known as

compressions and rarefactions. As the object's surface

moves forward into the air, it produces a compression. The

surface then moves back, producing a rarefaction.

Together each compression and rarefaction makes up a

sound wave, and the waves move out in all directions at

high speed. The stronger the vibrations, the greater the

pressure difference between each compression and

rarefaction and the louder the sound.

The vibrations that set up sounds can be produced in a

number of different ways. The simplest is hitting an object:

the energy from the blow vibrates the object and these

vibrations are transmitted to the air Plucking a taut string

(or tail) makes it vibrate, while releasing air under pressure

into a hollow tube (such as a trunk) can also set up

vibrations in the air

^REFACT1Q^L !_

\

/
/

/
" T0MPF(KS1QN

\

/
/

Setting up Soundwaves
Hitting an object like a tusk makes it vibrate, and this vibration

is then transmitted to the air around the object. The vibration

needed to create an audible sound wave has to have a rate of

more than 20 compressions and 20 rarefactions per second.
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More recent experiments have

focused on the mammoth as

an ensemble instrument. Perhaps

the best knov^n of these under-

takings was my arrangement for

four mammoths, tethered in order

of size. Although the instruments

often grew restless during

rehearsals, the twelve musicians,

comprising four tusk-tappers, four

stomach- thumpers and four tail-

twangers, became highly proficient

at playing them. The performance

was a feast not only for the ears

hut also for the eyes.

The popularity of massed mammoth music reached

its peak with the creation of the Mammoth
Tabernacle L oir. While I personally never saw or

^heard it, I am t sured that the effect, especially at close

range, was noth, o short of stunning.

Reflected

.Sound
/Waves

Sound Reflections >

-As well as traveling directly'Ho listeners, sound waxes may also

bounce off nearby surfaces. The ear receives a mixture of the

direct sound and echoes. If the reflecting surfaces are fairly

distant, the reflected sound will take much longer to reach the

ear and separate echoes mil be heard

Inner Ear

Sg^ ND Waves
/ t

/ I

Hearing
As sound waves enter the ear, the pressure differences between

successive compressions and rarefactions set the eardrum

vibrating. These vibrations pass to the cochlea in the inner ear,

where they are converted into electric signals. The signab travel

along the auditor,' ner\e to the brain, and the sound is heard
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WOODWIND INSTRUMENTS
Woodwind instruments are not necessarily made a hole or past a flexible reed. This makes the air inside

of wood, many of them, like the saxophone, the tube vibrate and give out a note. The pitch of the

being metal, but they do require wind to make a sound, note depends on the length of the tube, a shorter tube

They consist basically of a tube, usually with a series of giving a higher note, and also on which holes are

holes. Air is blown into the top of the tube, either across covered. Blowing harder makes the sound louder

Air ^Vibrating
Air Holes

±
i±

3

ALL HOLES Covered
Covering all seven holes in a simipXe pipe makes the air in

the whole tube vibrate, giving the note middle C.^^c

dZ ma^m^'^a^'^af cy c=9 Cd

First Three Holes Covered
This shortens the vibrating air column to two-thirds of

the tube, giving the higher note G.

Keys and Curves
To produce deep notes,

woodwind instruments have

to be quite long. The tube is

therefore curved so that the

player can hold the

instrument, as in this alto

saxophone. Keys allow the

fingers to open and close

holes all along the

instrument.

^

(CZ D i
FIRST Five Holes Covered
This extends the vibrating air column to four-fifths of the

total length of the tube, giving an E.

B -&-

Edge-Blown Woodwinds
In the flute and recorder, the player blows

air over an edge in the mouthpiece. This

sets the air column inside the instrument

vibrating.

^^

Single-ReedWoodwinds
In the clarinet and saxophone, the

mouthpiece contains a single reed that

vibrates to set the air column inside the

instrument vibrating.

Yi^Jfffrjfig///y//fV//f/j--7^//fg/.

f/fff/ff/f^f^/}^///^//////////'// o o

Double-ReedWoodwinds
The oboe, cor anglais and bassoon have a

mouthpiece made of a double reed that

vibrates to set the air column inside the

instrument vibrating.

FiNGERHOLES
In a short and simple woodwind
instrument, such as the recorder, the

fingers can cover all the holes directly.

Pads
Several woodwinds have holes that are

larger than the fingers, requiring the

fingers to press pads to cover the holes.

Keys
Holes that are out of reach of the fingers

are covered by pressing sprung keys

attached to pads.

-^<>r'^<- '. 7 ^^" •*'^^ <>v<^>^*;^^.><r .^-.-w;C;p-.-^-,£.^^^

i
^^z-"-^^-.—3--^^- ^o^'-r-:^*-f 9, % /.->
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BRASS INSTRUMENTS
Brass instruments are in fact mostly made of brass, the lips varies to make the vibrating column divide into

and consist of a long pipe that is usually coiled and two halves, three thirds, and so on. This gives an

has no holes. The player blows into a mouthpiece at ascending series of notes called harmonics. Opening
one end of the pipe, the vibration of the Ups setting the extra lengths of tubing then gives other notes that are

air column vibrating throughout the tube. The force of not in this harmonic series.

_^-—

—

Ti ( ^
zs

Low Pressure
With low lip pressure, the air column vibrates in two halves and each halfgives the note middle C. The length of the tube

is therefore twice as long as a woodwind instrument sounding the same note.

-e-

c
Increased Pressure
Raising the lip pressure makes the air column vibrate in three thirds. Each vibrating section is two-thirds the length of the

previous section, raising the pitch of the note to G.

X -^ ^-^"^^^ -^

Increased Length
To play an E, which is not in the harmonic series, the player keeps the air vibrating in three thirds and increases the total

length of the tube. Each vibrating section becomes four-fifths the length for middle C.

THE TROMBONE
The trombone has a section of tubing called

to lengthen the vibrating air column and.

Mouthpiece.

a slide that can be moved in and out. The player pushes out the slide

produce notes that are not in the harmonic series.

SUDE

*—*-"•'

> ....... ^ j^M-iij*«m« I «ii nn « 1 1 i^V— .-.•>'• •»•-• •i»>B.— «> —— •«. •» ^ «. * <j_ U Jj -y.......
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THE TRUMPET
The trumpet has three pistons that are

pushed down to open extra sections of

tubing and play notes that are not in the

harmonic series. Up to six different

notes are obtained by using different

combinations of the three pistons.

Piston

Mouthpiece Pistons

Extra Sections .

of Tubing
Spring

HowValvesWork
On instruments such as the

trumpet and tuba, each valve

has a loop of tubing attached to

it. Normally, the spring pushes

against the piston, keeping the

valve closed and shutting off the

loop. But when the piston is

depressed, the air column is

diverted through the loop.

^

Loop

Valve Open
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Stringand Percussion Instruments
String instruments form a large group of musical

instruments which includes the violin family and

guitar, and also harps, zithers and the piano. All these

instruments make a sound by causing a taut string to

vibrate. The string may be bowed, as with the violin

family, plucked as in guitars, harps and zithers, or

struck by a hammer as in the piano (see pp.2 6- 7). The

pitch of the note produced depends on three

factors — the length, weight and tension of the string. A
shorter, hghter or tighter string gives a higher note.

In many string instruments, the strings themselves

do not make much sound. Their vibration is passed to

the body of the instrument, which resonates to increase

the level of sound that is heard.

String
.

Percussion instruments are struck, usually with

sticks or mallets, to make a sound. Often the whole

instrument vibrates and makes a crack or crash, as in

castanets and cymbals. Their sound does not vary in

pitch and can only be made louder or softer Drums
contain stretched skins, which may vibrate to give a

pitched note. As with strings, tightening the skin

makes the note higher in pitch and smaller drums give

higher notes.

Tuned percussion instruments, such as the

xylophone, have sets of bars that each give a definite

note. The pitch of the note depends on the size of the

bar, a smaller bar giving a higher pitch.

THE KETTLE-
DRUM
Kettledrums or

timpani make
sounds with a

definite pitch,

which can be

varied. Pressing a

pedal or turning screws

pulls the hoop down
to tighten the skin

and raise the pitch,

or releases the hoop

to slacken the skin

and lower the pitch.

Screw
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THE VIOLIN
The violin and its relatives are the most expressive of string

instruments. The violin has four strings of different weights.

These are wound around tuning pegs to produce the correct

amount of tension, and they sound four "open" notes when
they are plucked or bowed. The performer stops the strings

to obtain other notes, pressing one or more strings against

the fingerboard to shorten the section that vibrates, thus

raising the pitch of the string.

The front and back of the violin are connected by a short

sound post, which transmits vibrations to the back. The

whole body vibrates and the sound emerges through the

f-shaped sound holes on the front of the instrument

Shell

[Resonators
' Air inside tubes called

resonators under the

bars vibrates to make

the notes louder

THE XYLOPHONE
The xylophone and similar instruments such as the

vibraphone and marimba have sets of bars arranged like a

piano keyboard. Each bar gives out a particular note when
struck with a mallet, the longer bars sounding deeper notes.
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MICROP]

"A microphone is a kind of electric ear in that it too

l\ converts sound waves into an electric signal. The
voltage of the microphone signal depends on the

pressure of the sound wave — or in other words, on the

volume of sound. The frequency at which its voltage^

varies depends on the other important

characteristic of the sound wave,

the frequency or pitch.

#j
I |M»

Microphone Signal
The weak signal produced by

the microiphone travels to a

mixer, then to an amplifier (see

pp.226-7) and finally to a

loudspeaker (see pp.228-9).

Metal Diaphragm
(Negative Charge)

_ Fixed Plate
,

(Positive

Charge)
\

CONDENSER MICROPHONE
All microphones have a diaphragm that

vibrates as sound waves strike it. The vibration then causes electrical

components to create an output signal. The condenser microphone

(shown here) uses a capacitor for high-quality sound.

- +

6>

Output Signal

Zero
Electron .

Flow
^ Output Signal

Positive

Output Signal

Negative

J /

/

No Sound /

The battery produces equal

charges on the diaphragm ,
^

and fixed plate. Together, they form
capacitor No further current flows.

Compression
. As the diaphragm moves in, '

f
the plate attracts electrons from the

diaphragm. Electrons in the output

signal flow to the diaphragm.

SYNTHESIZER

Rarefaction
As the diaphragm moves out,

electrons in the diaphragm repel

each other and flow away from

it. The output signal reverses.

Electronic music makes great use of the synthesizer, which is an instrument that produces an

electric sound signal similar to that of a microphone. Inside the synthesizer

are electronic components that create the signal. The keyboard controls the voltage

rate or frequency of the signal to deter-

mine the pitch of the sound, which

emerges from a loudspeaker

connected to the synthesizer

(See also p.316 and p. 360.)
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CTRic Guitar

sound balance results. One combined signal

(or two for stereo sound) then goes

amplifier and loudspeakers.

Tone Controls

Volume Controls

€^ (3 fj ^ esc. ^e. o tS'^tfe
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Amplifier

An amplifier increases the voltage of a weak signal stronger current, which normally comes from a battery

from a microphone, mixer, electric instrument, or the mains supply. The key components that regulate

radio tuner, tape or CD player, gi\ang it enough power the flow of the strong current are usually transistors,

to drive a loudspeaker or earphone. It works by These two pages show the principles of amplification

using the weak signal to regulate the flow of a much with a basic single-transistor amplifier.

RAREFACTION IN SOUNDWAVE
A transistor is a small sandwich of two types of

semiconductor, so-called because their conductivity

changes as the transistor works. The two n-type (negative)

pieces have some free electrons, while the p-type (positive)

piece has "holes" into which the electrons can fit. The

three pieces are known as the emitter, base and collector.

When the microphone diaphragm moves out, electrons

from the weak sound signal fill holes in the p-type semi-

conductor This blocks the electrons from the power supply

^ Blocked Electrons j^

-Diaphragm
Moves
Out «

I

—

Negative Output Signal <t -^
f



SOUND AND MUSIC in

Ampuhed Stereo Signal

o o o o
O O O O

INCOMINGWeak Signal I Amplifier

\n sierco soxmd, ^oxxr-wxrts conduct

fhe yNcak vixcomxng signal to the

am^Xxjxtr— a pair of wires for each

channel.

An amplifier usually contains many transistors and

other components that enable the amount of

amplification and also the tone of the sound

to he varied.

COMPRESSION IN SOUNDWAVE
When the microphone diaphragm is pushed in by a

compression in the sound wave, it reverses the flow of

electrons in the weak signal. Electrons leave the base

semiconductor in the center of the "sandwich" and create

holes. Forced by the power supply, many electrons enter

these holes from the emitter and then move on into the

collector The result is a flow of electrons much larger than

that in the weak signal, but exactly in step with it: the weak
signal has been amplified.

DiaphragmTt"
Moves ^
In

'

Jr Positive Output Signal
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LOUDSPEAKER

Signal from Amplifier

Cone
Magnetic Field

BETWEEN Coil

and MAGNET

Aloudspeaker reproduces sound by

responding to the electrical signal

produced by an amplifier (see pp. 226-7). It

contains a thin but rigid cone fixed to a

coil. The electric signal goes to the coil,

which sits inside a magnetic field created

by a circular permanent magnet around

the coil. The coil also produces its own
magnetic field, which varies in strength as

the varying signal passes through it. The

two magnetic fields push and pull on each

other, causing the coil to vibrate in step with // /

the variations of the signal. The cone ///>
vibrates at the same frequencies as the

/ / //

original sound waves that struck the

microphone (see p. 224), / /

causing the surrounding air to //j
\ibrate and reprc

original sound waves

/

\
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EARPHONE

INSIDE AN
EARPHONE
The signal goes to a

coil fixed to a diaphragm

and suspended around a

magnet. The coil and

diaphragm vibrate to

reproduce the sound.

Grill

LOVER

» *.
* ->

.^

An earphone is basically a miniature loudspeaker, and works in the

same way. Just as two loudspeakers are normally used, a pair of

earphones are usually worn, and these can reproduce stereophonic

sound. Two pairs of wires carry a pair of sound signals originating

from two or more microphones or other sound sources (see

pp. 224-7). Although the sounds go directly

to each ear, the stereophonic effect

causes the voices or instruments to

spread out and have locations in jpr ^^^B\
space between the two

earphones or loudspeakers.

'^..

#«

fl

«

•

Coil

Diaphragm \w ^^

MAGNET

7
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Arecord player takes disks that revolve at 33 or 45

revolutions per minute, each side containing one

spiral groove. The recording system, now obsolescent,

is analog. The number and depth of the contours in the

groove wall correspond to the var)ang frequency and

loudness of the sound waves being recorded.

The record rests on a rotating turntable, and the

pick-up arm in the player has a cartridge with a stylus

that rests in the groove and vibrates as the record

revolves. The \ibrations of the stylus make the cartridge

produce a stereo electric signal. This signal then goes to

an ampliher and pair of loudspeakers to reproduce the

recorded sound.

m^'

\
\

'' I.

Turntable

«L

Spindle

?^S»>'

./^

Belt Drive
Many turntables are driven

by a belt that runs around a

drive spindle turned by the

motor This system presents

motor vibration reaching

the record.

fci
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MAKING A RECORD
A metal stereo master disk is made from a

stereo master tape. The master disk is made
by a cutter that produces a spiral groove on
its surface. Plastic copies of the master disk

are then pressed.

Cutting Head
rht- adWng head has two

blades that vibrate at right

angles in response to the

stereo signals on the master

tape. The blank disk moves

past the head, and the blades

cut a V-shaped groove in the

surface so that the tight-hand

signal is recorded in one wall

and the left-hand signal in

the other

.kf'h. ^iX.

^ '>

Pick-upArm.

«*M

*.i}i

M^"*

Cartridge
The moving-magnet

cartridge contains a magnet
attached to the stylus. The

magnet is surrounded by a

pair of coils fixed at right

angles. As the groove walls

vibrate the stylus, the

magnet also vibrates and
generates electric signals in

the coils. In moving-coil

cartridges, the magnet is

fixed and the coils vibrate.

Groove Diamond or
Sapphire Stylus

""S

iv^.-a
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Tape Spool
.

Magnetized Tape .

, Guide Pillar

Erase Head
A high-frequency electric

signal is fed to the erase

head when recording. It

produces a magnetic field

(see p.275) that alternates

rapidly, disorientating the

magnetic particles on the

tape and erasing any

previous recording.

Pressure Pad
The pressure pad is mounted

in the cassette, and presses

the tape against the record/

replay head when the

cassette is inserted into the

player

Unmagnetized.
Tape

- - X-

I'-^i

V: /
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Record/Replay Head
A coil of wire is wound

around each core, causing it

to act as an electromagnet.

When recording, two stereo

electric signals are amplified

and go to the pair of coils in

the head. They produce

magnetic fields that

Stereo Signals

magnetize the particles in

the tape. On replay, the

magnetic particles in each

track produce a pair of

stereo electric signals in the

coils, and these go to an

amplifier and pair of

loudspeakers or earphones

to reproduce the sound.

Stereo Tracks
A pair of stereo tracks is recorded on

each side of an analog tape so that

the tape cassette can be turned over

and used.

THE TAPE RECORDER
Atape recorder can record and replay voices and

music on tape cassettes, which contain set lengths

of magnetic tape. Analog tape players (shown above)

record an incoming sound signal, such as that from

a microphone, directly on the tape. Digital tape players

first convert the sound signal to digital form before

recording it (see p.322 and p. 334)

On inserting the cassette into the machine, the centers

of the tape spools fit over the spindles in the tape

recorder. Pressing the PLAY button brings the

record/replay head and drive mechanism into contact

with the tape. The tape moves and the head records or

replays the sounds. When recordmg, the erase head

wipes off any previous recording on the tape.
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TELECOMMUNICATIONS
OISI THE CONVEYING

OE MESSAGES m

,Q

Xo

i^''
While on a mammoth watch in

the mountainous southern

area, I was asked for some advice in the

matter ofcommunication between

remote villages. It appeared that the

age-old system ofconveying messages —

which relied on catapulting couriersfrom

one place to another — was critically threatened

by a shortage of both volunteers and also paper

After inspecting the catapults and calculating

certain distances and elevations, I devised a

completely new system. Instead of relying on

dwindling manpower, I suggested that the

messages could be carried through the air in the

form of stones.

INSTANT SOUNDS AND IMAGES
Telecommunications are communications at a distance

beyond the range of unaided hearing or eyesight. In

order to send messages without delay over long distances,

a fast-moving signal carrier is required. The method of

telecommunication recorded above uses catapulted rocks

as the signal carriers. The rocks are hurled aloft in a

sequence that encodes a message, and when they land,

the sequence is decoded and the message read.

Modern telecommunications use electricity, Ught and

radio as very swift signal carriers. They carry signals

representing sounds, images and computer data, which

may be either analog signals that vary continuously in

level, or digital signals made up of on-off pulses. The
carrier - an electric current, light beam or radio wave - is

often "modulated" by combining it with the analog or digital

signal so that the carrier is made to vary in the same way
as the signal. The modulated current, beam or wave is then

sent to a receiver. A detector in the receiver extracts the

signal from the carrier and reproduces the sound, image

or data. For digital communications, see pages 349-351.

Power
SourceCX Amplifier

We

Oscillator

Transmitter

>« I n

I"""""""'
»»»»«»%%<i m ilk •% m • k

Laser Modulator

yrk r'V 01 k t m ^ » m m m *7>
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My system worked as follows. Stones

ofpredetermined size were launched

in particular combinations — each combination

representing a letter of the alphabet. The various

combinations were obsetyed as they arrived and

then translated back into words by a trained

translator Safety was assured by installing a large

metal funnel in the center ofeach village to catch the

incoming messages.

The technical aspects of the system worked

peifectly However I had completely overlooked the

villagers' atrocious spelling. So frequent were

unintentional insults that allforms ofcommunication

eventually' ceased.

Metal Cable Carries Ampured Signal Booster Ampuher

i1 "(- dr mr '»4i» mijr mtft mt// mhr «a» «Mr •* —*» w/irr Q O O
|a cn «o

I

"

Electric Cable
A sound signal from a microphone can be sent along a wire or cable. It must he amplified by causing it

to vary theflow of electricity from a power source.

Electric Sound Signal

Loudspeaker

Ji)))))))
Radio Tr.\nsmission
An oscillator and transmitter produce a radio

beam, which is combined with the sound signal

as it is transmitted.

MODUL\TED R.\DIO BEAM
R\DL\TES Through Space

Radio Detector

Light Detector

OPTic\L Fibers

A laser produces a light beam, which is then modulated by the

sound signal before it is fired along a glass cable

Glass Cable Carries

Modulated Light Beam
Electric Sound Signal
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Telephone
/^-n

TELEPHONE
HANDSET

R\x Machine

The global telephone network enables us to speak to anyone in the

world. Using metal cables, radio links, or fiber-optic cables, a call from

a fixed telephone goes through a series of local and main exchanges that

route it to another telephone. A mobile phone connects by radio to a

nearby base station, which is at the center of a hexagonal cell. Each cell has

a base station and varies in size depending on the number of callers in

the cell. As a mobile phone moves from one cell to another, it

automatically connects to the base station in the next cell. Each

base station then sends the call to a mobile exchange, which

connects to a main exchange in the network. The

mouthpiece and earpiece in a telephone handset work in

the same way as a microphone (see p. 224) and earphone

(see p. 229). The telephone network also supports fax

machines (see p. 326) and computer communications

(see pp. 349-351).
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Radio

Link

Communications
Satellite

International exchange
'A coX\ to another country goes through an

international exchange connected to the

main exchanges in the caller's country.

This sends the call to the international

exchange in the other country.

Undersea Cable

MAIN Exchange
All the local exchanges

in a wide area are

connected to a main
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IRADIO TRANSMITTER
Radio waves are produced by feeding an electric signal to the mast or

antenna of a transmitter. The signal makes the electrons in the metal

atoms of the mast or antenna change energy levels and emit radio waves.

They do this in the same way that electrons in atoms emit light rays (see

p. 180). Radio transmitters broadcast radio waves that are modulated. This

means that the original sound signal is superimposed on the radio wave so

that the radio wave "carries" the sound.

Like all waves, radio waves have a particular frequency or wavelength.

Frequency is a measure of the number of waves that are transmitted per

second, and it is measured in hertz. Wavelength is a measure of the length

of each complete wave, and is expressed in metres. Frequency and

wavelength are directly linked: a radio wave with a high frequency has a

short wavelength, and one with a low frequency has a long wavelength.

©Bld^.

U'-

» »^ » tmiM ^ 1 M « a^. ^. *
I

** >*' -^* » "»*' ^^ tii» V

Microphone Electric Sound Signal

Sound Signal
A microphone responds to sound

waves by producing an electric

sound signal that changes in

voltage dt the same rate or

frequency. The curved line

represents the variation of

voltage in the signal.

Carrier Signal
The radio wccve that carries the

sound signal is called the carrier

\va\'e. It is produced by a radio-

frequency (rf) carrier signal,

which is an electric signal

generated hy a component called

an oscillator The frequency of

the rf signal is constant and very

much greater than thefrequency

range of the sounds being

carried.

MODULATED SIGNAL
The sound signalfrom the

microphone and the rf carrier

signal from the oscillator are

amplified and then combined

in the modulator of the

transmitter This is done by

amplitude modulation (AM) or

by frequency modulation (FM).

In AM radio, the waves are

modulated so that the amplitude

(energy le\'el) of the carrier wave

varies at the same frequency as

the changing voltage in the

sound signal. In FM radio, the

waves are modulated so that the

frequency of the carrier wave

varies with the voltage level of

the sound signal.

. High Voltage Produced
BY Compression in Sound Wave

Low Voltage Produced
BY Rarefaction in Sound Wave

Radio-Frequency Carrier Signal

Low Amputude
HighAmputude

FM Signal
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Analog AND
Digital Radio
The AM waves shown here

carry an analog sound signal,

hut AM and FM radio can also

carry digital signals (see

pp.236-7). Microwave beams,

radio waves of extremely high

frequency, carry telephone calls

as digital signals (see p.315).

t

Amplification and transmission
The modulated signal next goes to a powerful

amplifier, which sends it to the mast or antenna of the

transmitter Radio carrier waves, which are modulated

in exactly the same way as the modulated signal,

radiate from the transmitter A radio mast broadcasts

several carrier waves at different frequencies, each

carrying a different sound signal. Every radio station

or channel broadcasting from the transmitter has a

different frequency.

Electromagnetic waves
Radio waves are part of a large family of rays and waves

known as electromagnetic waves. They consist of

electric and magnetic fields that vibrate at right

angles to each other Both vibrate at the same

frequency

Light rays are also electromagnetic, and so too are

radar, microwaves, infra-red rays, ultraviolet rays and

X-rays. All electromagnetic waves move at the speed

of light, which is 186,000 miles per

second (300,000 kilometers per

second) . They travel through

air and space.

Varying
I Magnetic Field

Varying
Electric Field
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RADIO I

A radio receiver is essentially a transmitter in

reverse. Radio waves strike the antenna
connected to the receiver They affect the metal

atoms, producing weak electric carrier signals in the

TH WAVES

iCEIVER
antenna. The receiver then selects the carrier signal of

the required station or channel. It extracts the sound
signal from the carrier signal, and this signal goes to

an ampUfier and loudspeaker to reproduce the sound.

Short Wave (AM)

2300-26,100kHz (11-130 meters)

Medium Wave (am)

525-l,700kHz (180-570 meters)

WAVE BANDS
Radio waves are broadcast in several wave bands, often

called long wave, medium wave, short wave and VHF (Very

High Frequency) bands. Each band contains a range of

radio frequencies or wavelengths, and each station or

channel has its own particular frequency or wavelength

within a band.

VHF (FM)

87-108mHz

Long Wave (am)

150-300kHz (1,000-2,000 meters)

Stations are shown on a radio dial either in meters, which

indicates the wavelength of the carrier wave, or in hertz,

which gives its frequency. Radio frequencies are so high

that they are shown in kilohertz (kHz) or megahertz

(mHz) , which are thousands and millions of hertz. The
long, medium and short wave bands broadcast in AM; VHF
radio is FM.

REPRODUCING THE SOUND
The carrier signal selected by the tuner

is modulated with the original sound

signal. The detector in the receiver

removes the carrier trequency to

f

produce the sound signal. This signal is

then amplified and goes to the

loudspeaker in the receiver In stereo

radio, left and right signals are

combined and broadcast on one carrier'

A stereo receiver has a decoder that

separates them into two sound signals,

while an ordinary receiver reproduces

the combined signal.

Tuner
The tuner selects a

particular station or channel

hy removing all other

frequencies. The required

carrier signal passes through

the tuner and then goes to

the detector
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RADIO Signals

LONG WAVES
A surface wave curves around the

Earth's surface, giving a range of

thousands of miles or

kilometers.

Sl3^^
Wave

Modulated
Carrier

Signal

6

Sound Signal

too :^3i£
Ampurer

Loudspeaker
Reproduces Sound \
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TELEVISION Camera
Television transmits a sequence of 30 still images per

second, and the eyes merge these into a moving
picture as with a movie (see p. 206). A color television

camera produces three images of each still picture in

the three primary colors - red, green, and blue. Each

image forms on a detector that converts it into an

electric signal. The detector scans the image, splitting it

into 525 horizontal lines. It puts out an electric image

signal whose voltage varies with the brightness of the

image along each line The signals from the three

detectors are then combined into one signal that is

transmitted to the home by radio or cable. For digital

television, see pages 326 and 352.

Studio Camera
Mirrors separate the image formed

by the lens into three images in red

green, and blue. Each detector is a

CCD (see opposite) or, in older

cameras, a light-sensitive tube.

Light from Scene

Luminance Signal
The image signals from the three

detecton go to a color mixer, which

mixes them to produce a luminance

signal. This ^ves the overall brightness

of each part of the picture scanned by

the three detectors.

^
Chrominance Signal
The three color signals are

combined together in a color

encoder to give a chrominance

signal. This contains the amounts

of the three colors in each part of

the picture.

^
Synchronization Signal
A pulse unit produces a signal

which synchronizes the three

detectors so that they scan exactly

together The three signals are then

combined into one video signal

Sound from
Scene bOUND bIGN.AL

SOUND Signal
The Sif.HJid signal 4s

adde'd-ib'tht' video

signal jytjore

transmission.

^^'
Video and
SOUND Signals
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Camcorder
You can make your own movies

with a camcorder, which is a

portable television camera combined

with a video recorder (see pp. 244-5).

The camera section has a lens and

special CCD that separates "the

picture into three color images

without using mirrors. This CCD has

red, green, and blue color filters

over adjacent light-sensitive

elements. In the recorder section, the

video signal from the CCD and

sound signal from the camcorders

microphone are recorded on tape in

the same way as a video recorder.

Video Head drum

Video Tape

Microphone

VlEWFlNDER
In the viewjinder is

a tiny television screen,

which shows the picture

being taken by the

camcorder.

CCD (Charge-Coupled Device)

The image to be scanned falls on a CCD, which is a microchip

with an array of thousands of tiny light-sensitive elements

containing photodiodes (see p. 272). In each one, the light

strikmg the element frees electrons to produce a certain level

of negative electric charge that varies according to the light

intensity. Each row of elements gives one line of the picture.

Electrodes behind the photodiodes move the charges from

the rows to the CCD's output to form the image signal.

Image of

Line l

Bright

1 Charges form
Red light making up lines

1 and 2 of the picture falls

on two rows of elements in

the red CCD of a camera.

Electrons are freed to give

levels of electric charge that

depend on the intensity of

the light.

Electrodes

Positive

Charge
' MOVES Up

2 Charges move up
A positive charge moves up the electrodes

behind the rows. It pulls the electrons to

the next higher row of elements, so

that the sequence of negative

charges in line 1 enters the top

masked row of elements.

i-J

3 Charges move Out
A positive charge now moves along

the electrodes behind the top row.

It pulls the charges into the output

path. The charges from each

subsequent row move up and out

n turn to produce the image signa

Cable

Charges in

Line 1
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VIDEO RECORDER
Guide Roller Loading Poles Video Head Drum

^:::^

*^

Erase Head
Any previous

recording on the

tape is wiped off

hy the erase head.

l:
ike a television receiver

f(see pp. 246-7), a video

recorder first extracts the video (picture)

signal from the television carrier signal that is

either broadcast or cabled to the home. But instead of

sending the video signal to the television tube to be seen,

the video recorder preserv^es the signal on tape. It does

this with a tape cassette in much the same way that a

tape recorder records a sound signal (see pp. 232-3).

The video signal goes to a record-replay head that

records it on the magnetic tape, and the \ideo recorder

replays the tape to send the recorded signal to the

television set. However, the tape must pass the head

at a very high speed to record a video signal, because

so much information has to be stored. The head

therefore rotates rapidly as the tape passes, recording

video signals in diagonal tracks across the tape.

The VHS (Video Home System) arrangement shov^m

here has become the main system used in home
video cassette recorders. Other video systems use

the same basic method of a rotating head to

record the signals on tape.

Supply Reel

^ Dl\gonal
Video Tracks

Head

Rotating Video Heads
The drum contains two video record/replay heads

on opposite sides of the drum, and it is tilted relative

to the tape. The pair of heads records one complete

picture in each revolution in theform of a pair

of diagonal tracks across the tape.

Video Tape

i



Loading Poles

, % Pinch Roller

.Video (Picture) Tracks

Audio AND.
Control Head
The head records and replays

the sound signal and

the synchronization

signal that controls

the picture. The

tracks are recorded

along the top and

bottom of the tape.

In some video recorders,

high quality stereo sound

is recorded on diagonal

audio tracks.

Take-Up Reel

LOADING THE TAPE
.When the cassette is inserted into the

recorder, the loading poles take the

tape out of the cassette and move it into

contact with the heads and rollers in

the recorder

Capstan
The pinch roller brings the tape into contact

with the rotating capstan to transport the

tape from the supply reel to the

ike-up reel.
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TELEVISION Set
"T- —

-V

A television set receives a video signal from a horizontal lines or^the screen. In a color picture, each

television station or video recorder. It works like a line contains a series ofT^d, green and blue stripes. At

television camera in reverse to form a succession of still viewing distance, the lines ahd^stYipes cannot be made
pictures on the screen. It does this by scanning in the out. The eye merges them togethfej;^and we see a sharp

same way as a camera tube to build up the picture in picture in full color (see p. 182). '^^v

^'^^

INTERLACING
Each still picture is made up of two

scans consisting of alternate lines.

The camera and picture tubes first

scan the odd-numbered lines and

then scan the picture again to form

the even-numbered lines. We see 60

scans a second, which reduces

flicker in the moving picture.
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\ Blue Beam

\

i" Movement OF

, Electron Beams

\

/o

/
^COLOR SCREEN

The screen contains tiny stripes of phosphors that

\ light up in red, green or blue. The three electron

beams, one for each color, scan across the shadow
mask behind the screen. The mask contains

holes that allow each beam to strike only stripes

of the correct color These light up as

/ each beam passes, and var)' in

^ brightness with the strength

of the beam. A black-and-
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one electron beam, which

is controlled by the
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Satellite

a;
rtificial satellites orbit the Earth, communicating

with us from a unique vantage ^oint high above

the atmosphere. Weather and EaQh observation

satellites look down and astronomy satellites peer

outward, while communications satellites link distant

parts of our planet and beam television channels to our

homes. Some satellites have orbits that take them over

different parts of the Earth, while others are "parked" in

geostationary orbits above a particular point on the equator.

HORN

Dish RADIO BEAM

HORN

DISH

Imaging

System

Communications
equipment

RADIO LINKS
All satellites communicate with ground

stations by radio, sending back images

and measurements and receiving

instructions and information. Many
satellites and ground stations have a

curved dish that reflects outgoing

signals from a central horn to form a

narrow beam, and reflects signals in

an incoming beam to meet at the

central horn.

PASSENGER PHONE
ON AIRCRAFT

WEATHER
Satellite
The Meteosat satellites send

back images of the Earth that

reveal cloud formations together with

measurements of weather conditions

such as winds and surface temperatures

Images and information from weather

satellites enable forecasters to make
accurate predictions of the weather.

COMMUNICATIONS SATELLITE
The lnmarsat-3 communications satellites in geostationary

orbit provide worldvvade coverage of telephone, fax, and data

communications. They link not only large ground stations but

portable terminals knowTi as satelUte phones, and terminals

on aircraft, ships, and vehicles. Inmarsat is used for disaster

and emergency communications and news reporting from

remote areas.

Geostationary Orbit
At a height of 22,295 miles (35,880

kilometers), a satellite takes exactly

24 hours to orbit the Earth.



TELECOMmNICATIONS

Wind
Detector

EARTH Observation Satellite
The ERS (European Remote Sensing) satellites look

down to record and measure many aspects of the

Earth's surface and climate. As well as producing

detailed pictures of the Earths surface for mapping,

an observation satellite can locate mineral deposits;

monitor crops and forests; study the ozone layer; detect

surface movements, such as those involved in

earthquakes and volcanic eruptions; and measure ocean

movements to learn more about ocean winds and waves.

Radio

Communications
Antenna

Shield and Sensors
The heat sensors on COBE had to

be kept extremely cold in order to

measure the ver)' weak background

radiation in space. Liquid helium

maintained the instruments close

to absolute zero. The sensors were

surrounded by a conical shield that

protected them from the heat and

light of the Sun and the Earth.

Heat Sensors

Solar panel
Solar cells (see p.271)

in panels or on the side

of a satellite convert

sunlight into electncity

to power the equipment

in the satellite.

Shield

Astronomy Satellite
COBE (Cosmic Background Explorer), an American

satelhte, was launched in 1989 and over several years

measured the background radiation in the Universe.

This radiation consists of the heat rays produced by

the Big Bang that formed the Universe about 15 billion

years ago. COBE found regions that are slightly cooler

than others, indicating places where galaxies began

to form. COBE provided the first e\'idence of the

evolution of the Universe from the Big Bang toward

the form we observe today

im^
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RADIO TELESCOPE
Many objects in the universe send out radio waves,

and a radio telescope can be used to detect them.

A large curved metal dish collects the radio waves and

reflects them to a focus point above the center of the

dish, rather as the curved mirror of a reflecting

telescope gathers light waves from space (see p. 188). At

this point, an aerial intercepts the radio waves and

turns them into a weak electric signal. The signal then

goes to a computer. Radio telescopes detect very weak

waves, and can also communicate with spacecraft.

By detecting radio waves coming from galaxies and
other objects in space, radio telescopes have

discovered the existence of many previously

unknown bodies. It is possible to make visible images

of radio sources by scanning the telescope or a group

of telescopes across the source. This yields a sequence

of signals from different parts of the source, which the

computer can process to form an image. Differences

in frequency of th^ signals give information about the

composition and motion of the radio source.

Parabolic Dish

Incoming
Radio Waves

Aerial
vertical

rotator

Steerable Telescope
In most radio telescopes, the dish

can be tilted and turned to point

at any part of the sky. Steerable

telescopes cannot be made bigger

than about 330 feet (100 meters)

in diameter. Radio telescopes that

are long distances apart can be

coupled together in order to

obtain pictures with greater detail.

Satellite Dish
Television programs broadcast

from a satellite are received by a

satellite dish, which is like a small

radio telescope. The curved

surface reflects the incoming radio

waves to meet at a central

antenna. The picture signal then

goes from the antenna to the

television set.
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Space telescope
The Hubble space telescope is part optical

telescope and part satellite. It orbits the Earth

and, under radio control from the ground, takes

pictures and measurements of planets, stars, galaxies

and other bodies in space. Operating in the total

clarity of space, above the obscuring effects of the

atmosphere, the space telescope

produces sharper pictures than those of Earth-bound

telescopes. It has detected faint and distant objects

and produced more detailed pictures of known
objects, greatly expanding our knowledge of the

Universe. The space telescope was launched by the

space shuttle in 1990 and improved in 1993 and

1997. It should operate until at least 2005.

Radio Dish
The dish sends telescope

images and measurements

from instmments hack

by radio to ground

stations below.

APERTURE DOOR

EQUIPMENT
SECTION

Light detectors

change the visual

images produced by

the mirrors into

television signals. The

space telescope also

contains scientific

instr^lments.

Secondary
. MIRROR

>•

^^^

•^ \

^
Light rays from
Star or Galaxy

Primary Mirror
The space telescope is a

Cassegrain reflecting

telescope (see p. 188) v\/ith a

main mirror 8 feet (2.4

meters) in diameter

TELESCOPE TUBE _
The main body oj the

telescope is 43 feet

(13 meters) long and In-

fect (4.3 meters) across.

BAFFLES
These ridges reduce the reflection oJ

stray light from surfaces in the tube.

Space Shuti le

SOLAR PANELS
I'he pair oj panels provide

electricity (sec p.271) to

work the instniments

aboard the spate telescope.

im^
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Space Probe
The ultimate limits of communication are reached

with space probes, which have sent us detailed

pictures and information from every planet in the

Solar System except Pluto, the most distant. Probes

have also surveyed our Moon and many of the moons
that orbit distant worlds, and one has flown to the

heart of Halley's comet.

Radio waves, traveling at the velocity of light, have

brought their discoveries to Earth. Such is their speed

that signals reach us from the farthest worlds in just a

MARS PATHFINDER
Launched from Earth in December 1996, the Mars

Pathfinder space probe arrived at Mars in July 1997.

The probe did not orbit Mars but landed directly on the

surface. It cushioned the landing with airbags, and then

opened to deploy a small six-wheeled robot explorer

called Sojourner. As the main Pathfinder lander surveyed

a rusty-red desert plain littered with rocks, Sojourner set

out to examine the terrain. The controllers on Earth could

tell Sojourner to proceed to rocks seen in Pathfinders

pictures. But the robot used its on-board computer, camera,

few hours. These signals include geological and
atmospheric data, and video signals that give close-up

pictures of distant worlds and details of their surfaces.

The signals are extremely weak, and ground stations

train large dishes on a probe to pick them up. The
stations can also beam powerful command signals

back to the space probe. Space probes may either fly

past a world, or enter an orbit around it and survey it

over a long period. Some probes may land on the

surface or send down separate landers.

and laser scanner to find its way to each rock. There,

Sojourner put a probe against the rock to analyze it.

The results radioed back to Earth by Pathfinder show
that the rocks on Mars are like those on Earth and

probably formed in a similar way. Sojourner found rocks

that appear to have formed in water, suggesting that this

part of Mars was covered in an ocean. Although Mars is

now dry and very cold, it may once have been wet and

warm and living organisms like bacteria may have

evolved there long ago. These may possibly still survive.

Sojourner Main Pathfinder Lander
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Cameras and Sensors

HuYGENS Lander

Nuclear-Powered
ELECTRiciri' Generator

ROCKET Engines

LANDING ON TlTAN
In November 2004, the Huygens lander

is due to parachute down to the surface

of Titan, one of Saturn's moons.

Cassini
With Its breathtaking system of rings, Saturn is the

most beautiful planet in the Solar System. Little is

known of Saturn and its many moons and it has been

\isited only by two passing Voyager space probes. But

m 2004, after a seven-year journey from Earth, the

space probe Cassini will arrive and go into orbit

around Saturn. It will move in close to the planet to

observ'e its clouds, and then soar out to look down on

the planets poles and the famous rings. Cassini will

also make more distant orbits out among Saturn's

moons, and will skim over the surface of some of

them. Over a four-year period of observations, Cassmi

will answer many tantalizing questions about how
Saturn and its rings and moons formed and evolved.

The information could hold \ital clues about the origin

of the Solar System.

The highlight of the mission will come with Cassinis

visit to Titan, Saturn's biggest moon. Titan is a large

moon and has a hazy orange atmosphere that obscures

the surface. Cassini will release a lander called Huygens,

which will parachute down through the atmosphere

to the surface. It will detect the different gases, take

images, and measure the conditions. The results will

go by radio back to Cassini, which will send them on

to Earth. The atmosphere of Titan is thought to be like

that of Earth long ago, and Huygens' observations could

throw light on how life began on Earth.
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INTRODUCTION
THE POWER BEHIND ELECTRICITY comes from the smallest things known to science. These

are electrons, tjnyjparticles within atoms, that each bear a minute electric charge. If a

million million of them were lined up, they would scarcely reach across the head of a pin.

When an electric current flows through a wire, these tiny particles surge through the metal

in unimaginable numbers. In a current of 1 ampere, sufficient to light a flashlight, for

example, 6 miUion million milhori electrons pass any point in^ust-onesecond. Each electron

moves relatively slowly, but the charge transfers from electron to electron at the speed of

light. If the nineteenth century was the heyday of mechanical machines, then the twentieth

century has belonged to machines powered by electricity This does not mean that the age of

mechanical machines is behind us. Machines that move will always be needed for doing

work, but they have come increasingly to be driven by electric motors and governed by

electrical control devices. And the twentieth century has also seen the rise of machines that

use electricity to carry information and which may contain few moving parts. These include

the various communications devices that store or carry sounds and images and which

occupy the later pages of Part 3 of this book. This branch of technology assumes greater and

greater importance as machines go digital, a subject that is explored in depth in Part 5.

EXPLOITING ELECTRONS
The machines in .this paiL.of The. New Way Things Work either produce_electricity or use it in

various ways. Many use the ability of moving electrons to create a magnetic field around

them. Magnetic fields attract and repel each other with great force. Machines thatjusg^ electric

motors move by harnessing the push and pull of magnetic fields created around wires that

carry electricity. Electric generators, which produce our main supply of electricity, also make

use of magnetic fields. And magnets themselves are magnetic and possess a magnetic field

because of the motion of the electrons within their atoms. So all machines that exploit

magnetism in one way or another are ultimately using electrons. Electrons also produce

electric fields, which have the same ability to attract and repel as magnetic fields do. Some

machines, such as the photocopier and ionizer, work by shifting electrons about so that

electrical attraction and repulsion come into play. Yet more machines use electrons as a

means to carry information. But despite these differences, the principles that govern the flow

of electricity are exactly the same in all electrical machines. The electrons always need energy

to make them move. They always travel in a set direction (from negative to positive) at a set

speed. Furthermore. they_will always produce particjalaLeffects whil^they_are on the move.

Magnetism is one, 5o too are heat and light, as we have already seen in Part 2. Electrons

have other ways of producing light as well as rays that are invisible and even sounds that

cannot be heard, but all are highly useful.
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ELECTRICITY AND MOVEMENT
As a source^f power, electricity has no rival. It is clean, silent, can be turned on and^off

instantl)^and_can be fed^easily to where it is needed. Electric machines that produce

movement are extraordinarily diverse. At first sight, there is little similarity between, for

example, a quartz wristwatch and an electric locomotive. However, both use the motive

force produced by the magnetic effects of an electric current - although the current used by

a train is hundreds of thousands of times greater than that which flows in a watch.

Like all electrical machines, those that use electricity to produce movement take only as

much power as they need. An electric motor will only take a set amount of current. This

means that one source can power many machines with each one taking only the current it

needs and no more.

MACHINES THAT CONTROL THEMSELVES
Electrons can be forced into a wire in varying quantities, and they give rise to varying levels

of electric charge that travel almost instantly along the wire to a machine. This varying

charge constitutes an electric signal, and it can govern the way in which a machine works.

The signal may simply switch the machine on or off, or it may control the performance of

the machine. Many machines contain devices that produce control signals that enable the

machines to control themselves so effectively that they can work totally unaided. Everyday

examples are automatic doors and traffic lights. Sensors and detectors are often the source

of these control signals. They can detect the presence of physical objects, like a piece of

metal or a whiff of smoke, and they can also measure quantities, such as speed. The signal

goes from the detector to the machine, which reacts accordingly. Automatic machines

respond in two main ways. In the simpler ones, the control signal triggers a set operation:

automatic doors, for example, open the moment one approaches and an airbag inflates

instantly in a car crash. These machines do nothing more - they don't need to. But some

automatic machines are much more sophisticated and have sensors or detectors that

measure the machines own performance. Their signals keep the machine working properly,

correcting its performance if necessary. An aircraft is such a machine: the autopilot senses

any deviation in flight and operates the aircraft controls to correct it, while the guidance

system continually checks the aircraft's position and ensures that it follows the correct route.

More and more aspects of our everyday lives now depend on the flow of bilHons of

controlling electrons along vvdres or through circuits inside machines. Automatic machines

take tasks out of our hands, make life more convenient and often much safer. Some give us

abiUties that we would otherwise not possess or find hard to learn; an automatic camera, for

example, makes photography much easier. Many such machines are controlled by digital

devices because these can produce highly complex sequences of control operations, as the

next part of l}iz New Way Things Work will make clear.
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Electricity
ON MAMMOTHATTRACTION

One day, I happened upon a mammoth whose hair had been

lovingly combed. The hairdresser, in fact, was just about to return

her creation to its owner No sooner had the perfectly coiffed animal

stepped into the street, however, than a combination of litter, loose

laundry and stray cats flew into the air and secured themselves to the

startled beast's freshly combed coat. It is common knowledge that a well

groomed individual is more

attractive, but never before

had I seen this so

forcefully illustrated.

Static ELECTRicnr
All things are made up of atoms, and within atoms are even

smaller particles called electrons. Electrons each have an

electric charge, and this charge, which is considered to be

negative, is the fundamental cause of electricity.

Static electricity is so-called because it involves

electrons that are moved from one place to another rather

than ones that flow in a current. In an object with no static

electric charge, all the atoms have their normal number of

electrons. If some of the electrons are then transferred to

another object by, for example, vigorous rubbing or

brushing, the other object becomes negatively charged

while the object that loses electrons becomes positively

charged. An electric field is set up around each object.

Unlike charges always attract each other and Uke

charges always repel each other This is the reason why the

mammoth finds itself festooned with trash after its brushing,

and why a comb rubbed with a cloth will attract pieces of

paper. Rubbing or brushing creates a charge and therefore

an electric field. The field affects objects nearby, producing

an unlike charge in them, and the unUke charges are drawn

together

Creating a Charge
Ruhhing a plastic comh with

a doth transfers electrons

from atoms in the cloth into

the plastic. .

.

Cloth.

Electrons Transferred^;
FROM Cloth

. . the comb's field then

repels electrons in the paper, Rgpgy ed^
creating attraction. ELECTRONS

Paper
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ON MAMMOTH LEMONS

At harvest time, I once watched with great admiration as

lemons were gathered with mammoth assistance. Large

specimens were harpooned, the mammoths being equipped with

copper lances, and their riders with zinc ones — a lightweight

improvement ofmy own devising. During my visit, the riders did

complain ofsuffering powerful shudderings which they somehow

attributed to their new equipment, but I was able to assure them

that of course there could be

no connection.

As each team boldly rode into

action, the air was almost

electric. -^

Current ELECTRicnr
Current electricity is produced by electrons on the move.

Unlike static electricity, current electricity can only exist

in a conductor— that is, a material such as a metal that

allows electrons to pass freely through it.

In order to make electrons move, a source of energy is

needed. This energy can be in the form of light, heat, or

pressure, or it can be the energy produced by a chemical

reaction. Chemical energy is the source of power in a

battery-powered circuit. The mammoth and its rider suffer

a surge of electric current because they inadvertently form

this type of circuit. Lemons contain acid, which reacts

with the zinc and copper in the lances. Atoms in the acid

take electrons from the copper atoms and transfer them to

the zinc atoms. The electrons then flow through the

materials connected to the two metal lances. The zinc

lance, which releases the negatively charged electrons, is

the negative terminal of the lemon battery. The copper
lance, which receives the electrons, is the positive terminal.

Whereas an ordinary lemon would not produce sufficient

electrons to give a big current, the giant lemon yields

enough to produce a violent shock.

Zinc

Acid

Battery Circuit
Electrons travel from

the negative terminal

through the wire to

the positive terminal.

Copper

Acid Takes
Positive Charges
ROM Zinc

Acid Takes
Electrons
FROM Copper
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FIRST ERASE LAMP
This lamp removes the

charge on the drum.

Transfer Charger
The transfer charger applies negative

charge to the piece of paper so that

it attracts the toner particles.

Second Erase Lamp I

This removes the charge on

the drum after the toner

has been deposited

t\^e v\nvM*-r
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THE PHOTOCOPIER
Glass
Window

Static electricity enables a photocopier to produce almost instant copies of

documents. At the heart of the machine is a metal drum which is given

a negative charge at the beginning of the copying cycle. The optical system

then projects an image of the document on the drum. The electric charge

disappears where Ught strikes the metal surface, so only dark parts

of the image remain charged. Positively charged particles of toner

powder are then applied to the drum.The charged parts of

the drum attract the dark powder, which is then transferred

to a piece of paper. A heater seals the powder to the paper,

and a warm copy of the document emerges from the

photocopier. A color copier works in the same basic

way, but scans the document with blue, green,

^nd red filters and no hlter. Using colored

T'^toner, the drum forms four images in

'^^^^Uow, magenta, cyan, and black that

overlap to give a full color

copy (see p. 2 14}

Carrier Belt

Optical System
^tmalh. (he ^as,s w\r\do\M, a \am^, set of
mirrors and a lens scan the document,

moving across it to project a strip onto the

rotating drum. The optical system may
enlarge or reduce the size of the image on
the drum.

Heater
The heater warms the paper

so that the toner particles

soften and are pressed into

the surface of the paper
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Air Cleaner
The most effective kind of air cleaner uses an

electrostatic precipitator to remove very fine

particles, such as cigarette smoke and pollen, from the

air in a room. The precipitator works by giving a

Pre-Filter .

A mesh in the pre-Jilter

first removes large dust

and dirt particles from

the air

positive charge to particles in the air and then trapping

them with a negatively charged grid. The cleaner may
also contain filters tp remove dust and odors, and
finally an ionizer to add negative ions to the clean air.

Electrostatic Precipitator
Opposite high-voltage charges are

placed on the two grids. The first grid

gives the remaining fine particles a

positive charge, and the negative grid

attracts the particles.

y^

Fan

Carbon Filter

A. filter containing activated

carbon absorbs odors from the

air, which is pulled through

the cleaner by a fan.

Lightning Conductor
Charge Buildup
A thunderstorm creates regions of strong negative electric

charge at the base of clouds. These charges cause strong positive

charges to form in the ground.

NtGATivh Charge
IN Cloud Base

Positive Ciiarge

IN Ground

Lightning Discharge
The very strong electric fields produce ions and free electrons

in the air The air can then conduct electricity and a flash

of lightning surges through it. -^

^»^

1
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IONIZER

Charged Needle.

Atoms that have an electrical charge are called ions. Ions occur naturally; they

make up many solid substances and they are also found in the atmosphere. Air

that contains a high concentration of negative ions is reputed to be beneficial;

ionizers are designed to produce them. An ionizer supplies a strong negative

charge to one or more needles. An intense electric field is developed at the point of

a needle, and it creates ions in the atoms in the air Positive ions are attracted to the

needle, while negative ions flow outward.

Capacitors

Positive Ions

'^o^A
Negative IonsiP?

y^^

Diode

Voltage Multiplier
This con\erts the alternating

current of the electricity supply to

a high-voltage direct current that

charges the ionizer needles. The

diodes change the alternating

Charged Needle

current to direct current (see

p.267) which charges the

capacitors. The capacitors store

increasing amounts of charge to

raise the voltage.

<5)

r & ,.

Reducing the
Charge
A lightning conductor helps

to prevent lightning. Intense

positive charges at the

pointed tips of the

conductor create positive

ions that flow upward to

reduce the negative charge in

the thundercloud while

negative charges are

attracted downward.

/-*

LSi.
Electrons ^-^''/^^y^
Enxer Ground '^^^y"

Conducting the
Charge to Earth
If lightning does strike, it

tends to follow the ion path

and hits the lightning

conductor The powerful

currentflows down the cable

and enters the ground

without causing any

damage.

/-v
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SELF-WINDING WATCH
PIEZOELECTRICITY
Exerting pressure on certain cr)'stals and ceramics can

cause them to produce an electric charge. This effect is

called piezoelectricit); from the Greek word piczcin meaning

to press, and it is put to use in several electrical devices.

In many substances, the atoms are in the form of ions

(see p. 263) which are held together ver\' tightly by their

electric charges. Quartz, for example, has positive

NORMAL Quartz Crystal Crystal under Pressure

silicon ions and negative oxygen ions. Pressing the quartz

displaces the ions so that negative ions move toward one

side of the cr)'stal and positive ions toward the other. The
opposite faces develop negative and positive charges,

which can be very powerful. The reverse happens too:

apphing an electric signal to a cr)'stal makes it \ibrate at

a precise natural frequency, as in a quartz oscillator.

QUARTZ Oscillator

Oxygen
IONS

.POSITIVT

SIUCON
Ions

Negatix-e Charge
ON Face

incoming
Signal

REGULAR Signal

positixt

Cr-\rge

ON Face

Aquartz watch (see opposite

page) consumes ver)' little

power, but its batter)' will

eventually run out and have to

be replaced. The self-winding,

or kinetic watch, is a quartz

watch that uses the

pnnciples of piezoelectricity

to keep good time, but does

not require a batter}'. It

generates its own electricity

simply by using the movement of

the wearers wTist. Inside the watch

is an oscillating weight that swings

to and fro as the watch moves. The

oscillating motion is

transferred through a set of

gears to a tiny magnetic rotor

that rotates at speeds of up to

100,000 revolutions per

minute and induces bursts of

electric current in a generating

coil. The current then goes to

the capacitor of the watch to be

stored for use by the watch's

quartz oscillator and motor.

Oscillating

Weight



ELECTRICITY

Quartz Clock
Piezoelectricity provides a simple method of

accurate time-keeping. Many clocks and watches

contain a quartz crystal oscillator which controls the

hands or display Power from a small battery makes the

crystal vibrate and it gives out pulses of current at a very

precise rate or frequency A microchip reduces this

rate to one pulse per second, and this signal controls

the motor that turns the hands or activates the display

Capacitor

MICROCHIP
The microchip divides

the oscillator's veiy high

vibration frequency to

produce a control signal

exactly once a second.

Quartz Oscillator

MOTOR
The motor rotates

180° eveiy second,

and drives the train

-)( gears that turns

the hands.

Electromagnet

5ATTERY

train of

Gears

TURNING
HANDS

-X
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THE CURRENT CART
Because electricity cannot be seen as it flows

around a circuit, it is easier to understand by

comparing it with something else.

The machine on this page

is a fictional, water-powered

equivalent of an electric

circuit. Water, rather

than electrons,

circulates and provides

power. Each part of the

cart has a counterpart

in the simple circuit

on the opposite page.

Water-Raiser
The water-raiser,

which gives the

water the force to

flow hack to the

trough at the

bottom of the

machine, is the

equivalent of the

battery. The top of

the screw is

equivalent to the

negative terminal

which sends out

electrons with

sufficient force to

flow around the

circuit and light

the bulb. The

height of the water-

raiser is equivalent

to the voltage.

I

" v\^—^^^

—

'f

Sluice Gate
Opening the sluice gate increases the flow ofwater

so that more water strikes the paddle wheel and

speeds up'the machine. This is the counterpart of the

resistance of the light bulb in the circuit. Fitting a

brighter bulb gives less resistance and more current

flows through it.

Water Channel
The amount ofwater passing

through the channel is the

equivalent of the current. This

varies depending on the height

of the water-raiser (the

voltage) and the position of the

sluicegate (the resistance).

Trough
The waterflows into the

trough, at which point it

has lost all its energy. This

is equivalent to the

positive terminal of the

battery, where electrons

return to their source

after completing the

electric circuit.
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ELECTRIC Circuit

a:
11 devices and machines powered by current

.electricity contain an electric circuit. A source of

electricity, usually a battery or generator, drives

electrons through a wdre to the part of the machine that

provides power or releases energy. The electrons then

return along a wire to the source and complete the

circuit. The source produces a certain' number of volts,

which is a measure of the electrical force that sends the

electrons around the circuit. The current, which is the

amount of electricity that flows, is measured in amps or

amperes. The working part of the circuit has a

resistance measured in ohms.

One-Way Flow
Loose Electrons Move
FROM One Atom to Next

Bulb

Direct Current (dc)

The electric current produced by a

battery and solar cell is direct

"^ current. The electrons flow in one

direction from the negative

terminal of the source to the

positive terminal. Although

individual electrons move very

slowly, the electric charge travels

very much faster This is because

the arriving electrons collide with

loose electrons in the metal atoms,

making them leave one atom and

collide with the next. Like

shunting railroad cars, the shift in

electrons progresses very rapidly

along the wire, making the electric

charge move very quickly.

Electric

HARGE

Qr^

ECTRIC

L\RGE

Alternating
Current (ac)

The main supply is usually not

direct current but alternating

current. Here, the electrons move
back and forth 60 times a second,

because the terminals of the supply

repeatedly change from positive

to negative and vice-versa. This

makes no difference to a light

bulb, which lights up when the

current flows in either direction.
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^TTERIES

V

A battery produces an electric current

when its terminals are connected to

each other to form a circuit. All batteries

contain two electrodes and an electrolyte,

which produces the chemical reaction with

the electrodes resulting in a current. In "dry"

batteries, the electrolyte is a paste of

powdered chemicals. "Wet" batteries, like

those in cars, contain a liquid electrolyte.

A battery's voltage depends on the metals

that are used in its electrodes.

.Positive

Terminal

_ Powdered
Zinc

_ Manganese
Oxide Plus

Carbon to
Conduct
Current

- ELECTROLi'TE

. Absorbent
Separator

LONG-LIFE BATTERY
Within the strong steel case is

powdered zinc and a form of

manganese oxide, both mixed

with an alkaline electrolyte. The

electrolyte causes a chemical

reaction in which zinc changes

to zinc oxide, causing zinc

atoms to lose electrons and

become positive zinc ions, and

the manganese ions in the

manganese oxide gain electrons.

The battery produces 1.5 volts.

Steel Case
P.ASSES

Electrons
TO Manganese

Steel'Nail

Collects
Electrons
from Zinc .Negative Terminal

Powdered Zinc

BUTTON BATTERY
The batter)' contains powdered zinc

and mercur}' oxide with an alkaline

electrol)te. The zinc loses electrons as it

becomes zinc oxide, while the mercur)'

atoms gain electrons as the mercur)^

oxide changes to mercury- The batterv'

produces 1.35 volts.

Mercury Oxide

.Negative Terminal

Positive Terminal

©
Absorbent Pad.

Containing Electrolyte
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CAR BATTERY
The battery in a car is designed to produce the strong

current needed to turn the starter motor (see p. 73). It does

this by using a number of cells hnked together When
running, the engine turns a generator which feeds current

back into the batter)^ to recharge it.

A car batter)' contains plates of lead oxide and lead metal,

immersed in a sulfuric acid electrolyte. As the batter)'

produces current, both kinds of plate change to lead sulfate.

Feeding a current into the battery reverses the chemical

reaction.

_ Sulfuric

Acid

Cell.

Divider

Negative

Terminal

Electron Flow
During Discharge

Electron Flow
During Recharge

Lead
O.XIDE

Sulfuric

Acid

Lead
Metal

Lead
Sulfate Llead

Sulfate

M

Cell

C

e
Cell

.Ui.^

rt

D

Cell

:x-£

Cell

D

:>

Cell

-4-

Cell

C
It
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CarTemperature Ga
Electrical temperature gauges and thermometers depend

on the changing resistance of a heat-sensitive element.

The resistance varies with temperature, so that the amount
of current flowing depends on how hot the element gets.

ENGINE COOL
Before the engine has warmed up
(above) , only a small current flows

through the gauge. From the

battery, it passes through the

stabilizer, coil and the thermistor

in the water jacket of the car's

engine. The thermistor's high

resistance restricts the current and

the needle indicates that the

engine is cool.

ENGINE HOT
As the water in the engine heats up
(below) , the resistance of the

thermistor decreases. This enables

a larger current to flow through it,

and the current heats the coil in

the gauge. The heat bends the

bimetallic strip (see p. 154) which
is linked to the needle.

THERMISTOR
A \ktrm\s,lor \s made of a semiconductor

(see opposite page). Heat makes its

atoms vibrate more, freeing electrons

that cany current and thereby lowering

its resistance. The stabilizer ensures that

a constant voltage is fed to the

thermistor

Strip Bends as

Temperature Increases

-z: iw
^i
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SOLAR Cell

A solar cell turns light into electricity. Large panels

of cells power satellites while strips of a few cells

provide the much smaller current needed to power

calculators. Like many electronic devices, solar cells

depend on semiconductors. These are materials in

which the flow of electrons can be controlled — in this

case, to generate a low current. Each cell contains

two layers of different types of siUcon. The sihcon

atoms are arranged in a lattice in which other

atoms containing extra or fewer atoms are

inserted.

INSIDE A Cell
Am xndi\xdua\ solar ceW (above) is made of two kinds of

silicon — an upper n-type layer and a lower p-type layer

When light strikes the cell Cbelow), the rays penetrate

the silicon and free electrons from the atoms. The charges

on the two layers make the electrons move. The electrons

are collected by the cpntact and the cell generates a

current as the ^ j electrons flow.

Silicon

Light Strikes the Cell
The light ray frees an electron which is

pulled into the n-type layer by the positive

charge there.

Filling the Hole
An electron from an adjoining atom moves

upward to /ill the hole left by the freed

electron.

Current Flows
Electrons produce a current as light frees

them. Returning electrons fill the holes that

they have left.
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Remote Control Unit
Diode
A diode allows current to flow in one

direction but not in the other It consists

of a ip-n semiconductor junction (see

p.271). When a positive terminal is

connected to the p-type layer ^ar n^O,
the positive charge of the terminal

attracts electrons and a full current

flows. On reversing the connections

{n^i), the negative charge of the p-type

layer opposes electron flow A low

current flows as a few electrons freed by

atomic vibrations cross the junction.

F-TYPE
ELtCTRONS:

A/-TYPE

Reverse BiAS: Low Current Forward Bias Full Current

P-T^TE N-TYPE

Photodiode

Pressing a button on the remote control unit for

a television or video recorder transmits a beam of

invisible infrared rays to the set. The beam contains a

digital code signal similar to that given when a key of

a computer keyboard is pressed (see p. 3 17). The
receiver unit in the set detects the signal and decodes

it, for example to change channel or volume. Both the

transmitter and receiver work with diodes, but in

each case the diodes function in opposite wa)s.
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Circuit Board.

/>

RESISTORS z:

,
Indicator LED

Key

C)

r\
T.V^^i;^;^^^l!!rCAPACITOR

'•o.

Microchip

.Connector

y\

. Transistor '^'

Transmitter LED.

Light-Emitting

DIODE (LED) Electrons AND
N-t\te / Holes Combine

1:ransmitter unit
This hand-held transmitter unit contains keys

and electronic components similar to those in

a computer keyboard (see p. 3 17). Pressing

a key routes a signal to the encoder chip, which

pends a series of electrical pulses to the LED (light-

emitting diode). The pulses form a signal in binary

code, and the LED flashes on and off to send the

I signal to the receiver. An indicator LED lights up
as the key is pressed.

A light-emitting diode is connected to a

power source in forward bias. Electrons lea\^ng

the semiconductor atoms create holes that are

hen filled by arriving electrons. As the electrons

nd atoms combine, they produce Ught or

nfrared rays.

Light or
Infra-Red

Rays

Electrons .

Enter Diode

o

9
o

Encoder Chip

P-TYPE Electrons_
Leave Diode

-o J

^
A*. .-^m%: .V

PovvTiR Source

L ^
T<^ .-

ttmy. 1*
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Magnetism
ON SHOEINGA MAMMOTH

Wforking mammoths wear out their shoes with great

rapidity, so it was with extreme interest that I watched a

blacksmith fitting new improved shoes to a volunteer heast. The test

had mixed results. Shoe wear was reduced to zero, but only because

a strange and powerful attraction between opposite shoes

prevented all movement on the

part of the wearer

WHERE NORTH
MEETS SOUTH
A magnet is a seemingly

ordinar)' piece of metal or

ceramic that is

surrounded by an invisible

field of force which affects

any magnetic material

within it. All magnets have

two poles. When magnets

are brought together, a

north pole always attracts

a south pole, while pairs of

like poles repel each other

Bar magnets are the

simplest permanent

magnets. Horseshoe

magnets, which have such

an unfortunate effect when
used as mammoth
footwear, are bar magnets

bent so that their poles

are brought close together

North'
Pole

South
Pole

Fields

Attract

Fields

Repel.

5 Cl
7) C

Lines of Force
Because a magnetic field cannot he seen, lines are

used to show the direction of the field.

-W- tf^

Magnetic Attraction
The lines offorce extendfrom the north pole

ofone magnet to the south pole of the other,

pulling the magnets together
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^ik

ONA MAMMOTH CLOTHES-DRIER

The problem of how to dry out weatherproof

clothing worn hy working mammoths in damp
climates has long taxed my ingenuity. On one

occasion, I designed a hollow drier modeled on the

form of a standing mammoth, which was intended

to prevent shrinkage of the garments. I accordingly

had a blacksmith put my plans into effect, and in

no time he was happily coiling some sturdy wire

around an iron bar supported on wooden legs.

What happened next was both startling and inexplicable. A sudden

thunderstorm swept overhead and a bolt of lightning hit one end of the coil,

and at that very instant all the blacksmith's tools flew through the air and

attached themselves to the work in progress. The project

was promptly abandoned.

ELECTRICAL
MAGNETS
When an electric current

flows through a wire, a

magnetic field is produced

around it. The field

produced by a single wire

is not very strong, so to

increase it, the wire is

wound into a coil. This

concentrates the

magnetic field, especially

if an iron bar is placed in

the center of the field.

Electromagnets can be

very powerful — as the

blacksmith finds out. A
sudden burst of current

momentarily transforms

his clothes-drier into a

powerful electromagnet

which attracts all nearby

iron objects to its poles.

Magnetic
FlELX)

^

t-

.Wire

Flow of
Electrons

^ Magnetic
Field

, Flow of
Electrons

Wire

Coil OFWire
The lines offorce of all the loops in a coil combine to produce a

field that is similar to the field around a bar magnet. The poles

of the electromagnet are at either end of the coil.

Single Wire
The lines offorce form circles

around the wire.

Flow of
Electrons
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MAGNETS ATWORK
MAGNETIC COMPASS
The Earth has its onvti magnetic field. A compass

needle will align itself so that it point toward the

north and south magnetic poles, along Unes of force

which run in the direction of the field. The magnetic

poles are situated away from the geographical poles.

MAGNETIC INDUCTION
A magnet is able to pick up a piece of steel or iron

because its magnetic field flows into the metal. This

turns the metal into a temporary magnet, and the two

magnets then attract each other.

North Magnetic Pole

North Pole

Pole of Permanent Magnet .

OR Electromagnet

Unes of Force .

DOMAINS
hmdc the metal are

small magnetic

regions called

domains. The

magnetic field lines

align their poles,

which otherwise cancel

each other out, so that

the metal becomes a

magnet.

\

X

South Magnetic Pole

Unmagnetized
Iron Magnetized Iron

\^

1

Non-Magnetic
Coil Plate

ELECTROMAGNET
An electromagnet is a coil of wire wound around an iron

core. When current flows through the coil, it creates a

magnetic field. The strength of the field depends on the

current. Large electromagnets are strong enough to lift

scrapped cars; much smaller electromagnets are used

medically for tasks such as extracting metal splinters.
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Metal Bar ,

Spring _^

Magnetic Burglar Alarm
A magnetic sensor can detect

the opening of a door or

window. A permanent magnet is

mounted on the window or door

and a special switch on the frame.

When the window or door is

closed, the magnetic field attracts a

metal bar, keeping the switch on.

Alarm Sounds
1/ the Wmd.o\^ or door is opened, the

magnet moves and no longer attracts

the metal bar. The spring pulls the bar

back, opening the contacts. This cuts

the circuit, which activates a mechanism

that rings the alarm. Cutting the wire

from the contacts to the alarm also

causes the alarm to sound.

h

Magnetic machines
A great number of machines contain electromagnets. Many use them in their

electric motors (see pp.280- 1) to provide power. Electromagnets are also used

to store signals in tape recorders, video recorders and computer disk drives, to

produce sound in bells, buzzers, loudspeakers and telephones, and to deflect

electron beams in television receivers and computer monitors.
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THE ELECTRIC BELL

Hammer

Contacts

One of the many everyday uses of

electromagnetism is the electric bell.

The button at the door is an electric switch

that sends current from a power source

such as a battery to the striking

mechanism. This makes a hammer move
back and forth several times a second,

sounding a metal bell An electromagnet

and a spring alternately pull the hammer

Pressing the
Button
When the button is

pressed, the contacts

are first closed. Current

flows through the

contacts and the spring

to the electromagnet,

which produces a

magnetic field. This

field attracts the iron

armature, which moves

toward the

electromagnet against

the spring and makes

the hammer strike the

bell.

The Bell Sounds
As the hammer strikes

the bell, the movement

of the armature opens

the contacts. The

current stops flowing to

the electromagnet,

which loses its

magnetism. The spring

pulls the armature

back, and the hammer
moves awayfrom the

bell. The contacts then

close again, and the

cycle repeats itselffor

as long as the button is

pressed.

Button

Horn

I

1
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THE ELECTRIC HORN

The horn of an automobile is another example of

the use of magnetism to produce sound by a

simple vibration. The mechanism of a horn is rather

similar to that of an electric bell, with a set of contacts

repeatedly closing and opening to interrupt the flow of

current to an electromagnet. Here, an iron bar moves
up and down inside the coil of the electromagnet as the

magnetic field switches on and off. The bar is attached

to a diaphragm, which vibrates rapidly and gives out a

loud sound.

The horn, as here, may have an actual bell-shaped

horn attached to the diaphragm. This resonates to give

a penetrating note and ^ ir^^^^^
projects the sound —^L-—LV——

1

forward.
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To PowTR Supply

S^i

M'>"<^

Commutator
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ELECTRIC MOTOR
ROTOR
The central rotor contains

several coils. As it rotates,

each coil is in turn supplied

with current by the brushes

on the commutator

coil.

SlATOR
The stator contains coils

that are Jed with the electric

current supplied to the rotor

This produces the magnetic

field that interacts with the

field of the electrified rotor

The electric motor is the most convenient of all

sources of motive power It is clean and silent,

starts instantly, and can be built large enough to drive

the world's fastest trains or small enough to work a

watch. Its source of energy can be delivered along wires

from an external power source or contained in small

batteries.

There are several different kinds of electric motors.

Many household machines contain the universal motor

shown here. This motor gets its name because it can run

on both the direct current provided by a battery and the

alternating current from the electricity supply. It is Uke

a direct current motor but has an electromagnet called

a stator instead of a permanent magnet, and a rotating

set of coils called a rotor When direct current is used,

the rotor field reverses every half turn and the stator

field does not. With alternating current, the opposite

happens. Either way, the rotor keeps on turning.

Lines of Force _

At these points, all the lines of

magnetic force are close together

and have the same direction.

This produces a strong repulsion

between the magnet and the coil.

DIRECT Current motor
In a simple electric motor, direct

current is fed to a coil that can rotate

between the poles of a magnet. The
magnetic field of the coil and that of

the magnet interact and force the

coil to turn. The coil drives the shaft

of the motor.
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MAGLEV TRAIN
Amaglev has no wheels, instead using magnetic

fields to levitate itself above a track. Thus freed

from friction with the rails, the train can float along

the track. The train shown here uses the attractive

system of levitation, in which electromagnets

attached to the train run below the suspension rail

and rise toward it to Uft the train.

Suspension Rail

. Electromagnet

. Linear Motor

. Reaction Rail

Motor
Coils

, Reactio

R.AIL

j^ Ky- ^^S.^V
Linear induction motor
A form of electric motor called an induction motor drives

the maglev train. Coils on the train generate a magnetic

field in which the poles shift along the train. The field

induces electric currents in the reaction rail, which in turn

generates its own magnetic field. The two fields interact so

that the shifting field pulls the floating train along the

track.

The disk drive of a computer uses electromagnetism

to "write" or store programs and data. The!

read-write head converts electric code signals from the,

computer into magnetic codes recorded on the surface'

of the disk; the drive then reverses this process to "read"

the disk (see p. 333).

A djsk drive contains two electric motors — a disk

inotor to rotate the disk at high speed and a head motori

to move the head across

Sectors of Magnetic
Code Signals

Floppy Disk
A floppy disk is inserted into

the drive hy hand. The disk

is protected by a sleeve in

which a window is cut to

expose the surface of the

disk. Inside the drive, the

head travels along the

window as the disk rotates

inside the sleeve.

Timing Hole
Some disks contain a hole

through which a light shines

onto a detector so that the

drive can find the required

sectors.

Window

Stepper MOTOR
The stepper motor in a disk drive contains a rotor that is a

permanent cylindrical magnet with many poles around its

circumference. It rotates inside two sets of stator coils,

each of which has a row of metal teeth. Sending an electric

current to a coil (right) magnetizes its teeth with alternate

north and south poles. Reversing the current (far right)

reverses the sequence of the poles. The two rows of teeth or

the upper and lower stators are placed out of alignment,

and the rotor moves to position each pole with a pair of

overlapping teeth having the opposite pole. Signals from

the drive controller to the stator coils change the teeth

poles so that the rotor turns to follow them.

i



MAGNETISM

DISK DRIVE
must work with very great precision, because a tiny

error in the position of the head could corrupt the pro-

gram or data and stop the computer. The head is there-

fore moved by a stepper motor which, instead of

turning constantly, obeys a control signal to rotate by

an exact amount.
Rings Grip Disk

Upper Teeth.

Upper Stator

^- LowTR Teeth

Lower St.^tor Clrrent

Head Motor .

(Stepper Motor)

First Signal
Each north pole

on the rotor lines

up with an

overlapping pair

of south poles on

the stator teeth,

while each south

pole on the rotor

lines up with a

pair of north poles

on the teeth.

Re\"ersed Poles

Rotor Poles
Rotor Rotor Turns

Second Signal
The current to the

upper stator reverses

so that the sequence

of poles on the upper

teeth reverses. Each

pole shifts by one

tooth clockwise,

relative to the lower

teeth. The rotor turns

by one tooth as its

poles line up with the

new pairs.

I— Clrrent Rentrses
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ELECTRIC Generator
South Pole

An electric generator works by electromagnetic

induction — it uses magnetism to make electricity.

The power source spins a coil between the poles of a

magnet or electromagnet. As it cuts through the lines

of force, an electric current flows through the coil.

Brushes

AC Generator - First Half Turn
An alternating current (AC) generator contains two slip rings

connected to the end of the coil As the current reverses in the coil, an

alternating current emerges from the brushes. When part of the coil

cuts the lines offorce near the magnet's north pole, the electrons move

up the wire, producing a positive charge at the lower slip ring.

POWER Supply
The large generators in power stations are powered

bv steam turbines, water turbines or gas turbines,

which work Uke the turbines in jet engines (see

p. 160). The electricity reaches our homes through a

network of power lines carr)ing current at a ven,' high

voltage, which reduces energ)' losses in transmission.

Transformers then step down the voltage to different

levels for use in industr)' and in the home.

.
Generator
The generator produces a

powerful current at

se\'eral thousand volts.

POWER Line.

At high voltage, the current

is capable of sparking

considerable distances

through air For safety, the

ines are suspended from

high pylons by long insulators.
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North Pole South Pole

Sup Rings

Brushes

AC Generator - Second Half Turn
The same part of the coil has now turned to cut the lines offorce near

the magnet's south pole. Electrons now flow down the wire to produce

a negative charge at the lower slip ring, reversing the current flow. The

frequency of the current reversal produced by an AC generator

depends on the speed at which the coil rotates.

TRANSFORMER
Low

Voltage

Iron

Core

A transformer changes the voltage of an

alternating current. The input current goes to

a primary coil wound around an iron core. The
output current emerges from a secondary coil also

wound around the core. The alternating input

current produces a magnetic field that continually

switches on and off. The core transfers this field to

the secondary coil, where it induces an output

current. The degree of change in voltage depends on

the ratio of turns in the coils; the tranformer shown
here steps up or steps down the voltage three times.
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THE TWO-WAY S
Once a supply of electricity has entered the home, it

is metered and then distributed to outlets and

Ught switches. The two-way switch is a common part

of a domestic electric circuit. In it, a pair of switches is

connected so that pressing either turns a Hght on or off.

Each switch has two sets of contacts linked by a pair of

wires. Moving the switch up or down closes one set of

contacts and opens the other set. To turn the Ught on,

the sets of contacts at the ends of either of the two wires

must close.

Many appliances have a third wire connected to

their metal casing which hnks through the wiring

circuit to the ground. If the apphance is faulty and a

live wire touches the case, the strong current is

immediately conducted t^^the ground.

r^'

Meterand Safety System
The current ^ows, i\\rou^ a meter, which works

like an electric motor to turn an indicator It then

enters a box offuses or circuit breakers. If the

current in any part of the circuit surges to a

dangerously high level, a fuse will melt and
break the circuit. A circuit breaker cuts off the

supply by using an electromagnetic switch

activated by the high current.

^J^'T'?'^'^^"^''?"'?'''?!"?"

m G
fc.

.==•

O
3

i ^ 4 W
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CAR IGNITION SYSTEtE^ 2v

Electromagnetism enables a car to start and also

keeps it running by producing the sparks that

ignite the fuel. At a twist of the ignition key, the

starter motor draws direct current from the batter)' to

start the engine. Producing the powerful magnetic field

needed in the starter motor requires a heft)' current, one

which is too strong to pass

\\through the ignition switch.

N. So a solenoid, activated

\ x^ by a low current

passing through the ignition switch, passes a high

current to the starter motor

In electromechanical ignition systems, like the one

shown here, the contact breaker in the distributor

opens and interrupts the supply of low-voltage current

to the induction coil. The magnetic field around the

primary winding collapses, inducing a high voltage in

the secondary winding. The distributor then passes the

current to the spark plugs. In electronic ignition, the

contact breaker is replaced by an electronic switch.

_ Current to Induction Coil

Starter Motor
A very large current flows through the

motor to produce the powerful force

needed to start the flywheel turning

(see p. 73).

BATTERY
One terminal of the battery is

connected to the car body, which

serves as a return path for the

circuits in the car's electrical

systems.

wwawtfT'
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Sensors and detectors
cB IT'

ON MAMMOTH SENSITIVITY

Emotionally and physically, mammoths are highly sensitive

creatures. Their physical sensitivity can he exploited in numerous

wcTi^s, assuming always that their emotional sensitivity can he

controlled. A selection of such applications is here depicted. In figure 1,

the trunk of a sleeping mammoth is used as a pressure-operated

alarm to frighten away burglars.

J
n figure 2, the trunk of a sleeping

mammoth is secured to the ceiling to act

as a smoke detector Plants obscure the

creatures bulk and also provide it with

occasional snacks.

mim

J
n figures 3, 4 and 5, a

highly trained mammoth
is used as a metal detector.

Once a piece of luggage has

been tested, there is no

question about the location

of bulky items. Chances are

that at least some of them

are metal.

'^m^^.
fuf-5

'
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Jn figures 6 and 7, the

mammoth's trunk is employed

as a highly sensitive mobile

breath analyzer.

Figure 8 illustrates my
automated ski lifi. By

continually consuming water,

the mammoth 's weight increases

until it exceeds that of the

loaded car, which automatically

ascends.

Figure 9 shows the

specially designed

squeezer This forces the

water out of the

mammoth so the car

automatically descends.

r

DiscoveryAND measurement
Sensors and detectors are devices that are used to detect

the presence of something and often to measure it. Alarm
systems sense the direct evidence of unwanted visitations,

such as the tell-tale tread of a burglar or the airborne

particles of smoke from a fire. Other sensors and detectors

employ penetrating rays or magnetic fields to locate and
reveal objects that cannot be seen. Measuring instruments,

from seismographs to radar speed traps, are sensors and
detectors that react to something specific and then register

its quantit)'.

Sensors and detectors are also very important as essential

components of automatic machines. Many machines, for

example the autopilot in an aircraft, use feedback. This

means that their sensors measure the machine's

performance and then feed the results back to control the

power output. This in turn affects the performance, which

is measured by the sensors... and so on in an endless loop.

By sensing their own performance, automatic machines

keep within set Umits The mammoth-powered weight-

sensing ski lift is a simple automatic machine



AIRBAG
In front of and possibly to each side of the occupants the propellant. A large volume of nitrogen gas (not air)

of a car is a concealed bag and gas generator is generated and inflates the bag in about 30

containing an igniter and solid propellant. If the car milliseconds. The bag emerges, and then deflates gently

crashes, a crash sensor triggers the igniter, which fires as the head of the occupant sinks into it.

AiRBAG Warning
Light
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iBy comparing the arrival times of

the seismic waves at several

seismographs in different places,

the location of the earthquake

can be pinpointed. The strength

of the vibrations enables the

intensity of the earthquake to be

estimated. Seismographs can

also detect vibrations from

underground nuclear tests. The

simple seismograph shown here

operates mechanically; more
advanced seismographs have

vibration detectors that work
electromagnetically.

BASIC Seismograph
The seismograph is basically a pendulum
mounted horizontally or vertically. It has

a heavy mass with a high inertia (see

p. 70). As the ground shakes, the rest of

the detector vibrates around the mass

and a pen fixed to the pendulum marks

the vibrations on a moving roll of paper.

Crash Sensor
The sensor that detects the sudden

deceleration of the car in a crash is

a microchip containing a tiny square

linked by thin strips to a frame.

Because of the square's inertia, the

movements of the car stretch or compress
the strips, changing their electrical

resistance in the same way as a strain

gauge (see p. 321). In a crash, the sensor

puts out a strong signal and this triggers

the airbag.

Autopilot
The guidance system of an aircraft operates the controls to correct

drifting and keep it on course. It has two main parts. The autopilot

keeps the aircraft flying at a set height and direction, using gyroscopes

(see p. 76) to detect changes in height or direction. The other part of the

guidance system continually checks the position to keep the aircraft to

its route, altering height and direction when required. In it,

accelerometers mounted on a level platform stabilized by gyroscopes

measure the forces acting on the plane. Inertia causes a spring-mounted

armature to remain still as coils beneath it move, inducing an electric

signal in the coils that measures the force.

ARMATURE

Output
Signal

MOTION Signal
The alternating current produces

a magnetic field that is disturbed

when the coils move relative to

the armature. The changing field

produces a signal in the outer coils.

t

Steady Flight

North-South
accelerometer

Deceleration acceleration

East-West

accelerometer

Vertical

Accelerometer

INERTIAL GUIDANCE
Inertial guidance systems contain

three accelerometers mounted on

a stable platform. They sense

vertical forces and north-south

and east-west horizontal forces.

In this way, the accelerometers

can detect all the movements of

the aircraft. Their signals go to

a computer that calculates the

aircraft's current altitude

and latitude and longitude

to keep it on course.
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BREATH Tester

everal sensors are designed to

detect the presence of specific

substances. A breath tester detects

and measures the concentration of

alcohol in the breath, which is an accurate

indication of the amount of alcohol in the blood.

Breath testers use either a fuel cell (shown here) or

infra-red rays, which are absorbed by alcohol

vapor Testing drivers with a breath tester enables

police to check alcohol levels in a matter of

seconds.

2 TAKING A Reading
The driver blows into a tube until first light A and then light

B come on. The lights are linked to a pressure sensor and

timer to provide the correct breath sample. The READ
button is then pressed, which raises the diaphragm to admit

the sample to the fuel cell. Alcohol in the air causes the fuel

cell to produce a current.
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Smoke detector

Smoke detectors can sense the small particles of

smoke that rise from a smouldering object, and

raise the alarm before fire breaks out. They work in

two ways. Optical detectors use a light beam and light

sensor that react to anything obscuring the beam.

Ionizing detectors of the kind shown here are

electrical sensors that can detect smaller particles than

their optical equivalents.

The ionizing smoke detector contains a chamber in

which a low electric current flows through the air.

Smoke particles entering the chamber increase its

electrical resistance so that less current flows. A
microchip responds to the drop in current (and a

failing battery) by switching on an alarm.

IONIZING Rays
Rays jrom the rad\oacti\e

source ionize the atoms in

the air of the detection

chamber, giving them

positive and negative electric

charges. The charged atoms

or ions carry an electric

current between the charged

electrodes. Smoke particles

entering the chamber attract

the ions and reduce the /^

current.

SSSi>
I

=!

lONS

IF
JLt

Electrode

Smoke 11""
Attracts Ions C ]
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.HlGH-VOLTAGESUPPli' COPPER ANODE
,

TUNGSTEN TARGET^ FILAMENT

Oil.

X-Ray Beam

Electron Beam^

Cathode
A heated filament produces

the beam oj electrons. The

X-ray tube works at a very

high voltage ^produced by a

transformer

Oil
,

DENIAL X-RAY TUBE
Inside the X-ray tube, a

negatively charged electrode,

or cathode, produces a beam
of electrons that strikes a

tungsten target in a

positively charged copper

anode. The electrons make
the tungsten atoms emit

X-rays, and the surface is

angled so that an X-ray beam
emerges from a window in

the machine. The window is

transparent to X-rays but the

rest of the tube is encased in

lead, which absorbs the other

rays produced. The copper

anode conducts the

considerable heat created in

the target to the oil bath that

surrounds the glass envelope

' '.
'

• « t I . I

.7 //M' \j \ ' 'I /

./\^ { -V'' 'Li

Window

Film

Holder

Vacuum Inside

Gl4lSS Envelope

.Lead Casing

X-Ray Production
Millions of high-sipeed electrons

bombard the tungsten target to create a

powerful X-ray beam. As the electror\s

meet the atoms of tungsten in the target,

they interact with the electrons and

nucleus in each atom. An incoming

electron may be slowed and deflected by

the nucleus, giving offX-rays as it loses

energy. It may also knock an inner

electron out of a tungsten atom; an outer

electron then moves in and takes its

place, emitting X-rays as it does so.
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-RAYS
ost of us are familiar with X-rays from pictures

that the dentist takes to examine our teeth.

The X-ray machine produces a beam of invisible

rays. These penetrate the teeth and strike a piece of

photographic film mounted in a holder clenched between

the teeth. The dentist develops the film and sees a picture

that shows the interior of the teeth and also any defects that

need attention.

X-rays are used to look inside many things in the same kind of

way They are electromagnetic rays similar to light rays but with

greater energy. The>' easily penetrate materials made of light atoms,

which include the atoms in flesh. Heavier atoms, such as those of most

metals, absorb them. Teeth and bones contain some calcium, which

is a metal, and so the teeth and metal fillings inside them show up.

Film Holder
The ^Xasixc holder coniams,

a piece offilm that is

exposed by X-rays, which

pass straight through the

outer covering. The parts of

the teeth that absorb the rays

show up in white on the

X-ray picture.

^:: BAGGAGE SCANNER
Airport security requires both

and effective searching of

passenger's baggage by a scanner.

This uses X-rays to penetrate the

baggage and show up metal objects

inside. A very sensitive detector is used

so that a low dose of X-rays is given,

thereby avoiding exposure of films in

the baggage.

Photodiodes

Conveyor Belt

Screen

Low-Dose Screening
The baggage moxes along a

conveyor belt beneath an X-ray

tube that generates a pencil-

thin beam of X-rays. The beam

scans the baggage and strikes a

row ofphotodiode sensors (see

p.272) under the belt. Signals

from the photodiodes go to a

computer, which builds up an

image of the interior of the

baggage on the inspection

screen.
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SONAR ^^!

Sonar, which stands for SOund Navigation And
Ranging, is a sensing system that detects objects

with sound waves. It is mainly used underwater, where

other kinds ofwaves and rays do not travel so well. Ships

employ sonar to measure the depth of water, to find

shoals of fish and to detect wrecks. A transducer emits

a pulse of sound, which travels down through the water

and is reflected back. The transducer picks up this

echo, and the sonar converts the time it takes the sound

to return into a value for the object's distance.

Hull OF Ship

Echo Sounding
/( takes 1 second for an echo to

return from an object 2,500 feet

(750 meters) deep. The

returning echoes ofsound

produce an electric signal that

goes to a screen display. The

time differences of the echoes

show on the display as points of

light in different positions. In

this way, a profile of the water

beneath the ship is seen

complete with depth scale,

giving the location of the

bottom and shoab offish.
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ULTRASOUND SCANNER
The principles of sonar are put to important use in

the ultrasound scanner This machine can produce

an image of an unborn child inside its mother Pulses of

sound from a probe scan across the interior of the body.

A computer uses the returning echoes to build up a

cross-section image of the mother and baby.

The scanner produces pulses of ultrasound, which is

sound with a frequency range that lies above the limit of

human hearing. Ultrasound is used, not to spare the

ears of doctor, mother and baby, but because it has a

shorter wavelength and so enables the computer to

produce more detail in the image.

1 Probe emits ultrasound pulse. 2 Echo retumsfrom womb. 3 Echo retumsfrom hahy.
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Primary Radar
The antenna of the primary

radar system transmits

radar signals and receives

reflected signals from

aircraft. The time taken for

the signal to return depends

on the distance of the

aircraftfrom the antenna.

Primary radar therefore

indicates only the distance

of an aircraft.

Outgoing Signal /
/

Antenna

/ ^

Radar Altimeter
By sending a radar

signal to the ground and

timing the reflected

signal, the aircraft's

radar altimeter measures

the height of the aircraft

above the land or sea

below.

r\

Air travel would be extremely hazartkms I

without radar to guide aircraft through^

today's crowded skies. Air traffic controllers

depend on radar to find the positions of

aircraft. Using radio, they then give pilots

instructions to bring their aircraft to a safe

landing or to pass through an area free from

the danger of collision.

Radar itself makes use of radio waves: the

name stands for RAdio Detection And Ranging.

Radar stations have antennas that send out

radio signals, using waves with frequencies

above those used for broadcasting. The radio

signals bounce off aircraft and return to the

antenna, which produces an electric signal

that goes to a screen to show the position of

the aircraft. The antenna rotates so that it

detects aircraft in all directions. A signal

returns from an aircraft 200 miles (320km)

away in only l/500th of a second, so radar

stations can survey large areas of the sky.

RADAR SPEED TRAP
A radar signal fired at a moving vehicle can be used to measure its speed. The

frequency of the returning signal increases if the vehicle is approaching and

decreases if it is departing. The change of frequency depends on the speed,

and a radar speed trap measures this change to display the speed of the vehicle.

The frequency of a signal is the rate at

which the waves of energy pass a point. If

the vehicle is approaching the speed trap.

It travels into the radio waves and reflects

them more often to increase the frequency.

If the vehicle is moving away, it takes longe

for each wave to meet the vehicle and the

frequency of the reflected signal decreases

Radar Antenna

Closer-Spaced;

Reflected Waves v^



Outgoing Signal

Secondary Radar
The antenna ofthe secondary

radar system sends signals

to transponders on aircraft.

In reply each transponder

sends back a signal giving

the aircraft's height and

identity.

Antenna

^^
301

RADAR DISPLAY
In a radar display (below), the positions of aircraft within

range of the radar station appear on a screen marked with a

map of the area. As the primary antenna rotates, the

positions of aircraft returning radar signals light up. The

computer displays the information from secondary radar

beside the position of the aircraft. This information gives the

aircraft's flight number (in this case TW754) , its destination

(LLor London) and its current height (300 or 30,000 feet).

In this way, the screen displays the information that the air

traffic controller requires.
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T he technology that enables us to discover buried

Metal DEXECToy

vending machines, invisibly frisks people at airports

and controls traffic hghts. All these machines are

basically metal detectors, and they work by electro-

magnetic induction (see pp. 284-5).

When a piece of metal passes through a magnetic

field or the field passes through the metal, the field

produces electric eddy currents that circulate in the

metal. The eddy currents in turn produce their own
magnetic field, and metal detectors work by detecting

this field.

Detector Coils
The transmit and receive

coils overlap so that each

induces a current in the

other Normally the two

currents cancel out, hut the

magnetic field of a metal

object distorts this balance

and a low current appears

in the receive coil.

Pulse.

OF Current

Detector Head
In the metal detector head, one coil

usually transmits a magnetic field and

another coil picks up the magnetic

field produced by a metal object below.

The receive coil produces an electric

signal that goes to a light, earphones

or a meter to indicate a find.

.Magnetic Field

OF Coil

Can Lilt

Single-Coil Detector
A brief pulse of current fed to the coil

produces a magnetic field around the coil

(above). The field enters the buried can

lid. Eddy currents induced in the metal

generate a magnetic field that in turn

induces an opposite current in the now
inactive coil (below). Sensitive

electronic components detect

this current.
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lectronic coin testers in

ticket machines and vending

machines can instantly identify

coins and reject fakes. As the coin

enters the slot, it is first tested for

metal content and size. Fake coins

fail this test and are rejected. The
second test uses a magnet and

light sensors to detect the coin's

value. Invalid coins are rejected.

Magnetic Test
The coin passes between the poles

ofa magnet Eddy currents

induced in the coin produce an

opposing magnetic field, slowing

the coin. The change ofspeed

depends on its size.

Light Test
The coin passes an array oj

light-emitting diodes or

LEDs (see p.272) andlight

sensors that measure its

speed and diameter Each

value has its own particular

speed and diameter, which

identify the coin.

Reject \^^
Mechanism

Airport detector
The gateways of metal detectors in

airports contain coils similar in

principle to the coils in a treasure

finder A receiver detects distortions

of the transmitted field caused by

metal possessions on the person

passing through the gateway The
coils are shielded on the outside so

that people passing nearby do not

trigger the detector

Loop in Road

Magnetic Field Induced
IN Car Fender

Magnetic
Field of
Loop

Traffic Lights
Traffic lights may sense the

arrival of vehicles. Some work like

upside-down treasure finders. A loop of

wire in the road surface is connected to

the box that controls the lights. A current

passes through the loop. As a vehicle

moves overhead, it produces a signal in

the loop. The signal goes to the control

box to register the vehicle's arrival. Other

Hghts use radar detectors to sense a vehicle.
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BODY Scanner
Doctors can see into any part of the body with the

aid of body scanners. These can produce images

of any internal organ, locating defects and diseases.

Some scanners work by passing X-rays or gamma rays

through the body The most useful scanner works by

magnetic resonance imaging (MRI). When a patient

lies inside an MRI scanner, the body is bombarded
first by a strong magnetic field and then by pulses of

radio waves. Unlike X-rays and gamma rays, these are

harmless. The nuclei in the atoms of the body produce

magnetic signals that are picked up by detectors, and
a computer forms an image from the signals.

ROTATING FIELD CUTS
THROUGH COIL

Inside a body Scanner
The patient enters the scanner on
a sliding table. Inside, he or she

is surrounded by curv'ed panels

that contain the coils that produce

the radio pulses and MRI signals.

Around the panels are ring-shaped

electromagnets, which may be

made superconducting by cooling

them with liquid helium. Scanning

gives no sensation, not

even a tingle.
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Passive Infrared
movement detector
The detector contains a line of lenses

that focus infrared rays on a set of

photodiodes (see p. 272). Each one

collects infrared rays from a different part

of the room. The alarm is triggered only

when the level of infrared rays received

by any photodiode changes over a period

of time. The body heat of an intruder

moving across the room causes the level

on some photodiodes to increase and

then decrease.

Advanced Burglar Alarms

Burglar alarms can detect even the slightest movement
made by an intruder. There are two kinds of alarms - active

detectors and passive detectors. They usually sit high in the

corner of a room, silently checking that all is well.

An active detector sends invisible beams of microwaves or ultrasonic

waves throughout the room. Every object in the room reflects the

beams back to the detector. A beam reflected from a stationary object,

such as furniture, is unchanged in frequency. But a moving object

causes a change in frequency. This is the same effect as that

used by a radar speed trap (see p. 300). The detector registers

the change in frequency and sounds the alarm.

A passive detector works with infrared rays. All objects give off

invisible infrared rays (or heat rays) depending on their temperature.

Warmer objects give off stronger rays than cold objects. The detector

senses any change in the level of infrared rays received from

the room. The body heal_of an intruder increases the level and

activates the alarm.

Rays from Cool
Stationary Objects

'^''iM^^^y^'

Microwave
Detector

Microwave
beam

Safety Beam

w:
Automatic door

''hen you approach an automatic door,

an invisible and harmless beam of

microwaves from a detector above the door

strikes you. Because you are moving toward the

door, the frequency of the beam increases as it

returns to the detector - like the active burglar

alarm above. The detector registers the increase

and triggers a mechanism to open the door. An
invisible safety beam and detector in the door

detect your presence in the doorway and prevent

the door closing until you have passed through.
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Line to Oil Pump

Governor
The drive shaft that turns the wheels also

turns the governor As the car accelerates, the

goxemor rotates faster Centrifugal force

moves the valves outward sending oil

from the pump to the shift valve. Reducing speed

makes the valves move inward

sending oil in the opposite direction

Valve Moves Outward
Oil passes to the shift valve at a

pressure that depends on the spet

of the car

Changing down
As the governor rotates more slowly or the accelerator pedal is

pressed, the throttle valve pressure exceeds the governor pressure.

The shift valve moves back, and the low-gear piston engages

low gear while the high-gear

GO\ERN("F piston disengages high gear

High-Gear Piston

Oil from Throttle Valve .

Shift Valve

Throttle Valve
The accelerator pedal moves the

piston, increasing oil pressure in

the valve. A spring returns the

pedal, decreasing the oil pressure.

Oil Pump
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Automatic transmission
Automatic transmission makes driving easy because

there is no gear lever and clutch pedal to operate.

The mechanism responds to the speed of the car, and

automatically changes to a higher or lower gear as the

car's speed rises and falls. It can also sense the position

of the accelerator pedal.

The control system works by oil pressure. Each gear

change is controlled by a shift valve. A governor linked

to the wheels and a throttle valve operated by the pedal

supply oil at different pressures to the shift valve. The
valve moves accordingly and routes oil to the gear

change mechanisms in the transmission.

Low-Gear Piston .

The piston move^ in to

disengage low gear

Pistons
The two pistons operate the clutches or brake hands

that change gear (see next page). Oil at

pump pressure from the shift valve moxes one

of the pistons out to engage a new gear A
spring (not shown) returns the other

piston, sending oil back to the

pump at low pressure and

disengaging its gear
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AUTOMATIC Transmission
An automatic transmission contains two main parts,

the torque converter and automatic gearbox. The
torque converter passes power from the engine flywheel

to the gearbox. It does this progressively and smoothly

so that starting and changing gear are not jerky, acting

rather like the clutch in a manual gearbox (see p. 84).

Second Annulus

Common Sun Wheel

The automatic gearbox contains two sets of epicyclic

gears (see p. 39) in which gearwheels rotate at different

speeds. Overall, except in top gear, the speed of the

flywheel is reduced so that the car wheels turn more
slowly but with more force. Reverse gear reverses the

direction of the wheels.

Brake Band i _

The hand engages to

stop the second

planet carrier.

Planet Carrier

Clutch i

The plates lock

to connect the

input shaft to

the first annulus.

Brake Band i

The hand engages to stop

the common sun wheel

CLUTCH 1

J

The plates lock to

connect the input shaft

to the common sun wheel

AUTOMATIC GEARBOX
This gearbox has three forward gears and one reverse gear

The various parts are controlled by multiplate clutches,

which lock to transmit power, and brake bands that engage

to stop a part rotating.

Sun Wheel

Annulus

Clutch 1 Clutch 2 Band 1 Band!

First gear Unlocked Locked Off On

Second gear Unlocked Locked On Off

Third gear Locked Locked Off Off

Reverse gear Locked Unlocked Off On

Planet Wheel

EPICYCLIC Gear
Each part either rotates or

is locked so that other parts rotate

around it.
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C\S1NG FiyWHEEL Cruise Control
Many cars are fitted with cruise control, which at the

press of a button automatically maintains a set speed.

In this way, the driver can cruise at a speed limit or

economic speed without continually checking the

speedometer. The automatic system required is an example

of a feedback mechanism. A sensor measures the car's

speed and controls the carburetor or fuel mjectors (see

p. 140) that admit fuel to the engine cylinders and

govern the speed. It boosts fuel flow if speed

begins to drop on climbing a slope, or feeds less

fuel into the engine if the car begins to speed

up. The sensor may be an electromagnet on

the drive shaft, which produces an electric

signal related to the speed. A microprocessor

continually checks the speed signal and

sends a fuel signal to the carburetor

or fuel injectors. The advantage of a

microprocessor is that it can do more

than simply control speed. It is given

the car's speed and can therefore

calculate the distance traveled. From
this and the amount of fuel consumed,

the microprocessor can calculate and

display the rate of fuel consumption,

and can control the engine in order to

improve consumption.

_ Reactor

Oil Flow

Torque converter
The torque converter contains three parts — an impeller

turned by the engine fl)'wheel, a turbine that turns the input

shaft of the automatic gearbox, and a reactor between. The
converter is filled with oil, which is moved by the impeller

blades. The vanes of the reactor deflect this oil to move the

turbine blades. As the impeller rotates, the speed of the

turbine increases to match the impeller speed. This

provides a fluid coupling between the engine and gearbox
that smooths out speed changes. It also increases torque
(turning force).

Speed Signal

Speed Sensor
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THE LAST MAMMOTH-
CnA?JER One

Mammoth stood in the stream stuffing clumps of

swamp grass into his mouth. As the tender juices

trickled down his throat, he contemplated the pros and

cons of the solitary life. On the one hand, he didn't

have to share the dwindling harvest with any other

mammoths - because there were no other mammoths.

But, on the other hand, he was terribly lonely. He
wondered how he had come to be the last mammoth and

where the rest of his proud species had gone. A large oil

slick floated by. He marveled at its iridescence before

ambling off in search of more food.

The trail of dwindling swamp grass led to an

imposing wall and an entrance presided over by a

character who introduced himself as Bill. Bill announced

that this was his "digital domain" and that it was full of

wonderful and amazing things all of which were

intended to improve the quality of life but none of which

had been fully tested. While Bill spoke with enthusiasm

about the future, Mammoth could only dwell on the

past. Lonely thoughts filled his tiny brain, releasing a

single tear which inadvertently saturated Bill's tennis

shoes. Recognizing the mammoth's distress, Bill

suggested they work together He and his digital staff

needed someone (or some thing) to process. And the

mammoth was obviously desperate for companionship.

So it came to pass that Mammoth, who generally

distrusted high walls, warily entered Bill's gates.
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He was immediately surrounded by enthusiastic white-

coated workers who began recording every aspect of

his considerable being. This was not exactly the kind of

companionship he'd been hoping for One group measured

him from top to bottom while another tackled him head to

tail. A third group was assigned to gauge his considerable

weight. Even those things that could not be so easily

measured, such as voice and smell, were meticulously noted.

Within hours, everything about the last mammoth
had been reduced to numbers, which Bill copied on

to large white cards. He informed Mammoth that

although they were very good numbers indeed, they

weren't actually the right kind of numbers for the

digital domain. Ij they were going to be useful in

helpingjind true companionship, these numbers

would first have to be changed.
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Along one side of an enormous pumpkin patch, eight

rows of crates had been laid out. Each row was half

as long as the one that preceded it. The first and longest

row contained one hundred and twenty eight crates, the

second contained sixty-four and so on. When Bill held up

the card inscribed with the number 237 (the mammoth's

height in centimeters), a team offarm hands quickly

harvested exactly 237 pumpkins.

Then, moving row by rowfrom longest to shortest, they

placed one of these pumpkins into each crate. If they

couldn't fill an entire row completely, they simply skipped

it. As soon as all the pumpkins had been appropriately

crated, Bill drew Mammoth's attention to the pattern of

pumpkins along the bottom of all eight rows.
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He explained that in the language of the digital

domain, the relatively simple number 237 was now

"pumpkin, pumpkin, pumpkin, no-pumpkin, pumpkin,

pumpkin, no-pumpkin, pumpkin." "That's progress," he

added proudly. Mammoth was having a little trouble with

this concept, but really shook his head when Bill suggested

that "pumpkin" and "no-pumpkin" were equally

important. To Mammoth this was like saying swamp

grass and no swamp grass were equally filling.

Bill supervised as the pumpkins from the first crate of

each row were hung on a long clothesline. Special care

was taken to keep them in exactly the same order For

each "no-pumpkin", a space was left. However, since this

happened to be a Tuesday, these spaces were filled with

single pieces of wet laundry. When pumpkin, pumpkin,

pumpkin, sock, pumpkin, pumpkin, skivvies, pumpkin had

been secured to the line, the whole thing began to move

slowly out of view. "Come on. Mammoth," shouted Bill.

"We've got work to do."

MAKING Bits

Like the mammoth, we too are entering the digital

domain as a new millennmm dawns. Digital

machines and systems ser\'e us with abilities hitherto

only dreamt of. They are able to outstrip previous

machines because digital machines work in a

completely new way - by numbers. The mammoth
finds its dimensions, image, and sound changed into

numbers as it goes digital. Similarly, all digital

machines begin a task by converting things like these

into numbers. Instead of the decimal form that uses

ten digits, numbers in the digital domain are bmar)^

numbers, which use only two digits and which are

much more convenient for machines. These digits are

called bits - short for "binar)' digits" - and a digital

machine starts work by making bits.

The mammoth obser\'es that its height, measured

in decimal centimeters as 237 becomes, in the digital

domain, a set of eight crates, some containing a

pumpkin and others empty. The sequence of full and
empty crates is a bmar)- number containing eight

digits or bits: 237 is full-full-fuU-empty-fuU-full-

empty-fuU. When writing binary numbers, we use the

two numerals 1 and to represent bits, 1 meaning full

or yes and empty or no, so that the decimal number
237 becomes 11101101. But in a digital machine, bits

take a form just as physical as pumpkins. They

manifest themselves primarily as electric charges in

which the electricity is switched either on or off. Here,

237 becomes on-on-on-off-on-on-off-on. So when a

machine or system makes bits, it produces on-off

sequences of electric charge that are the bits in binary

numbers. The bits then progress through the digital

domain inside a machine or system, being stored,

processed, possibly sent elsewhere, and finally

converted back into a form that we can use or

understand, such as writing, sounds, even bank notes.

Numbers represented by on-off electrical signals

and on-off light signals flash to and fro along the

pathways of digital machines in huge quantities at

great speed. Because the vast amounts of numbers can

be arranged in countless ways, digital machines can

carry out a huge variety of complex tasks very quickly.

Furthermore, bits are rugged: they do not easily

degrade as they rush about the digital domain. Being

born survivors, bits enable digital machines to work
at superior levels of quality and reliability.
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FINGERTIP INPUT

The part of a digital machine or system that makes

bits is called the input unit. It is often this unit that

gives you entry to the digital domain and gets a digital

machine or system working for you. You need to use

your hngers to operate some input units, pressing keys

or buttons to feed data into the machine. This data can

be a code number, such as a key number to open an

Cash dispenser and
Electronic lock
Getting cash out of a dispenser is simply a

matter of tapping your PIN number and the

amount required on the keypad. You also

tap a code number in on a similar keyboard

to open an electronic lock. Like the number
keys on the computer keyboard opposite, the

keys act as switches to generate a sequence of

on-off electric pulses forming the bits in the

numbers. From a cash dispenser, these bits go

to the bank's central computer, which checks

the PIN number and debits your account

before instructing the dispenser to pay out

(see p.365). In the lock, the bits go to a chip

that checks the number. If it is correct, the

chip produces an electric signal which frees

the bolt so that the door can be opened.

electronic lock or a PIN number (see p. 330) to use a

cash dispenser. You may also tap in an amount of

money, letters forming words, or even the notes in a

piece of music. A lock or cash dispenser compares the

code number tapped in with the correct key number
or PIN number to check if they are the same.

KEYPAD
The CANCEL button enables you

to delete any wrong hey presses

and start again.

Electric Keyboard
Electronic music equipment, such as keyboards and

synthesizers, conforms to a standard called MIDI (Musical

Instrument Digital Interface). When you play a MIDI
keyboard, it works in the same way as a computer keyboard

and sends out a digital code number that identifies each key.

Each number has seven bits, and middle C is 01 11 100

(decimal 60), C# is 0111101 (61), and so on. Another seven-

bit digital code number gives the force with which the key

is pressed. The bits go to a synthesizer in the keyboard or

a separate synthesizer (see p.360), and

you hear the note played

loudly or softly.

INSTANT MUSICAL SCRIBE
The MIDI bits can go to a

computer, which displays

the music in,written form

on the screen as you play.

Controls
You can operate the

sound controls with

one hand as you play

with the

other.

•/^ /

S.¥'/
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Computer Keyboard

Only about half of the hundred or so keys on a

computer keyboard produce characters - letters,

numbers and signs. Pressing the other keys makes the

computer take action, and more options become
available by pressing two or even three keys at once.

This versatility is possible because pressing a key

causes the keyboard to generate an electric signal

forming a code number that identifies the key The

code number is in the form of bits made up of on-off

electric pulses. This digital signal goes along the cable

connecting the keyboard to the computer's main box.

The computer interprets the code number or

combination of numbers either to display a character

or take action.

>5?==^

X\\

3 Keyboard Chip
The chip (see p.343) semh

out a scanning signal

along the pairs of

lines to all the hey

contacts. When the

signal in one pair

changes, the chip

generates a code for

the key connected to

that pair of lines. Key B

produces the hits 00110000

(decimal 48).

;^

4 LETTER b APPEARS
Bits for key number 48 go along

the wire to the computer box. There

a chip converts the bits to

01100010 (98), the code

number for the lower-

case letter b.>.

Rubber Dome
Returns Key to
Original position

/ /:z..

^
y^

Rubber Sheet Under I

the kfi's Protects

Internal Workings

,:^'

1 Pressing Key b
A metoX contact in a mbber dome
under key B touches two contacts

at the ends of a pair of lines from
the keyboard chip.

2 SCANNING Signal
As the contacts meet, a scanning

signal sent along the lines from
the keyboard chip changes strength.

DOME AND
METAL CONTACT

Contacts at Ends of Pair

OF Lines from Keyboard Chip
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PHOTODIODE

HORIZONTAL WHEEL

Light-Emitting

Diode (Led)

..N

ROLLER Ball

Light-Emitting

Diode (Led)

PHOTODIODE n.

Vertical Wheel

\v

Inside the Mouse
The mouse rolls on a ball that turns two slotted wheels

mounted at right angles. Each wheel has one or two pairs of

light-emittmg diodes (see p. 273) and photodiodes (see p. 272).

As the wheel turns, hght shmes through the slots and produces

an electric signal in the photodiodes. The signals from the

wheels give the changes in the mou,ses position.

Connecting
Cable

L
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MOUSE
Operating a computer is simplified by using a cursor on the screen mirrors its motion. Shift the

"mouse," which controls the position on the cursor to an icon or other image representing an

screen of the cursor, often a sloping arrow. You move action, and click the mouse button. Immediately,

the mouse over a mat or the desk top, and the the computer carries out the required command.

ICONS AND HOT SPOTS
On the screen there may be a display of icons,

which are small images representing programs

or operations of some kind. Other parts of the

screen may also be "hot," which means they

respond to mouse clicks. Every part of the

screen has two position numbers that give its

horizontal position (from left to right) and

vertical position (from top to bottom).

The computer initially gives the cursor two

position numbers, and it appears at that

position. Moxing the mouse sends signals

to the computer that change the position

numbers, and the cursor shifts accordingly.

Clicking the mouse
When the cursor reaches a particular

icon, its position numbers are the same

as that icon. Clicking the mouse button

makes the computer compare the

position numbers of the cursor with

those of all the icons. (Find out on page

341 how the computer does this.) It

performs the action of the icon that has

the same position numbers as the cursor.

Buttons
The mouse may have two

buttons, which can produce

different actions. Mouse

ACTUAL
MOVEMENT
OF MOUSE

HORIZONTAL
MOVEMENT

MOUSE \UT

Time appears on Liquid Crystal

DisPLw (See R359)

Timer

keeps

time usUK

a quartz

crystal

oscillator

(see p.265'

Hour I minute I Start!

Button button Button

Digital Timer
Pressing the buttons of a

digital timer feeds in bits

gi\ing the desired time. A
chip then counts dowTi the

time, and sets off the alarm

when it reaches zero. An
electronic parking meter

works m the same way;

inserting coins triggers an

input unit that feeds in the

required time bits.

i\
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Signal Input

There are many digital machines and systems that

do not need fingertip input of information. They

set about making bits unaided, needing litde or no

control. Digital thermometers and electronic scales

constantly measure temperature and weight. Many
digital machines respond to incoming sound waves or

light rays, changing them into sequences of binar)-

numbers so that you can capture speech or music

digitally or take digital pictures. Once sound and light

are in digital form, machines can process the numbers

and do amazing things.

One ver)^ special de\ice makes this possible: the

analog-digital converter. It is the main gateway from

our en\ironment - the analog world - to the digital

domain. Ours is a world of movement and forces, of

heat, light, and sound. All these are analog quantities,

meaning that they" var)' continuously, rising and
falling in level or intensity.

These variations are turned into sequences of

numbers, or sets of bits, in a digital machine or

system. First, a detector or sensor converts the var)ing

levels of heat, weight, sound, or light into an analog

or vanning electric signal. Then an analog-digital

converter chip measures the voltage of this signal at

frequent inter\'als, and changes each number of volts

into a binar)- number made up of bits in the form of

on-off electric pulses. These bits then progress

through the digital domain.

Analog-Digital Converter (ADC)

/q

DlGlT.AL-ANALOG

COWERTER
(.See R360V

?mpdrator-

re^stcr recchcs

input signal and j
DAC sx^aX, and

tputs an on-hii^

(J) only ij the /,
input signal is

equal to or greater^

n the DAC sigruiL-

cz±!_ Digital Oltplt

1 ANALOG INPUT
An analog si^al offixe volts is Jed to the ADC, which will convert

u to the three-hit number 101 (decimal Jive). The ADC contains

ruo parts. The signal goes to the comparator-re^ster, which is

linked by three lines to a distal-analog converter (DAC).

This converter produces three bitsjor

simplicity. In practice, ADCs produce

binary numbers with 8, 1 6, or more biJi

I

^ As the Jive-volt

mput signal is

1 y
greater than the

Jour-volt DAC
signal, the

comparator-

re^ster outputs j

First Bit

2 FIRST BIT

The comparator-regLster sends an electric signal along line one to

the DAC, which receives the binary number 100 (decimal Jour) and

generates a Jour-volt signal. This returns to the comparator-renter,

which compares the DAC signal with the input signal.

SECOND Bit1~

•J Ai the (ivc-voli

input signal is

now less than

the six-volt

DAC signal,

the comparato

register outputs

an off-bit (0).

JL
3 Second Bit
The comparaior-renter now opens line two to the DAC. The DAC
receives the binary number 110 (decimal six) and converts it to

six volts, which returns to the comparator-re^ster

4 third Bit

As the second bit was an ojf-bit (0), the comparator-register closes line

two and opens line three. The DAC receives the binary number 101

(decimal Jive) and converts it to Jive volts.
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Digital Thermometer
/ ^

. .~yM

The heat-sensing probe of a digital thermometer
contains a thermistor (see p. 2 70), which

produces an electric signal that increases or

decreases in voltage as the

temperature changes. The
signal goes to an analog-digital

converter, which changes each

measurement into bits.

Using chips like those

in the electronic scales, the

thermometer displays the

temperature as a number.

C/F button gives temperature in

degrees Celsius or degrees Fahrenheit.

HI and LO buttons ^ve highest and lowest

temperatures previously measured. These are

stored as bits in the thermometer's memory.

ELECTRONIC SCALES
Detecting Weight

The weight oj the purchase very slightly bends the

beam, which stretches or compresses the thin wire in

the strain gauge. This changes the electric resistance of

the wire so that the voltage of the current flowing through

the gauge also changes.

Strain

Gauge
Signal

VOLTAGE
Measurements
OF Voltage

Button
Controller
Chip

Off Button

Display I Ounces/crams I Reset I I On Button
(See R359) Button Button

Like this postal scale, electronic

weighing machines used in stores

contain a strain gauge that detects the

weight of a purchase. The gauge

sends out an analog electric signal

that varies in voltage with the weight,

and an analog-digital converter

changes the voltage into a binary

number consisting of on-off electric

pulses. These bits go to the scales

processor, which calculates the

weight, subtracts the weight of the

pan (stored in the memory) and may
also calculate the price. The result

goes to the display.
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Sound to Bits

Amicrophone begins the process by which the sounds of voices or music

are turned into bits. As it passes through the air to the microphone, a voltage

sound wave causes the pressure of the air to rise and fall - rather as a water

wave ripples, but far more quickly. The variations in air pressure cause the

microphone (see p.224) to produce an electrical sound signal in which the

voltage varies at the same rate. The sound signal then goes to an analog-

digital converter (see p. 320). This measures the voltage of the sound

signal, and converts each number of volts into a binary

number in the form of on-off electric pulses. For CD
quality sound, the converter makes 44,000

measurements each second. Each one is changed to a

16-bit number, which gives 65,536 levels of voltage.

The resulting digital signal is a very accurate

representation of the sound wave, which is why digital

sound reproduction is of very high quality

Measurements
of voltage

Sound Signal
The sound signal

from a microphone

varies rapidly in

voltage. This sound

lasts about 1/2000

of a second.

DIGITAL SOUND RECORDING
The sound bits can be stored to record

voices or music. They may go to the

computers hard disk (see p. 33 3),

or to a digital tape, digital film,

or compact disc (see pp. 334-7).

NICAM video recorders can record

digital sound on a videotape.

DIGITAL RADIO
The sound bits are converted to radio

waves and broadcast from the radio /\rTrmrf
stations transmitter to digital radio \'

'

receivers in cars and homes (see p. 352).

MOBILE PHONE
Many mobile phones are digital, and
contain sound circuitry that converts

the sound signal produced by the

microphone in the mouthpiece to

bits. These bits are then transmitted

by radio to a base station

(see pp.236 and 352).

Sound Card
Computers and digital machines that use

sound contain a sound card. A microphone
or other sound equipment that produces

a sound signal, such as a CD player, tape

player or radio, is plugged into the

card's input socket. One of the chips

on the sound card is an analog-

digital converter. It turns the

incoming sound signal into bits,

which may then be stored,

processed, or sent elsewhere.

ANALOG-DlCnAL CONVERTER

VOICE Recognition
Talk to your computer. You can feed in words by

speaking, and the computer can obey spoken commands.
The memory contains a dictionary of words as sets of bits,

and the computer recognizes a spoken word by matching

the bits to an identical or similar set in the memory. It

can also translate spoken words and test your accent in

speaking other languages.

!**!!!"?
THE VOICE RECOGNITION

SOFTWARE IN THIS
COMPUTER CANNOT SPELL

THE bJORD SPOKEN-

Please try again-



MAKING BITS

LIGHT TO BITS

Computers and other digital machines are able to capture the

light in images and turn it into bits. The machine must first

scan the original. It may project the image on a CCD (charge-

coupled device) containing an array of tiny light-sensitive

detectors (see p. 243). Each detector deals with a tiny part of the

image and produces a voltage proportional to the brightness of

that part. The rows of detectors then read out their sequences of

voltage one after the other. Alternatively, the image may pass

over a CCD containing a single row of detectors. Successive

strips of the image fall on the detectors, and the voltages flow

out from the row in sequence. Overall, the image is converted

into an electric signal of which the varying voltage represents

the varying brightness along strip after strip of the whole image.

These voltages are then measured and converted into bits by an

analog-digital converter (see p.320).

Measurements -

of vokage along

stfip of image

falling on

central row of

CCD. Brighter

parts give

higher voltage.

CCD
Containing

Array of Light

Detectors

INLAGE OF
Eye FALLING

ON CCD

Optical Character Recognition (OCR)
You can make your computer read with OCR software.

Using a scanner (see pp. 324-5), it first scans a document
containing written words and turns the image of the

lines of words into bits. The software then enables the

computer to recognize the shapes of individual letters in

each word and other characters, such as numerals and

punctuation marks, just as if you had keyed them in with

the keyboard. In this way, you can feed a document

1 SCANNING D
The written letter

D is turned into a

sequence of hits.

2 Comparing d
The computer

compares the bits with

the bit sequences of all

possible characters.

3 MATCHING D
The bits oj the D
character sequence are

most similar to the bits

of the written letter

4 Displaying D
The D character bits go to the screen

and the computer displays a D.

RECOGNIZING Characters
The computer scans each wntten

character, turning its shape into

a sequence of on-bits and off-

bits. The computers memor)'

contains the bit sequences of

all characters, and matches

the scanned bit sequence to

an identical or similar character

sequence in its memory.

directly into the computer instead of having to key in

the words, and then send it by e-mail, for example (see

pp.350- 1). Even better, the computer can read books

aloud to blind people. It scans the words on each page

and converts the bit sequences of the written words into

the bits of spoken words, and sends these bits to a

digital-analog converter and loudspeaker to speak the

words (see p. 360).

Hand-Held
Translator
Roll the translator along

a line of foreign words, like

a dish on a menu. Each

foreign word and its

English translation appear

on the display. The

translator scans the

words and uses OCR to

recognize each foreign

word. Its memory contains

all the words of both

languages in bit form,

so it can swiftly change

the foreign words

to English words.
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/
/ /

/
//

/ /

/

3 First Mirror
A mirror rao\cs, vj'xth. \h.c

!ighf sowru, reflecting

each strip of the picture

as it passes to a

second mirror

/ /

>^\

2 LIGHT SOURCE
As the picture is scanned, a v'^v.^/
source of bright Ught beneath ^ \/^
the window moves along the

picture and Ughts up successive

narrow strips of the ^^ a

picture.^^^-^ ^^LS«—>

Scanner
You use a scanner to feed photographs, drawings,

paintings, and documents into a computer. Once it

is in digital form, an image can be altered and used in

many ways. It may be stored for future viewing,

included in a document and printed out, sent in

digital form to another computer, or incorporated in a

web site. A scanner may be a separate machine

connected to a computer, like the flatbed scanner

shown here, or it may be part of an all-purpose

machine that also contains a fax, printer, and
photocopier. The scanner breaks up the image into

many rows of tiny pixels (picture elements), each one

having a certain color. It then converts each pixel into

bits which form a binary number representing that

particular color, so that the image becomes a long

sequence of color numbers in binary form.

1 USING THE SCANNER
A picture of the sun and sky is

placed face down on the window

of the scanner.
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.WINDOW
24-BlT NUMBER FOR

YELLOW PIXEL IN SUN

8-BlT

BLUE NUMBER
8-BlT

GREEN NUMBER
8-BIT

RED NUMBER

PICTURE FACE DOWN nrn in

4 Second mirror
The second mirror

is fixed and reflects

each passing strip of

the picture to a lens.

Analog-Digital Converter

Yellow Pixel in Sun

8 DIGITAL COLOR OUTPUT
The analog-digital converter changes

the three voltage levels

for each pixel into three

eight-hit numbers. The

resulting sequence of 24-

bit numbers goes to the

computerfor storage or

processing, and will go to a

computer screen to display the

image (see p. 361).

7 ANALOG COLOR SIGNAL
Three lines carry the varying

voltage from the red, green,

and blue rows of the CCD to the

scanner's analog-digital converter

(see p.320).

-Yellow pixel in Sun

t-\-t~

RED Array

Part of the picture

showing the edge of the

yellow sun and blue sky

passes the CCD and is

broken up into an array

of 11 rows each of

1 1 pixels.

zSJ^

5 Lens I

The lens projects

an image of each

passing strip

on a CCD.

Blue Analog Signal

Red Analog Signal

Green Analog Signal

HiV Mill Tf

6 CCD
The CCD (see p.243) contains three rows of

hundreds of tiny light detectors with red, green, and

blue filters. As the image passes, each detector produces

an analog electric signal of varying voltage, depending on

the brightness of the light falling on it. Each group of three

red, green, and blue detectors gives one pixel.

.-l-t

Green arr.ay

-Yellow Pixel in Sun

•tf ri-H-H r^

.L..j_i..

BLUE Array

DIGITAL COLOR
Colors are reproduced by mixing red,

green, and blue light in different

levels of brightness. Red and green

mix to form yellow, as here. Many
scanners use eight-bit numbers to

measure each of the three levels of

brightness. This gives 256 shades

each of red, green, and blue, which

combine to produce over 16 million

different shades of color
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DOCUMENT Passes

OVER CCD
CCD

Analog-Digital

Converter

FAX MACHINE
A document passes through a fax

machine as it is sent. The page passes

over a CCD containing a single row
of light detectors (see p. 243). The
CCD scans the page, producing an

electrical signal of varying voltage

representing the dark and light parts

of the page. This analog signal is then

changed to bits by an analog-digital

converter (see p. 320). The bits are

sent along a telephone line to the

receiving fax machine (see p. 352).

Digital Signal Goes to Telephone Line

Analog Signal

Digital Still Camera
Photography enters the digital domain with the digital still camera, which uses no

film and takes pictures in digital form. These can be viewed on the camera's display,

a television set, or computer screen, or printed out on a computer printer. The camera

has the usual lens, flash, and viewfinder. The image formed by the lens falls on a CCD
containing an array of a million or so light detectors. The CCD produces an analog

color signal that is converted to a 24-bit digital color signal (see p.32 5). When
you press the button, the picture bits are stored in the cameras memory.

MEMORY Chip
memory chip (see p.332) stores a set number

ictures. Any picture can be erased and replaced,

so you can keep on taking a picture until you

are satisfied with it.

Memory Card
A flash chip in each memory

card stores an extra set of

pictures Jor as long as required.

Computer Cable

Color Screen
At the back oj the camera is a liquid-

' crystal screen (see p.361) that displays the

picture being taken, and any picture in the

camera's memoiy. It receives an analog

picture signal directfrom the CCD, or

fiom the digital-analog converter

COMPUTER Socket
The picture bits can gofiom the camera processor

to a computer This can store the pictures on its

hard disk, alter the pictures with graphics

sofitware, send the pictures to others via e-mail or

post them on a web site, and piint out the pictures.

Digital Television
a television camera contains CCDs similar to that

in a digital still camera. These produce an analog

picture signal that is transmitted to TV sets (see

p. 242-3). In digital tele\ision, the signal is converted

to bits by an analog-digital converter and the bits

are transmitted (see p. 352). This digital system gives

high-quality reception and many more channels.
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Chapter two
The other end of the rope was attached

to a roUing stepladder behind which

stood a tall set of shelves. Every shelf

was individually numbered and divided

into eight compartments. A worker

placed each arriving pumpkin into its

own compartment once again, taking

special care to maintain their order

Where there was a no-pumpkin or piece

of laundry, that compartment was left

empty. Even to the mammoth this seemed

a somewhat overly complicated way of

drying clothes, but this too he assumed

must be "progress."



328 THE DIGITAL DOMAIN

s^^^^

As Mammoth turned the corner, he was stunned by an

overwhelming si^t. Rows and rows of shelves filled with

pumpkins and no-pumpkins extended as Jar as the eye could

see. For the first time in his life, he actually felt small. A
shudder suddenly rippled through his pungent body He had

entered the digital domain and even allowed himself to be

processed in the hope offinding companionship. But now, as

he gazed at all the pumpkins before him, he felt more

insignificant than ever His quest seemed hopeless.
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Storing bits

The mammoth watches as its personal details are

stored for future use. The eight-bit sequences of

pumpkins are placed in numbered racks so that any

sequence can be found and sent elsewhere.

Bits enter and leave storage as on-off electric

pulses. But in its memory units, a digital machine or

system stores the bits in other forms. The bits may
be parked in the memory just for a short time, or

the memory may hold the bits for a long time or

even permanently.

Digital machines store two classes of bits: programs

and data. A program is a set of instructions that

direct the machine to carry out a particular task,

such as word processing, taking pictures, or playing

a game. The instructions consist of bits that form

code numbers for actions to be taken. Data consists

of bits that make up information required by the

program or produced as the program runs, such as

words, images, or points scored.

^E5

Kinds of Storage

MEMORY Chips
Bits are stored as oJJ-on sequences

of electric charge.

DISKS AND TAPES
Magnetic fields pointingforward

or back store hits.

Bar Codes
White spaces and black bars

represent off-bits and on-bits.

DIGITAL FILM Sound
Bits are stored in the form of tiny

transparent dots on the film.

COMPACT DISKS
Bits arc stored as tiny pits and

non-pits in the disk surface.

Recordable CDs
Bits arc stored as dark marks

and non-marks in the surface.
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BITS AND Bytes
Every memory device has a certain storage capacity that

is measured in bytes. A byte is a tiny amount - just

eight bits - that stores in binary form any decimal number
from to 255; larger numbers require two or more bytes.

Memory capacity is measured in units bigger than single

bytes. One kilobyte (1 Kb) is 1,024 bytes; one megabyte

(1 Mb) is 1,048,576 bytes; and one gigabyte (1 Gb) is

1,073,741,824 bytes. Each byte has its own location in

the memory, and this is identified by an address number.

A digital machine keeps a record of which byte is stored

where, and works through a list of address numbers to

retrieve the bits in a set of bytes.

CD-ROM
A CD-ROM has a

memory capacity of

650 megabytes, which

is equivalent to several

hundred novels. However,

CD-ROMs contain images,

which take up more

memory than words do.

One CD-ROM can

store the contents of an

encyclopedia including

several thousand pictures. _

One Byte
Eight hits make up one byte.

Letters, numerals, and signs

are represented by eight-bit

code numbers: the letter "a"

is 01100001 (decimal 97).

So one byte stores one letter

Hard Disk
The memory capacity of the

hard disk in a home computer is

usually several gigabytes. A hard disk

can contain thousands oj novels - enough

to fill a small

bookshop!

Floppy Disk
A floppy disk has a storage

capacity of approximately one

megabyte or a million or so

bytes. This is enough to store

some 150,000 words - the

average length of a novel.
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Squeezing Bits
The amount of data that can be stored in a memory
device can be greatly increased by data compression.

This system uses a mathematical process. For

example, rather than store all the original numbers
produced by the input unit, the machine may store

the first number and then calculate and store only

the differences between each successive number.
This difference can be very small, or even zero (as

in adjacent parts of a picture of the same color).

This compression process greatly reduces the

number of bits to be stored - by a factor of 200 to

1 in video images. When the compressed bits are

retrieved from the memory, the digital machine

decompresses them. It reconstitutes the original

sets of bits by reversing the mathematical process.

PINS AND PASSWORDS
Secure digital machines and systems, such as cash dispensers

and e-mail, ask you to key in a PIN (personal identification

number) or a password. The machine or system contains the

PIN or password stored in its memory as a set of bits. It

compares the bits that you key in with the set in its memory
Only if they match does the machine allow you to proceed.

i
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ELECTRICAL STORAGE
Microchips store bits in electrical form. A memory chip consists of

a grid of tiny electronic memory cells that each stores one bit. The

cells are arranged in groups of eight, each holding one byte (eight bits).

Each group has an address number, and an address decoder opens lines

to groups of cells in order to store or retrieve bits. The grid of cells is like

a vast city of long roads containing numbered houses. Sets of eight bits

flash along the roads to occupy the eight rooms in each house.

RANDOM-ACCESS MEMORY (RAM)
The main working memory of a digital machine consists of RAM
chips. These hold data and programs, but only for as long as

these bits are required; they are constantly replaced by new sets

of bits as the machine is used. The bits can be stored at any

available groups of memory cells, hence the name "random-

access." More RAM may make the machine work faster.

#

Bits Stored at

.Address 1

Address
DECODER

5

Address

NUMBER

i

3

5

r

V-SB5S
->-DnCHIIoooa
—DCHH-D
—oa-n-p
—nocHu—ChQOd
-CKHIhd

. four Memory
Cells Enlarged
Right

Capacitor Stores _

Pulse (1)

Inside a Ram Chip
Each memory cell contains a transistor

(see p.341) and a capacitor, and is

connected to an address line and a data

line. To store bits, the address decoder

opens an address line, switching on all

the transistors at that address. On-off

No PULSE

Stored (0)

electric pulses forming the bits then go

along the data lines. Each on-bit (1)

passes through the cell's transistor to

charge its capacitor. To retrieve the bits,

the cells discharge and send on-off

electric pulses back along the data Imes.

Read-only memory (ROM)
The bits held in a ROM chip

are permanent and cannot be

changed. A computers BIOS
(basic input-output system) is a

ROM containing start-up routines

that spring into action when the

computer is switched on. A ROM
chip contains a grid of memory
cells consisting of transistors that

are linked to address lines and

data lines as in a RAM chip. Some
of the address line links are cut

when the chip is made. To retrieve

bits, power goes to all the cells.

It passes only through the linked

transistors at an address, which
are switched on to give the on-

pulses in the bits that are stored

in the ROM. The cut links switch

off the other transistors at that

address, and give the off-pulses.

ADDRESS Line

Closed

ADDRESS line 1 OPEN

Link Cut
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FLASH MEMORY
RAM chips (see p. 331) are volatile: they must portable, they require a compact form of non-volatile

constantly be refreshed with a source of electric storage. A flash memory chip stores bits without

power in order to keep bits. Unless backed up with a constant power, yet can replace the stored bits with

battery, they lose their memory when the machine is new bits at any time. It has a grid of special transistors

switched off. As digital devices shrink and become that once switched on or off, remain so.

DIGITAL CASH
A bank stores your money as

bits in its computer. You can

now spend money in the

form of bits. Instead of

getting bills from a machine,

you insert a cash card. Bits

(in the form of on-off electric

pulses) representing an

amount of money are sent

to your card and stored in a

tiny flash chip in the card.

As you spend, the stored

amount is reduced by a

terminal in the shop.

Amount Left to Spend

LOADING Cash
Insert the cash card into a load

machine and key in the amount

you require. The machine loads

the card with this amount.

Spending Cash
At the store, the sum you spend is

keyed into a terminal. You insert

the card, and this sum is deducted

from the stored amount.

Checking Cash
A small card reader displays

how much digital money

remains stored in the card.

Card Contacts
Contacts in the card connect the flash chip

with contacts in the load machine,

terminal, and reader in order to

access the memory cells in

heM&sh chip

Card memok
A tiny flash chipj

embedded in the plaM: (^ the

card heneat^'the contacts, just

as bilk corfie and go from

your wallet, the

airieunt of money

stored as bits in

the chip increases

and decreases. When
this amount reaches zero,

you can load the card with

more digital money from a

load machine.

Digital Camera
Image bits are stored on a

flash chip in the camera,

and on separate memory
cards containing flash

chips (see p. 326).

MOBILE Phone
A flash chip in the phone
stores personal telephone

numbers that you key in

and can then call at the

press of a button.

Car Immobilizer
In the car key or car remote controller is a flash chip

with the cars identity code. The car's computer also

stores this number. The code goes to the computer,

which controls the immobilizer so that the car starts

only if the code is correct.
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MAGNETIC Storage
Memory chips are unable to store the billions of

bits that make up computer programs and data,

and digital sounds and images. Instead, the bits are

transformed from the on-off electric pulses produced

by input units into magnetic form and are stored on

magnetic disks and tapes. Bits that are no longer

needed can be erased and new bits stored.

FLOPPY DISK
Inside the plastic sleeve is a flexible disk with a magnetic

coating. Bits are recorded in concentric circular tracks

divided into sectors, all numbered so that any set of bits

can be quickly located. A read-write head in the disk

drive (see p.283) moves in and out to access a particular

track on the disk.
Read-Write

HEAD

Track in

Sector

Rotating

Disk

Flexible Magnetic Disk

bLEEVE

ACCESS
Inside the disk drive,

windows open to allow th

head access to the disk.

Hard Disk
Floppy disks are used to carry programs and data from

one computer to another, and are being superseded by
CD-ROMs and file transfer by e-mail and the Internet

(see p. 351). Inside a computer, huge quantities of bits

are stored in a hard disk drive. The drive contains

several hard magnetic disks, sealed to exclude dust. The
read-write heads are on arms that swivel back and forth

across both surfaces of each disk.

Read-Write

Head

Hard
Disks

Disk

magnetic
Coating

Magnetic
Bands

Core

One Bit Stored
The read-write head contains a coil

wound around an iron core. A bit is

converted into a pair of pulses. The

pulses pass through the coil, which

magnetizes the disk's surface. Each

pulse is stored as a band of magnetism.

COIL

Pulse

First Bit (1) Second Bit (0)

Two Bits Stored
When a bit is stored, the first band
always reverses the direction of

magnetization of the previous band to

indicate a new bit. The second band has

the same direction if the bit is a 0, or

the reverse direction if it is a 1.

Third Bit (1)

Track on Disk

Three bits Stored
Three bits - 101 - have now been stored

in six bands. The bands create a circular

track on the surface of the disk. Some of

the bits stored form a directory giving

the names and locations of files.

/

Fourth bit (l)
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MAGNETIC Storage
Swipe Card
A credit card or a debit card has a stripe with a

magnetic coating on which bits are stored and

retrieved in the same way as a magnetic disk (see

p. 333). The bits contain the card number,

card owners name, and expiration date.

Swiping the card moves

the magnetic stripe past

a read head in the

card reader

DIGITAL TAPE
Bits are stored on magnetic tape in a digital tape drive.

This works in the same way as a video recorder (see

p. 244). Digital sound recording, in which the bits come
from a microphone and analog-digital converter, uses

small DAT (digital audio tape) cassettes. DDS (digital data

storage) uses digital tape to back up a computer's hard

disk . Digital video recorders also use tape to

record the bits that form digital television programs in

the same way.

magnetic
Stripe

DAT AND DDS CASSETTES FIT

IN THE PALM OF A HAND

Optical Storage
BAR Code
The pattern of black bars and

white spaces in a bar code on

a product stores bits which

form a code number for that

product. Depending on its

width, each black bar represents

one or more binary Is, and

each white space one or more

binary Os. As the assistant

passes the product over the bar-

code reader, or holds the bar-

code reader up to the product,

a bright beam of light moves
across the bar code. A detector

captures the reflected light, .^ *

which flashes off ajjdon as the

beam moves ^ast the black bars

ajad'white spaces. In a similar

way to a compact disk player

(see p. 33 6), the detector

converts the light signal to an

electric signal containing the

bits in the form of on-off

electric pulses. The code signal

goes from the reader to a

computer that uses the code

number to identify the product

and its price. The name and

price then appear on a display

and may be printed out

(see p. 368).

GUARD BAR

BOOK CODE
This bar code contains

two groups of six decimal

numerals separated by a

fixed central 01010 pattern

At each end of the bar code

is a start/stop 101 pattern

called a guard bar

GUARD
BAR

Seven-Bit Bar Code
In most bar codes, each of the decimal numerals from to 9

consists of seven bits. These are arranged in four groups of

alternate bars and spaces, each containingfrom one to four bits.
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Digital Sound Track Is located
BETVv-EEN Sprocket holes

INFRARED SOURCE

Lens

Pattern of Dots

Digital

Signal from
detector

1
f 1^

^ifSSRrt^
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Stereo Analog
Sound Track for
Theaters Without
Digital Equipment

CCD
Detector

Six-Channel Sound
The sound bits, which come
from analog microphone signals

fed through an analog-digital

converter, are stored on the

edge of the film as small

squares containing thousands

of black-and-white dots. The

film passes a source of infrared

rays, which shines through

each square and a lens to

project the passing patterns of

dots on a CCD detector (see

p. 243). The detector changes

the dot patterns into bits

consisting of on-off electric

pulses. A processor, amplifiers,

and loudspeakers convert this

digital signal into six channels

of sound.

To Right Speakers To BASS Speaker I To Center Speaker To Left Speakers
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Compact disk player

Up
to about 70 minutes of music can be recorded in

digital form on a compact disk. On the shiny

underside is a spiral track of bits in the form of a

sequence of tiny pits. The track is thinner than a

human hair and several kilometers long. The disk

spins at speeds ranging from 500 revolutions

per minute at the center, where the track

starts, to 200 revolutions per minute at the

edge. This causes the track to pass at a

constant speed over the read-out

system that retrieves the bits and

produces an electric stereo sound

signal. This signal goes to an

amplifier and a pair of

loudspeakers or earphones

to reproduce the music.

Spiral Track of pits

Optical Read-out System
A system of mirrors and lenses

fires a laser beam at the pits on
the spinning disk. The beam
moves across from the centre to

the edge. The light-sensitive

photodiode (see p. 272) detects

the reflected beam and produces

bits in the form of on-off electric

pulses. These are converted by a

digital-analog converter (see

p. 360) into a sound signal.
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Track Codes
Tht' sequencL' oj^Ws m (he iradu of a compact disk contains

several kinds of codes. Left-hand and nght-hand stereo

sound codes are recorded

alternately, and the

sequence also contains

codes that control

the motor speed

and give

timings.

UNDERSIDE

OF DISK

Ons and Offs
In optical storage, an

on-hit may he a hinary

and an off-hit a hinary 1.

If necessaiy, passing the hits

through a NOT gate (see p.341)

changes each on-hit hack to an off-hit

and vice-versa. It is called a NOT gate

hecause it changes a hit that is on to a

hit that is NOT on, and a hit that is off

to a hit that is NOT off.

Reading Binary 1

The laser heam enters a

pit in the track and is not

reflected, so the photodiode

produces no signal.

Reading Binary
The disk surface reflects

the light heam to the

photodiode, which

produces an electnc signal

pymm, pypi
Lenses

Disk

Surface

Transparent
Layer

Laser

Semi-Tr,-\nsparent

Mirror

Photodiode

CD-ROM
A CD-ROM is a compact disk that stores bits forming

computer programs, sounds, and images, often used in

multimedia presentations and computer games. The
disk is played back in a high-speed CD-ROM drive

connected to a computer, or in a home console connected

to a TV set. The digital signal from the detector goes to

the processor in the computer or console.

RECORDABLE CDS
When a master compact disk or CD-ROM is made, a

laser fires a beam at the surface to bum in the sequence

of pits. Copies are then pressed from this master disk.

With a CD recording deck or CD writer linked to a

computer, bits can be stored on blank disks. Instead of

burning pits, the laser darkens the surface and creates a

spiral track containing a sequence of dark marks. The

detector in the read-out system reads the marks m the

same way as pits. CD-R (CD Recordable) disks can be

used only once. With CD-RW (CD RewTitable) disks,

the dark marks can be erased and new bits stored.

THE Surface of a CD-R
Disk Contains a Green
D^'E Trat darkens

Shin^' Gold
Backing

LAiTR

D.\RK

Marks in

Tr^ack

Groove in disk

Surface Guides

Laser beam

Data
AND Music
Recordahle and

rewritahle CDs can he

used to store computer

data and programs in large quantities,

and to record music in digital form.

DIGITAL VIDEO DISK (DVD)
The thousands of images that make up a mo\ie contain

many billions of bits when converted to digital form.

Usmg data compression (see p. 330), a new kind of

compact disk, called the digital video disk, can store all

these bits so that it is possible to record a whole mo\ie

on one disk. To play the movie, the D\T) player is

connected to a tele\ision set. Because it is digital, the

quality of the pictures and sound is high and DVD may
replace the \ideotape.

A DVD drive can be connected to a computer. As

each DVD placed in the drive can store as many bits

as a complete hard disk drive, rewritable DVDs may
supersede the hard disk. DVD also stands for "digital

versatile disk."
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Just when Mammoth thought that

things couldn't possibly get more

complicated, they did. This time Bill was

shouting instructions to workers on an

enormous machine. According to some

plan or other, pumpkins were being

removed from the lines and dropped into

large pipes.
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As circuitous as the pipe structure was and no matter

how many pumpkins went in at the top, once again it

was a combination of eight pumpkins and no-pumpkins

that emerged at the bottom. These pumpkins, now much

the worse for wear, slumped onto a sticky conveyor belt.

When all eight spaces on the belt were accounted for, it

started up and carried them away.
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Bill explained to Mammoth that as the pumpkins

traveled through the huge machine, they operated a

series of spiing-loaded gates. The opening and closing of

these gates actually determined the precise pattern of

pumpkins that would eventually emerge onto the conveyor

belt. When they reached a couple of prototype gates in the

test area, Bill sensed that his oversized companion was

finally beginning to appreciate the ingenuity and technical

sophistication of these contraptions. But then he realized

that, in fact, it was their trunklike geometiy that had

struck a familiar chord. For the first time in ages.

Mammoth was feeling a little less alone.

''^^..^

Processing bits

The mammoth now looks on as the bits representing

its personal details arrive from the storage racks and
are processed. The sequences of pumpkins drop into a

vast and complex processing machine, where they

approach gates which open to pass them or close to

block them, so that new sequences of pumpkins
emerge and continue on through the digital domain.

The gates are worked by other combinations of

pumpkins arri\'ing from other racks.

Ever}^ digital machine and system contains a processor or

CPU (central processing unit), which is a microchip

containing thousands of miniature electronic gates called

logic gates. Bits in the form of on-off electric pulses come

from the memor)' and flash to the gates, which pass or

block incoming bits so that new sets of bits emerge.

These new bits are the result of the task set by the

machines program, and they pass back to the memory or

forward to the next part of the digital machine.
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LOGIC Gates
The processor in a digital machine or system is a

type of miniature electronic brain housed in a

powerful microchip. It receives two groups of bits

from the machines memor)^: program bits that direct

the processor to carr)' out a task, and data bits that are

Inside the processor chip are a million or more tiny

transistors (see p. 343). These are connected to form

thousands of logic gates, and the transistors inside

them rapidly switch on and off to pass or block bits in

order to perform binary arithmetic. The bits consist of

processed to give a result. Every step consists of simple on-off electric pulses with a high voltage (on or binary 1)

arithmetic performed electronically at great speed, or a zero or low voltage (off or binary 0).

NPN TRANSISTOR SWITCHES ON HIGH VOLTAGE (BINARY pNP TRANSISTOR SWITCHES OFF /
1) ENTERS Gate /^ j

Current out
,
No Current out

HIGH VOLTAGE (BINARY

1) ENTERS GATE
^ CURRENT

SOURCE

gate on (low resistance)

npn tr.ansistor switches off

Current in

Low OR ZERO
voltage (binary

0) Enters Gate

Drain

Gate off (High Resistance)

FN? Transistor Switches on

Current out

Source

Low or Zero
voltage (Binary 0)

/ /, Enters Gate

Gate off

(HIGH

Resistance)

no Current out

Current
IN

gate on (low
Resistance)

Processor Transistors
A transistor is a sandwich of two types of semiconductor, n-type

and p-type, with opposite electrical properties. It contains three

pieces: the source, gate, and drain, arranged n-p-n or p-n-p. An
electric current is fed to the source and a controlling bit (an on-

pulse or off-pulse) goes to the gate. This may cause the electrical

resistance of the gate to decrease so that the transistor switches

on and passes the current. Alternatively, the resistance of the gate

mcreases and the transistor switches off and blocks the current.

NOT GATE
Anthmetic occurs when a digital machine

has to compare two numbers, as in

cHcking an icon with the mouse (see

p. 3 19). The processor subtracts one

number from the other: if the result is zero,T

the numbers are the same. This kind of

arithmetical action enables machines to

make decisions. The NOT gate is the

simplest of several kinds of logic gates

performing arithmetic inside the processor.

It changes an on-bit (binary 1) to an off-bit

(binary 0) and \ice-versa, and contains an

NPN transistor fed with a low voltage and

a PNP transistor fed with a high voltage.

This IS the real electronic version of the

mechanical NOT gate encountered by the

mammoth opposite. Other logic gates have

more complex groups of transistors using

two or more bits, but work in a similar

way to pass either a high or low voltage.

Changing
First Bit (High Voltage) in

NPN Transistor oet

First Bit out

PNP Transistor on

Voltage) out
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MICROCHIP
Amicrochip or integrated circuit contains many

thousands of electronic components squeezed

into a thin sliver of silicon less than 0.4 inch (1 cm)

square. These components are connected together to

form devices such as logic gates (see p. 341) and

memory cells (see p.331).

The miniature components within a chip are not

individually made and assembled. Instead, the

components and all their connections are built up in

layers of material in complex miniature patterns. These

are made with masks produced by reducing large

patterns photographically. These two pages illustrate

the manufacture of one transistor component in

a microchip.

Silicon Cyunder

Making a Transistor

1 First Masking
The silicon base is first coated with silicon

dioxide, which does not conduct electricity,

and then with a substance called photoresist.

Shining ultraviolet light through a patterned

mask hardens the photoresist. The unexposed

parts remain sofi. ultraviolet Ump

Chip Chop
a microchip is made mostly of p-type silicon (see

p. 271). A cylinder of silicon is first produced, and this

is then sliced into wafers about 0.01 inch (0.25 mm)
thick. Each wafer is treated to make several hundred
microchips. The wafers are then tested and chopped
up into individual chips. These are inspected under a

microscope before being packaged.

2 First Etching
A solvent dissolves away the sofi unexposed

layer of photoresist, revealing a part of the

silicon dioxide. This is then chemically

etched to reduce its thickness. The hardened

photoresist is then dissolved to leave a ridge

of dioxide.

Hard Etching
Photoresist

[

3 Second Masking
Layers of polysilicon, which conducts

electricity, and photoresist are applied, and

then a second masking operation is carried

out. _ _

_Mask

SOLVENT_

4 Second Etching
The unexposed photoresist is dissolved, and

then an etching treatment removes the

polysilicon and silicon dioxide beneath it.

This reveals two strips ofp-type silicon.

5 DOPING
The hard photoresist is removed. The layers

now undergo an operation called doping

which transforms the newly revealed strips

ofp-type silicon into n-type silicon.

6 THIRD MASKING AND ETCHING
Layers of silicon dioxide and photoresist are

added. Masking and etching creates holes

through to the doped silicon and central

polysilicon strip.

_MASK
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_ Microchip
. Connectors
TO Pins

SiucoN Wafer

Pins

Wafer with Chips

Aluminum

Package of pins
A finished microchip is dwarfed by

the connections needed to fit it into

a computer's circuit board. The chip

is set in a plastic base and connected

to two rows of pins which conduct

electric signals.

7 Completing the Transistor
The photoresist is dissolved, and a final masking stage adds three

strips of aluminum. These make electrical connections through the holes

and complete the transistor

In this transistor, known as an MOS type, a high positive charge Jed

to the gate attracts electrons in the p-type silicon base. Current flows

between the source and the drain, thereby switching the transistor on. A
low or zero charge at the gate stops electrons and turns the transistor off.

If the transistors in a chip were really this big, then

the whole chip would be the size of a cityl
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PROCESSOR
Inside every digital machine is a circuit board covered with

microchips and other components all linked by electrical

pathways called buses. It houses some of the basic units of

the machine, such as memory units, and connects to
j

external units like a keyboard. At the heart of the circuit

board and connected to all units is the processor. Following

software programs, the processor receives bits in the form

of on-off electric pulses and processes them to produce a

result, also in bits. The processor also controls the units so

that they perform their actions at the right time and work
together to carry out the required task.

PROCESSOR
rht' processor is a

microchip also called

the microprocessor or

central processing

unit (cpu). The speed

at which the processor

handles hits and controls

a machine depends on

its clock. This device

puts out a timing signal

at a rate measured in

megahertz (MHz) that

governs the speed

Hard Disk
This is the

machine's main

store for data hits

and program hits

(see p. 333)

Address Bus
Bits giving the address numbers of locations in the

memory pass along this pathway and open location

memory units for the processor to store and retrieve bits

Screen
This is an output

unit that receives

result hits from

the processor and

displays the result

(see p.361).

MODEM
This unit enables

the processor to

communicate

with another

machine and

send or

receive bits

(see p.349)

Telephone
Line

Carries

Bits

Data bus
The processorfetches data bits and

program bits, and sends out result

bits, along this pathway.

BITS AND Buses
Vie buses and processor handle

bits in groups of 8, 16, 32,

64 etc. The more bits, the

faster the machine.

rny

rwrw-iW^^^m

Circuit

BOARD

Control bus
Bits jorniing control signals pass

along this pathway between the

processor and other units.

KEYBOARD
This is an input unit that produces

data bits required by the processor

(sec p.317).

Hift
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.gj-. ^rv^ SOFTWARE
Every digital machine becomes little more than a

useless chunk of processed sand and oil without

software. This is the general name for the programs

that instruct machines how to carry out tasks. They

are called "software" to contrast with "hardware," the

actual machinery. Written by -programers using

computers, software consists of complex instruction

codes in the form of bits. The programs are distributed

in microchips inserted in machines, on floppy disks

and CD-ROMs, and over the Internet (see p. 3 50).

Software may be inbuilt and give a machine one task,

enabling a cash machine to pay out money and a

digital camera to take pictures, for example. In a

computer, the software is put on the hard disk and

stored there. A computer can be given different

programs and can carr)' out a huge range of tasks.

These include word processing and desk-top

publishing; pla)ing games; recording music; drawing

pictures; preparing financial statements; storing data.

Operating System
Every digital machine needs an operating system,

which is the program that governs the basic way in

which the machine works and enables you to use it. In

a computer, this is a program such as Windows that

makes the computer respond to the mouse. The
operating system is stored on the hard disk so that it

may be upgraded or improved when necessary.

_

Score panel
This s}\ov^s, the biggest pumpkin's

weight. The top figure is your

score, and the lower figure the

highest score.

TRUNK DIRECTION
Click on the mammoth to make
the mammoth swivel its tiiAnk.

ANGLE BUTTON
Click here to change the angle of

the mammoth's trunk. A higher

angle could make the mammoth
squirt the water further - hut

not always.

SQUIRT FORCE BUTTON
More force sends the water

further But too much force

could make the water miss the

pwnpkm patch altogether!

Water Button
Clicking here changes the

amount of water that the

mamnwth sucks up and squirts

out. Too little water will parch

the pumpkins; too much will

drown them.

COUNTDOWN Button
This button controls the amount

of time for each go. The

computer counts down as you

play, and stops play when the

time reaches zero.

Weather Button
Click here to control the amount

of sunshine. Too much sun will

diy out the patch; too little will

not provide enough sunlight for

rapid growth.

SQUIRT BUTTON
Click here to make the mammoth squirt. The

computer's processor stores all the chosen factors in

the memory. Using mathematical formulas in the

program, the processor calculates the path of the

water and growth of the pumpkin hit. It then works

out the display images so that you see the mammoth
squirt the water and the pumpkin grow, and it

updates the score.

PUMPKIN PATCH
The object of this game is to grow the biggest

pumpkin in the time allowed. You get the

mammoth to squirt water over the pumpkins.

There are many factors to consider. There

are the direction and angle of the trunk and

the squirt force, so that the water will hit a

promising pumpkin. The amount of water

and the weather will also affect growth.
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Chapter four

Mammoth and Bill followed the belt into a large

clearing in which eight ovens and eight chefs

stood waiting.

"Hi, Bill." "Hi, Bill" "Hi, Bill." "Hi, Bill."

"Hi, Bill." "Hi, Bill." "Hi, Bill." "Hi, Bill."

When a pumpkin came to rest in front of a particular

oven, the chef assigned to that oven would scoop it

into a waiting pie crust

Then he or she would light afire in their oven and

prepare to hake the pie. When a no-pumpkin arrived

in front of an oven, that particular chef would do

absolutely nothing. Since smoke was produced only

by those ovens that were lit, a pattern of smoke and

no-smoke was created that matched exactly the

pumpkin/no-pumpkin pattern.

I
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Bill admitted that in an earlier system they had simply

launched the pumpkin patterns to distant locations, but

complaints from various communities along the route, not

to mention birdwatchers, had necessitated a redesign. What

Bill didn't explain, because he enjoyed surprises, was that

his workers had been using these smoke signals to gather

information about the lifestyles and habitat of mammoths

from a distant museum of natural history.

It didn't much matter what Bill was saying or not saying

since Mammoth was far too busy snorting in as much warm
pumpkin pie air as possible. To his great relief, the digital

domain finally smelled of something other than metal,

plastic, and wet laundry. A sudden "whistle-thud" "whistle-

thud" told Bill that information was already coming back in

response to his most recent smoke requests.

"Come on Mammoth," he shouted. "We're almost there."

^^^^.^ '"''-'

^^^
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Just around the cornerfrom the ovens, a set of eight

funnels and eight chutes had been set up to catch apples

and no-apples, which were hurtling through the air While

Bill considered the apple rather low-tech and a little

behind the times, he was clearly excited by the arrival oj

any information. To Mammoth's surprise and delight, the

eight chutes ended above a tray of sweet-smelling

chocolate syrup. After dropping through the funnels,

the apples from each arriving sequence rolled down the

chutes, shot through the gooey tray and slid across a

narrow strip of paper leaving a distinct chocolate smear

After a set of eight smectrs or no-smears had been made,

the marked portion of the paper was yanked out of the

way in order to record the next set.

Sending Bits
The digital domain now reveals itself to be

immense. Bits are no longer just patterns of

pumpkins to be transported short distances. They are

transformed into other kinds of bits that can fly swiftly

through the air over huge distances to distant

processors and memory stores. The bits return in

different patterns carrying numbers that represent new
kinds of information. These may include images and

sounds, like those that the mammoth warily provided

when it entered the digital domain.

Many digital systems involve communications in

which bits are sent between machines, as in a fax

machine sending a message to a distant fax and

receiving a reply. Digital communications are

revolutionizing telephone, radio, and TV, greatly

improving sound and picture quaUty and offering

more ways, often interactive, of using these services.

Millions of computers can now communicate with

each other in the worldwide Internet. Bits can arrive

from anywhere, ready to proceed to the next step in

the digital domain and - along with original home-

grown bits - finally be put to use.
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MODEM
Inside a computer, bits rush around at speeds of a Unless you install a high-speed line, you need a

million or more bits a second. To travel to another modem to send and receive bits. The modem is an

computer, the bits have to go along a telephone line, external or internal unit that connects the computer to

An ordinary telephone line carries low-frequency a telephone socket, and from there into a network of

sound signals and cannot handle bits at this rate, links that can transfer bits quickly in several ways.

Radio Link
The sound signal

is transmitted on

a radio carrier

wave in the same

way as AM or

FM broadcasting

(see p.238).

FIBER-OPTIC Cable
The radio wave is converted hack into hits,

which are sent as on-ojfflashes of infrared

laser light along a glass fiher-optic cable

(see p. 185).

SOUND Signal
The hits are converted hack into a sound

signal, which travels along the metal core of

a cable in the telephone line. The wavy line

represents the beeps in the sound.

Digital Signal
The modem converts the sound signal hack

into a distal signal containing bits in the

form of rapid on-off electric pulses. These

bits go to the computer

Frequency 1,

Hf^f

^^^^^
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Multiplexing
A communications link can carry many separate digital

messages by multiplexing. The message bits are split up
mto small packets, and packets from different messages are

mterleaved, sent, and the messages are then reassembled on
arrival. Several multiplexed signals can be sent at different

frequencies over a link to increase its capacity even more.

FIBER-OPTIC Multiplexed Signals
The '^ass core of this cable carries four light signals at

different frequencies shown as different colors. Each signal is

multiplexed and consists of interleaved eight-bit packets from

three messages, so that the cable carries 12 messages: nine

(A to 1) are shown. Multiplexing enables a single link to cany

thousands of messages at once.
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HOME COMPUTER 1

This user is sending

an e-mail message to

someone at Mammoth
Corporation

-5%^

L//

Service Provider
Home users subscribe to a sendee

provider, which is a gateway to

the Internet and e-mail services

Routing Computer

Government House
WEB Site_

x^

routing
Computer

,

Undersea
Cable

V

Service Provider
The service provider

IS an organization with

powerful computers that connect to

the Internet and store users' web sites.

' A telephone line links each home

computer via its modem to the_

service provider

BACKBONE
A network of

routing computers - the

Internet backbone - links

'organizations and ser\ace providers.

The routing computers decode

addresses to connect users with each

other and to sites throughout the

Internet. The links are

metal cables, fiber-

optic cables, or radio

p^^ v^j<r links, possibly via

v.^^^v^ satellites (see^ ^ p.349).

^vf!

teachem School
Web Site

Bright Light

.Web Site

Web Site

Every web site has an Internet

address, which takes the form

http;//www. mammoth.com/images.

This is a web site at Mammoth
Corporation showing images, http stands for

HyperText Transport Protocol, which enables you to use

the mouse to click on a word or image on the screen and

instantly jump to another part of the web site or to a different

web site, www is a code for the web site computer at

mammoth.com, the code for the commercial organization

Mammoth Corporation. Finally, the code word images takes

the user to the part of the web site containing pictures

to download or transfer from the web site.

BROWSER
To visit a web site, your

computer must have a browser.

This is a computer program

that enables you to use all the

facilities of the web site, such

as jumping from one part of

the site to another and

douTiloading material.

Home Computer 2

This user first consults the

search engine to find out about

astles. The search engine provides the

web site address of Giimm Castle, and

the user jumps to the castle's web site.
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INTERNET AND E-MAIL

Communications
Satellite

All compuier users, at home and at work, can link into the global computer

communications network known as the Internet. Bits flash to and fro

between the computers to provide people with a huge variety of services,

w I , People can send each other messages by electronic mail or e-mail;

^// / ] ^ they can visit web sites on the World Wide Web to

obtain information, entertainment, commercial

services, and software of all kinds; and they

can take part in discussion groups and chat

via the computer. Organizations have

computers that link directly to the

Internet. Home computers link

via a modem and phone line

to a service provider.

Seaview

HOTEL
WEB SITE

E-MAIL (ELECTRONIC MAIL)
Ever)' person has an e-mail address which

takes the form of his or her name, the

symbol @ (at), and a domain name, such as

jsmith® mammoth.com. The domain name
contains the name of the persons service

provider or organization followed by codes

for the type of organization or provider and

often its country, each separated by a dot.

The domain name mammoth.com stands

for Mammoth Corporation, which is a

commercial organization (com). E-mail

offers you more than a quick and easy

way to send people written messages.

It is possible to use e-mail to send

computer data, such as word-processed

documents and images.

Search Engine
You can locate useful or interesting web
sites by using a search engine. This is an

organization with a web site containing a

huge database of web site addresses. You key in

a subject or a name that describes what you are

seeking, and the search engine provides you

with a list or selection of web site addresses

that fit your inquiry. You then simply

click on an address to jump to that

web site.

J\\t c-ma\\ mi^ssage

anives \rom \\ome

computer 1.

hope church
Web Site

Business Computer 2

Tlii.s user is visiting the web site

at Government House.
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Cash dispenser
A secure line connects a cash dispenser to the banks

central computer. Bits forming your PIN number and

the amount requested go to the bank, which returns

bits instructing the dispenser to pay out (see p. 365).

FAX MACHINE
A fax machine contains a modem (see p. 349), enabling

it to send bits representing a document in coded form

along a telephone line to another fax. The modem in

this machine decodes the incoming telephone signal

to receive the bits, and sends them to the fax machines

printer to print out the document (see p. 358).

DIGITAL Phone, radio, and Television
A digital mobile phone transmits your voice as bits by

radio to the base station (see p. 2 36), and receives voice

bits from the station. The phone also sends out a digital

identification signal in order to connect to the nearest

base station. In a similar way, sound or picture signals

are transmitted as bits to the aerials of digital radio or

television receivers or along cables. Using a digital-

analog converter, the phone or receiver changes the bits

back into sound or picture signals that go to the phone

earpiece, the radio loudspeaker, or the television screen

(see pp. 360-1). A digital tele\ision receiver needs a set-

top or inbuilt digital decoder to receive pictures.
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PORTABLE NAVIGATOR I
You can find out where you are, anywhere in the

world, with a portable navigator. This device

receives digital radio signals from satellites orbiting

Earth. These are usually GPS (Global Positioning

System) satelUtes. Each signal contains the exact time

it left the satellite as well as the satellites position. By

working out how long the signals take to travel from

the satellites to the navigator, the navigator can

calculate its distance from each satellite. As a result,

the navigator knows that it is located somewhere on a

circle at its known distance from a satellite. The

combination of the three satellite signals is enough

for the navigator to work out its location. A fourth

satellite signal gives the

altitude of the navigator.

ARROW INDICATES

WAY TO Go

Showing the Way
The navigator's display

can show the compass

direction and distance

ofyour destination. It

can also give your

exact position in

latitude and

longitude, or

local map
coordinates.

IN VIEW
At any time,joiu

satellites are always m
view from any point on

Earth to fix a position.

aABOIiiiaaM
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Chapter Five

Well, here we go," said Bill, coaxing the reluctant

mammoth away from a pile of discarded chocolate-

coated apples and into a large building where workers were

fastening the last of the smeared strips together They had

created a smgle, large piece of paper, which they then

stretched between two rollers.

Pressed into the floor in the center of the space were

four footprints, which to Mammoth's amazement precisely

matched his own. No sooner had he placed his feet in them

than two small orchestras complete with sheet music were

rolled into position next to his ears. Mammoth was already

be^nning to feel a little claustrophobic, and when a large

piece of machinery gently wrapped itself around his head,

he let out an extraordinary wail.
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At that very moment, the musicians began to play - or

more accurately to recreate - almost identical

trumpeting sounds. Then the paper began to roll past his

eyes, which made the individual smears blur together,

creating not only an amazing landscape but one which

seemed to be in motion. When Mammoth turned his head

to follow a particular sound, the scene shifted in exactly

that direction. Endless clumps of swamp grass swayed

gently in the breeze.

Most importantly, however, he thought he saw other

mammoths - lots of them. He couldn't believe his tear-filled

eyes. The years of loneliness were over Solitary wandering

would be a thing of the past. As the sounds grew louder and

more wonderfully cacophonous, his head swung back and

forth to take it all in. Feeling a pleasant dizziness, he stood

still for a moment and noticed that one particularly

beautiful mammoth was approaching him.
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He was helplessly in love. She was wearing a how in

her hair and a narne tag. He was at some kind of

mammoth software convention. And then he remembered

that mammoths didn't attend conventions! They flouted

-them. But she came closer and raised her trunk to kiss him.

This was too good to he true. He decided to stop thinking.

He closed his eyes and raised his trunk to return the caress.

He tasted... chocolate. Chocolate? His eyes suddenly flew

open. All he saw were smears.

Not the little smears, hut big smears. The kind of smears

you get when you drag a drooling trunk across a piece of

chocolate-covered paper He was stunned. Then he was

furious. He shook the contraption from his head. The

orchestras took cover where they could. By the time

Mammoth calmed down, he was devastated. He felt

cheated. Humiliated. It had all been some kind of trick.

"Not a trick," said Bill somewhat defensively. "Progress."

USING Bits

On its journey through the digital domain, the

mammoth first saw personal details such as its

dimensions, image, and sound changed into numbers.

These were stored, then processed to produce new
numbers, while yet more numbers arrived from

elsewhere. The purpose of this number crunching now
becomes clear as the bits representing the numbers are

turned back into images and sounds so the mammoth
can experience a virtual mammoth world. Aided by

imperfect eyesight, and a little credulity, he sees and

hears mammoths cavorting all around him.

The new friends are, in fact, near

replicas of himself. The original

bits giving the

mammoth's details have

been processed to

produce bits that form

images of a variety of

mammoths in motion.

The sound bits have

undergone processing to provide a vocabulary of calls.

From the mammoth museum have come bits

representing a typical mammoth landscape, and bits

that give information on mammoth lifestyles so that

the virtual mammoths will move and call realistically.

But for us, the digital domain becomes an actual

reality as the bits that have been made by an input unit

of a digital machine, communicated to the machine,

stored in its memory, and processed by its processor, are

changed back into forms that

we can understand and use.

The bits become words,

numbers, images, sounds,

or movements in output

units such as printers,

screens, loudspeakers,

simulators, and robots.

NUMBERS AT WORK
Thus do numbers serve us. Digital machines are changing

the world and the ways in which we live because almost

everything can be represented by a string of numbers.

Once something is in numerical form, the numbers can

be easily and swiftly changed to represent actions that are

difficult or impossible to achieve by mechanical means.

Digital machines not only outstrip and outperform their

mechanical forebears. They inspire new kinds of things,

new things to do, and new ways in ^^^:

which things are to work.

<<»)
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Direct Output
Sequences of bits in the form of on-off electric pulses

arrive at the output unit of a digital machine or

system. If they are then arranged in a grid or array, bits

representing an image or a character, such as a letter,

form a pattern that reproduces the image or character.

The bits go directly to a printer mechanism to be printed

in this pattern. Bits representing characters also go

directly to alphanumeric displays.

iNK-jET PRINTER
Also known as a bubble -jet primer, this printer contains a

print head that moves back and forth across the sheet of

paper, which moves up after each pass. The prim head fires

tiny jets of ink onto the paper to produce rows of dots that

build up into images and characters. Each on-pulse (binar)'

1) fires the print head to ink a dot; an off-

pulse (binar)' 0) does not fire the head.

Print head
The head contains an ink

chamber, and vertical rows

of very fine nozzles that

fire jets of quick-

FAX MACHINE
plain-paper fax machine contains

an ink-jet or laser printer to print a

copy of the document being

sent to it. Some fax machines

contain a thermal printer

with a line of about 2,000

heating elements that

prints rows of dots on a roll

of heat-sensitive paper.

iNK-jET NOZZLES
An enlarged view of the nozzles. Each

one fires about 10,000 times a second.

Color Printer
Color ink-jet printers contain four separate print

heads that fire jets of yellow, magenta, cyan, and
black inks at the paper. The colored dots merge
to form a full-color picture (see pp.183 and 214).

Three eight-bit color numbers in the digital color

signal (see p. 325) give the shade of each color to be

printed, and the print head fires a varying number of

separate small dots. A light shade results from a few

small dots spaced out, and a heavy shade from lots

of close-spaced dots. A color laser printer works in

the same basic way, except that the paper makes four

passes and the drum is fed with toner powder in the

four different colors.

INSIDE AN InkJet
An ink-jet printer works by forming bubbles in

the ink, hence its other name of bubble-jet printer.

1 INK Tube
Inside each nozzle of the ptint

head is a tube containing a

heating element. Ink is Jed to it.

2 Bubble Forms
A pulse of electncity heats up the

element, instantly vapotizing

some of the ink toform a bubble.

3 Bubble expands
The bubble grows rapidly as the

heating continues, and begins to

force some ink out of the tube.

4 TUBE FIRES

A jet of ink leaves the tube and the

heating stops. The bubble collapses,

sucking in more ink. |i.
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Eye to Eye
A printed picture or document consists of a grid of rows of

1 tiny dots printed one after another. From normal viewing

distance, the dots merge together to form images and

characters. This is a print of the eye scanned on page 323.

LASER PRINTER
The printing action of a laser printer is exactly the

same as a photocopier (see p. 260). The incoming

on-off bits cause a laser or LED (see p.273) to fire

rows of on-off flashes of light at the printing drum
and build up dots in the image.

INCOMING BITS
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Alphanumeric Display
A simple display showing numbers, made up of the

ten decimal numerals from to 9, appears on many
digital machines. These include the pocket calculator,

digital watch, and the digital timer, thermometer, and
scales shown on pages 319 and 32 T Some machines,

such as radio sets, also display letters of the alphabet.

Each character (numeral or letter) is formed of

several segments; numerals contain seven segments.

On-off bits go directly to the segments in the display,

and the on bits cause some of the segments to go dark.

The resulting pattern of dark segments forms a

number or letter.

Display

Seven-Segment Display
The segments m an alphanumeric display work with liquid

crystals (see pp. 192-3). Natural light is either reflected from

the display, or a light source is placed behind it. When an

electric current goes to the segment, the liquid crystals inside

it block the light so that the segment goes dark. Bits

representing the characters to be displayed go to the display

decoder. For numerals that have seven segments, these bits

may be the four-bit binary equivalents of the decimal

numerals to be displayed, so that 0011 arrives to become a

3, and 1001 arrives to become a 9. The decoder changes the

four-bit numbers to seven-bit numbers, and each of the se\'en

bits controls one of the segments. An on-bit (binary 1)

causes a current to go to the segment and darken it; an off-

bit (binary 0) stops the current and lightens the segment.
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Signal Output
Digital-Analog Converter (DAC)
Output units that produce sound through loudspeakers

and earphones, as well as images on screens, do not

work directly with bits. They require an analog electric

signal with a var)ing voltage. The incoming digital

sound and image signal, which consists of bits in the

form of on-off electric pulses, first passes through a

digital-analog converter. This is the reverse of the

analog-digital converter that changes sound and light

to bits when they enter the digital domain (see p. 3 20).

Current of 5 Volts Emerges

FROM DAC

INSIDE A DAC
The incoming bits go to separate wires

connected to transistor switches. These

control an electric current going to resistors

that reduce the voltage of the current to a

half, a quarter, an eighth, and so on.

Three-Bit Converter
This converts the three-bit

digital signal 101 (on-off-on)

into an analog signal of five

volts. Three bits are shown
for simplicity. In practice,

DACs convert digital signals

of 8, 16, or more bits.

5 VOLTS

Tr.-\nsistor 1

ON

8-VOLT

Current
GOES TO All

Transistors

First Bit Second bit Third Bit

resistor

Reduces
VOLTAGE
TO AN
Eighth

Double, double
Each resistor has double the

value of the next resistor

because each successive bit oj

a binary number represents

one, two. Jour, and so on.

Digital Sound
Incoming sound bits, such as those that go to a digital

phone, digital radio, and computer sound card, first

pass through a digital-analog converter. The resulting

analog sound signal is amplified so that it is strong

Incoming
Digital Signal

enough to power a loudspeaker or earphone. A
synthesizer receives a digital MIDI signal produced

by an electric keyboard (see p.3 16), and decodes and

converts this to give an analog signal that produces a

musical note at a certain pitch and volume.

t
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8-BlT BLUE NUMBER 8-BiT RED Number

I 1 iiilll
8-BiT Green Number

INCOMING Digital

Color Signal
Digital-Analog converter

in graphics card

INSIDE A LIQUID CRYSTAL SCREEN
Light from a source at the back of the screen passes through

polarizers and liquid cr)'stal elements that lighten or darken

depending on the voltage of the signals fed to them. The
light passes through red, green, and blue color filters to form

red, green, and blue dots.

Seeing the Sun
The incoming digital color signal

contains three eight-bit numbers

representing the color of a pixel in the

image of the sun made by the scanner on

pages 324-5. The digital-analog converter

changes each number to an analog signal

of varying voltage. The red and green

signals are high, and the blue signal low.

The signals go to a pixel, and the red and

green dots glow brightly while the blue

dot is dark. To the eye, the red and green

dots combine to give a yellow pixel.

Light Source

Rear Polarizer

Liquid Crystal Elements

Yellow plxel

ON Screen

Blue Signal

Green Signal

red Signal

Front
polarizer

Blue Element
Goes dark

/.

y

K
X

N.

Red and Green
Combine to
GixT Yellow

COLOR
Filters

A

PORTABLE COMPUTER

COMPUTER Screen
Digital color pictures light up on tele\ision sets and computer

monitors, which work with electron beams (see pp.246-7).

They also appear on the screens of portable computers, digital

cameras, and \irtual reality headsets, which work with liquid

cr)3tals (see pp. 192-3). The color picture contains a

million or more tiny red, green, and blue dots arranged in

groups of three called pixels (picture elements). The

incoming image bits, which may originate in a scanner or

digital camera (see pp. 324-6), consist of sequences of binar)'

numbers that represent the brightness of the three dots in each

pixel on the screen. The bits pass through a graphics card, which

produces three analog color signals that go to the dots in each

pixel. The red, green, and blue dots light up in var)ing degrees of

brightness and merge together to form a full-color picture.
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VIRTUAL REALITY
The one way in which you can enter a digital domain is to put on

a virtual reality headset. You hnd yourself in a world created by the

computer. Objects are moving all around you and you can hear

their sounds. As you move your head, the scene and sounds

move too, just as if you were actually there and

looking around, up, or down. In fact, you are

looking at two small screens and listening to

earphones. The computer connected

to the headset is able to react to

your movements because the

headset contains a sensor

that detects your head

movements.

Screens I

Two liquid crystal screens (see p. 361) display

a pair of images, which are slightly different

so that your brain combines them to create a

three-dimensional scene.

incoming bits from the tracking

sensor and returns output bits

that control the image and

sound output accordingly.

1 LOOKING Ahead
You sec a three-dimensional view of a

kennel as the pair of screens display

two images of the kennel.

2 LOOKING AROUND
You hear a dog barking in your left ear

As you turn your head toward it, the

images shift to the nght.

3 LOOKING LEFT
The dog appears, and the barking

sound is now in front as sounds come

from both earphones.

II
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FLIGHT Simulator
Virtual reality is a valuable way of training aircraft

pilots. A flight simulator contains a mock-up of the

aircraft flight deck. The pilot sits at the controls and

through the windows sees a real airport and moving
pictures of scenes that occur during take-off, flight, and

landing. The pictures are generated by a powerful

computer connected to the controls. As the pilot

handles the controls, the computer processes

the operations and sends output bits back to the

simulator. These move the picture, vary the instrument

displays, sound warnings, and tilt the flight deck

exactly as if the aircraft were flymg. The computer can

switch to night landings or foggy weather, or

conditions that require an emergency landing such

as an engine failure. It can also record a "flight" and

replay it so that the pilot and instructor can go back

over the training exercise.

Instructor Station
Behind the pilot, the instmctor

sits at the computer console,

controlling the simulator's

computer and assessing

the performance of

the pilot.

Projectors
High-quality projectors

throw adjacent sections of

a wide, color, computer-

generated picture onto a

curved screen that extends

around the flight deck.

Half of the screen can be

seen here with two of the

three projectors working.

Curved Mirror
The pilot looks through the

windows of the flight deck

at a wide curved mirror

that extends around the

windows. The mirror reflects

the back-projected picture

on the screen. This optical

system makes the image

appear to be a long way

off. Half of the mirror is

shown here
,

.Curved Screen

m

n.

,V

^

JACKS
jacks beneath

the simulator

move in and

out to tilt the

simulator and

mimic aircraft

motion.
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ROBOT

Controller
A powerful computer controls the

actions of the robot. It calculates or

remembers the various angles through

which each oj the joints must turn.

It then sends control signals to the

motors dnving the joints. Sensors fee

the angles oJ the joints back to the

controller so that it knows when each

joint has turned the required amount.

Whole Arm Rotates

The robot is the ultimate machine, able to carry out

a wide range of physical tasks under its own
control and with the potential to replicate almost every

human action. For a brain, it has a computer that

controls the movements of the robots arms, legs or

other appendages, sending output bits to electric or

hydraulic motors that move the joints by precise

amounts. The computer can be programed with a

particular set of movements that the robot can, if

required, repeat exactly over and over again without

ever wearying of its task. The robot is therefore an ideal

machine for factory work, especially on assembly lines

producing complicated machines such as cars. Some
robots can handle parts, fitting them precisely in place,

while other robots can hold and operate tools such as

welding torches and paint sprayers. The robot may
need a sense of touch, so that it does not apply too

strong a grip and crush whatever it is handling. Its

gripper or claw may therefore have pressure detectors

that feed back information to the controlling computer.

As computers develop, it is likely that robots will

also gain a sense of vision with television cameras

for eyes. A robot will scan an image of the scene before

it, and be able to calculate the size and position of

everything around it and thus move about and

perform actions in much the same way as we do. As

computers are now able to listen and talk to us,

the day when the robot becomes an independent

machine capable of interacting fully with people

cannot be far off.
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Angle Sensor
In each joint is a slotted wheel like

those in a computer mouse (see

p. 3 18). A light beam shines through

the wheel to a detector, which gives

an electric pulse every time a slot

passes. The computer counts the

pulses to sense the angle turned.

365

Teach Pendant
This keyboard is connected to the robot

controller Six of the keys move each of the

six joints. The operator "teaches" the robot

an action by using the keys to move the

robot's hand to each of a set of required

positions. Each movement is then stored in

the controller's memory so that the robot

can repeat the action exactly.

AS you wait for a cash dispenser to pay out, the bank's

central computer checks that your account has sufficient money
and deducts the sum requested. It then sends output bits to the

machine. These control a mechanism that picks up the correct

number of bills from boxes of bills inside the machine. It then

delivers them to the slot and motorized rollers feed the bills partly

through the slot. The output bits also actuate rollers that return your

card, and may print out and deliver a slip.
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E COMPUTER
This is the first of three common digital systems.

These systems are made up of many input,

memor)^, processing, communications, and output

units linked together. A complete home computer

system, given all the relevant software, is capable of a

huge range of activities. Bits enter the computer from

the mouse, keyboards, microphone, scanner, still

camera, and video camera, which enables you to send

live pictures over the Internet. Bits are stored in the

various memory devices inside the computers

main box and tape back-up unit, and the

modem sends and receives bits. Finally, bits

go to the output units - the loudspeakers,

screen and printer - as the computer
performs a particular task.

LOUDSPEAKER (SEE P. 360)

MOUSE (See f318)

Floppy Disk

Drint

(See R333)

CD-ROM
DRIVE

(See r337)

^^/^'lyiATlARD DISK

DRIVE (See

R333).

Gr.aphic>

. ARD

^EER361\

TJvM

Sound Caw:

(See R322)

Computer Keyboard
(SEEP317)

Circuit Board I

(SEE R344)

Microphone
(SEE P322)
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.X ANNER
(SEE PP.324- 5) cT

DlCllAL MILL
Camera (See r326)

Printer

(SEE PR358-9)

Tape Back-Up

Unit (See r334)

MODEM
.jTij - -xSZ/j^ (5^^ P 349)

tl.ECTRIC KEYBOARD
(SEE R316)
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Supermarket
Evety time you make a purchase at a supermarket

checkout, you come into contact with a huge

digital system. The supermarket company uses a vast

computer network built around the central computer

at the head office. This communicates to a ring of

depots in different locations. Each depot computer

links in turn to a ring of individual stores. Each store

contains an in-store computer that is connected to the

computer in each checkout. The central computer is

also linked to a network of bank computers.

in-Store Computer
Digital signals pass to

and from the central

computer via the in-

store computer Every

night, this updates

each checkout

computer with price

changes and new

products.

^^^
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3ANK

DEPOT

Bank

Bank

Bank network
Your payment goes to your bank, which

sends the amount from your account

to the supermarket account.

'fi'

Bank

~n lOTH 6MAi

t Individual

Store

Head Office
The central computer checks your

card number, and sends a signal back

to the checkout allowing purchase.

It also collects details of all ^>%^
purchases jor stock control and ^
orders suppliers to send morec^
stock to depots.

Ke\^oard (See

R317) May Input

Product Details,

.^'^

Supermarket's

Bank Links

Head Office to
Bank Network

Links to more depots

Printed receipt
Printer (see p.358) prints

out full receipt with the

names and prices of all

products purchased.

Depot
The depot computer

receives instructions

from the central

computer to send

more stock

to stores.

^
^§f

r-TT?!!

Individual Store

Individual Store

^^^^
a; i?

Individual Store
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TRAVEL Agent
You give an agent your

destination and date of

travel and the agent's

computer first presents

you with a choice of

available flights. You then

select the class offlight,

special meals and other

services, and the option

to pay by ccLsh or card.

The computer then prints

out a ticket containing

your name and all the

flight details.

C HOiCB. 6

^^^»^^^^i

^^^4 4^3

BANK

DIGITAL TRAVEL
When you resen^e a flight at a travel agent, the agents

computer gets details of all available flights from the

airline computers. You may request special meals and

services which, together with your personal details and

the flight of your choice, are stored in the airline

computer. When you check in at the airport, the desk

computer contacts the airline computer to record your

departure. It weighs your baggage and prints out bar-

coded labels and your boarding pass. Your baggage,

checked by bar-code readers, goes to the correct aircraft,

which also receives special meals and instructions for

special ser\ices required by passengers.
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Airline

Airline

Airline

p ^J^ ^ ^ fh ,

»«

^^

•m

Check-in Desks

i^iSjtA^"
(Ojrii

Hhil
**>:*»

55^

^.

Kitchen
Notified by airline

computer, the kitchen

prepares and sends the

required number of

meals to each aircraft.

Screen

(p^

\

Electronic Scales

(Seer321)^

^Fn

Check-in Desk
Printer (See r358)

Bar-Coded
Baggage label

. boarding Pass

Bar Code (See r3341

on Label Contains
Destination and
Flight Number^

''I

'£1
Gate Check-
in Desk

fr' sTp
•Vrl

AivCpcfRT Entry ContIrol
'scanner With OCR (see

i3) reads passport detail

fid contacts a central

'^computer to check passengei\s

for any bar on entry. -•v.

<h

<'
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EPILOG

While Mammoth had been impressed by much of

the digital domain, there was also plenty about

it that left him feeling uncomfortable. In the end, it

was just too much, too big, too fast, and too unfamiliar

Mammoths, after all, had never really embraced the

concept of progress and this one wasn't going to start

now. In fact, as he left the digital domain, he had no

intention of ever returning. Bill, smiling down from
the top of the wall, knew differently. While it was

true that the mammoth hadn't developed much of an

appreciation for digital technology and all that it could

complicate, he had developed a real taste for pumpkin

pie and apples smeared in chocolate. These were a

pleasant and entirely compatible replacement for

swamp grass, which would soon be extinct. And Bill

was the only supplier for miles and miles.
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EUREKA!
THE Ih^VENTlON OF MACHINES

THE INCLINED PLANE
People have to eat to live and, necessity

being ^ver the mother of invention, the

lachines to be invented were the

Is used by prehistoric people in

lunting and gathering their food,

jtones crudely chipped to form

tools date back about a million

years, and stone axes and

spearheads litter archeo-

logical sites down to the

dawn of civilization.

In cutting tools, the

inclined plane became

the first principle of

technology to be put to

work. On a larger scale,

it may have enabled

people to build at least

one of the Seven

Wonders of the World
— the Great Pyramid.

This was constructed

in Egypt in 2600BC
using high earth

ramps to raise great

stone blocks into

position.

THE Plow
The plow was invented in the Middle East

in about 3500BC. At first, it was Uttle

more than a digging stick drawn by a

person or an ox, but this primitive plow

enabled people to dig deeper than before.

Plants could put down stronger roots in

plowed soil, increasing crop yields and

enabUng farmers to produce a surplus of

food. The plow thus freed some people

from the necessity of growing their food.

Locks
Locks existed in ancient Egypt, and they

made use of pins in the same way as the

cylinder lock. The application of the

inclined plane to the key, made by Linus

Yale in the United States in 1848, is one of

those fundamental inventions that long

outlive their maker, and the cylinder lock

is still often called a Yale lock. The lever

lock dates from 1778 and was invented by

a British engineer Robert Barron. The design

resulted from a need to prevent burglars

taking wax impressions inside locks and

then making keys from them, and it too

proved to be a fundamental advance.

THE Zipper

The zipper took quite a time to make its

mark. It was invented by Whitcomb Judson
in 189T not in its present form as a clothes

fastener, but as a device to do up boots. It

did not take off until 1918, when the US
Navy realized that Judson's invention would

make an ideal fastener for flying suits. The

name zipper, coined in 1926, clinched its

success.

THE Can Opener
Methods of preserving food in sealed

containers were invented in the early 1800s,

at first using glass jars and then tin cans.

The cans were ideal for transporting food,

but opening them could be a problem. At

first, a hammer and chisel— a crude use of

the inclined plane — had to serve. Claw-like

devices and levered blades were then

devised to open cans, not without some

danger to the user The safe and simple can

openers that we have today were not

invented until the 1930s, more than a

century after the appearance of the tin can

LEVERS
Levers also originated in ancient times in

devices such as hoes, oars and slings.

People realized intuitively that levers could

aid their muscle power, but it took a genius

to explain how levers work. The genius was
the Ancient Greek scientist Archimedes

(287-212BC), who first defined the

principle of levers. He illustrated it v^th

the famous adage "Give me a place to

stand and I will move the Earth" — meaning
that if he had a lever sufficiently long, he

could shift the Earth by his own efforts.

The formulation of the principle of

levers was a landmark in the development

of science and technology. Archimedes'

insight explained not only levers, because

the same principle Ues behind the inclined

plane, gears and belts, pulleys and screws.

Furthermore, Archimedes showed that by

making observations and experiments, it

was possible to deduce the basic

principles that explain why things work.

Weighing Machines
The first device to make precise use of

levers was invented long before Archimedes'

time. This was the balance or scales used

for weighing, which dates back from

3500BC. It may seem odd that a precision

instrument was required so long ago:

however, what had to be weighed was no

ordinary material— it was gold. Gold dust

was used as currency in the ancient

civilizations of the Middle East, and

amounts of it had to be weighed very

precisely in order to assess their value.



Keyboard Machines
The piano was invented in Italy in 1709 by

Bartolommeo Cristofori, who sought a way

of varying the volume of a keyboard by

using levers to strike the strings with

different amounts of force. His success is

reflected in the instrument's name: the

pianoforte or "soft-loud ". The lever system

was later improved to increase the response

of the piano, resulting in the highly

expressive instrument that affected the

whole course of music.

The first practical typewriter was

invented in the United States in 1867 by

Christopher Scholes, and it was taken

up by the Remington company.

Unlike the piano, the typewriter

gives little variety in performance

and is consequently well on

its way to obsolescence, ousted by

computer printers capable of

many kinds of typefaces and

type sizes.

The Parking Meter
The mechanical parking meter and other

kinds of coin-in-the-slot machines

involving lever action have their ancestor

in a fascinating device invented by the

Greek scientist Hero, who lived in

Alexandria in the first century AD. Hero is

justly renowned for inventing the first

engine but he also built many
ingenious devices that employed levers and

other mechanical parts. Among them was
a machine that delivered a cupful of holy

water on inserting a coin. The falling coin

tripped a lever, which raised a valve that

allowed the holy water to flow.

THEWHEELAND AXLE
The development of mechanical power has

its origins in the wheel and axle. The first

machines to make use of this device

may well have been the windlass

and the winch. The Greek

physician Hippocrates, who
was born in 460BC,

employed a windlass to
^

stretch the Umbs of his

patients, a treatment

uncomfortably like the rack

of medieval torture

chambers. Winches have been used to

draw water from wells for many centuries.

The Waterwheel and Windmill
The waterwheel dates back to the first

century BC. The windmill, basically the
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same machine but driven by air instead of

water, followed some seven centuries later

Turbines
Modem turbines are a product of the

Industrial Revolution, when the demand
for power soared as factories developed.

Engineers investigated blade design,

seeking to maximize energy output. The
Francis turbine, invented byJames Francis

in 1850 and now common in power-

stations, was literally a product of lateral

thinking because Francis made the water

flow inward instead of outward.

Gears and belts
Belts are simple devices, seen in the chains

of buckets that Ufted water in ancient

times. The basic forms of gears were

known by the first century AD. An
extraordinary early application of gears is

the Antikythera mechanism, a mechanical

calendar made in Greece in about lOOBC
and recovered from a wreck sunk off the

Greek island of Antikythera. This machine
had 25 bronze gear wheels forming a

complex train of gears that could move
pointers to indicate the future positions of

the Sun and
Moon as well as

the times when
certain stars

would rise or set.

the time in the same way as the hour hand of

a mechanical clock.

The oldest surviving mechanical clocks

date from the late 1300s. Gears transmitted

the constant movement of a regulator to the

hands or to a bell. A good regulator

appeared only with the discovery of the

pendulum in 1581 by the great Italian

scientist Gahleo, who timed a swinging

chandelier with his pulse and realized that

the time taken for each swing was always

constant. Even so, it took nearly a century

for the first pendulum clocks to appear

Clocks
A rack-and-pinion gear was used in a water

clock built by the Greek inventor Ctesibius

in about 250BC. The water clock was an

ancient device in which water dropped at a

constant rate into a container, the level of

the water indicating the time. Ctesibius

improved it by having a float raise a rack

that turned a pinion connected to a pointer

on a drum. The pointer turned to indicate

THE Epicyclic Gear
The sun-and-planet or epicyclic gear is of

much more recent origin than other types.

It was invented in 1781 by the great British

engineerJames Watt, who is best known
for improving the steam engine. Watt

needed a device to turn the reciprocating

motion of the piston of his steam engine

into rotary motion, but he could not use

the crank because someone else had

patent protection on it. Watt's alternative

was the epicyclic gear, now found in salad

spinners, automatic transmission and many
other devices.

THE Differential
This first appeared in the "south-pointing

carriage " invented in China in the third

century AD. The two-wheeled carriage was

surmounted by a figure that always pointed

south, no matter how the carriage turned

as it moved. The figure was set to south,

and then a differential driven by the wheels

turned the figure in the opposite direction

to the carriage so that it still pointed

south.

Such a machine must have appeared

magical to the people of the time. However,

calculations show that the mechanism
could not have been sufficiently precise

for the figure to point south for long.

Within 3 miles (5km) it could well have

been pointing north instead!



Cams and Cranks
Cams and cranks are old devices too — the

cam appearing in the drop hammer and

the crank in a winding handle. Their

application in the sewing machine was

developed during the early 1800s, the first

successful sewing machine being

produced in the United States by Isaac

Singer in 1851. The four-stroke internal

combustion engine, which similarly

depends on the controlling movement of

cams and cranks, was first put to use in the

motor car by Karl Benz in 1885. These two

machines are still with us in their basic

form today, along with their inventors'

names.

PULLEYS
Simple cranes using single pulley

wheels were invented some 3 000

years ago, and compound
pulleys

with several wheels date back to

about the 400s BC. Archimedes is

said to have invented a compound

pulley that was able to haul a ship

ashore. The shadoof, a counter-

weighted lifting machine, IS also ot

ancient origin.

¥,

The Elevatorand Escalator
The elevator is a relatively recent invention,

the reason being that buildings had to

reach quite a height before they became
necessary. Although elevators are intended

for public use, the very first elevator had

exactly the opposite purpose. It was built

in 1743 at the Palace of Versailles for the

French king Louis XV. Counterbalanced by
weights and operated by hand, the elevator

carried the king in total privacy from one
floor to another

The modem safety elevator is the

invention of the American engineer Elisha

Otis, who dramatically demonstrated its

effectiveness in 1854. He ordered the rope

of the elevator carrying himself to be cut.

The emergency braking system was
automatically activated, and the elevator

did not fall.

Escalators date from the 1890s. The first

models were basically moving belts.

SCREWS
The screw is yet another machine

associated with Archimedes, for the earliest

known is the water-lifting auger know as

Archimedes' screw. However, it may well

have been invented before his time. The

«^ . screw press, which

contains the form

of screw used in

nuts and bolts,

was first described

by Hero of

Alexandria.

Metal screws were used as a superior

alternative to nails in 1556, when the

German mining engineer Agricola

described how to screw leather to wood to

make durable bellows. The screwdriver

however did not follow until 1780.

^\

.>

The Combine Harvester
The combine harvester is the most

important invention in farming since the

plow, and a modem harvester makes use

of several augers that work in exactly the

same was as Archimedes' screw. The first

combine harvester was built in 1835 by

combining a horse-drawn reaper and a

threshing machine. It took a ceiitury to

develop the harvester into an effective self-

powered machine.
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The Micrometer
This important device based on the screw

was invented in 1772 by James Watt. Watt's

micrometer worked in much the same way

as the modern micrometer, and was

accurate to one-thousandth of an inch

(a fiftieth of a millimeter).

ROTATING WHEELS
Ancient peoples could easily move heavy

loads by rolling them on logs, and one

would expect that the wheel developed in

this way But this is not the case. Unlike a

roller, a wheel requires an axle on which to

turn and so the potter's wheel was the first

true wheel. It was invented in the Middle

East in about 3500BC. From the potter's

wheel, the wheel was soon developed for

transport.

The Bicycle
The first bicycles were pushed along by

the feet and not pedaled. They were

novelties rather than a serious means of

transport, and were known as hobby-

horses. Kirkpatrick Macmillan, a

blacksmith, invented the pedal-operated

bicycle in Britain in 1839. Raising the feet

from the ground to turn the pedals

required the rider to make use of precession

to balance.

Gyrocompass
The inherent stabilit)' or gyroscopic inertia

of devices such as spinning tops has been

known for centuries, but the development

of the gyroscope in machines is more
recent. Its most important application, the

gyrocompass, was invented by Elmer

Sperry and first demonstrated on an

American ship in 191 1.

Springs
Springs are also of ancient origin, being

used in primitive locks. Metal springs date

from the 1 500s, when leaf springs were

invented to provide a primitive suspension

for road carriages. Springs did not become
common until two centuries later, when
coil springs were invented.

Spring Balance and Hairspring
The principle behind the spring balance

- that the extension of a spring is

proportional to the force acting on it -

was discovered by the English scientist

Robert Hooke in 1678 and it is known
as Hookes Law. Hooke also invented

the spiral spring known as a hairspring,

which is used as a regulator in mechanical

watches and which made portable

timepieces possible.

FRICTION
People have been making use of friction

ever since they first set foot on the ground,

and the first friction devices to pound
grain into flour date back to the

beginnings of civilization.

The Parachute
This was one of several inventions that were

forecast by Leonardo da Vinci, who drew

one in 1485. Understandably, neither

Leonardo nor anyone else was ver)'

keen to try out the idea in practice.

However, there was little need for

parachutes until the first balloons

took to the air three centuries later

The first parachute descent proper

took place in 1797

when the French

balloonist Andre

Garnerin

successfully

dropped 2,230 feet

(680 meters) . Early

parachutes were fashioned

like huge parasols and

similarly named,

being proof

against a chute or

fall rather than the

Sun.

Drilling Machines
Drilling, which is basically pounding or

grinding, is a surprisingly old activity. The
Chinese drilled oil welb some hundreds of

yards or meters deep as early as the third

century BC. They dropped a metal drilling

tool into the hole to break up the rock.

The first modern oil well, drilled by Edwin
Drake in Pennsylvania in 1859, was drilled

in the same way.

Bearings
Devices to reduce friction are of ancient

origin, the first being log rollers which

were placed under

an object

that

was to be

moved.
To work

effectiveh^

a wheel

needs

bearings on its axle. These were mvented

in France and Germany in about lOOOBC.

The bearings were made of wood and then

greased to improve speed and lengthen

their life. Modern bearings date back to the

late 1700s. They made the development of

machines during the Industrial Revolution

all the ^^;^tta^^^^^ more effective.
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FLOATING
The first form of transport to progress

under its own power was the raft. In

prehistoric times, people must have

hitched rides on uprooted trees that

happened to be floating down rivers. Rafts

borne on ocean currents probably carried

people across the world's oceans long

before recorded history.

The earliest known hollow boats date

back to about 8000 BC. These were canoes

dug out of tree trunks, which were paddled

through the water.

The principle of flotation, which

explains how things float, was one of the

many achievements of Archimedes, the

great scientist who lived in Sicily (then

a Greek colony) in the 200s BC. He is

reputed to have made this discovery in

his bath and then ran naked into the street

shouting the inventors classic cry of

Eureka, which means "I have found it."

Although the principle that Archimedes

put forward explained that an iron boat

could float, nobody really believed this

and all boats and ships were made of wood
until just over two centuries ago. The

development of the iron ship coincided

with the development of a powerful steam

engine, which drove paddle wheels in boats.

Submarines

Traveling

under the water

and into the air

can be risk)' ventures, and

required intrepid pioneers.

Understandably perhaps, the inventors of

both the first submarine and balloon

persuaded other people to try out their

craft.

The first proper submarine took to the

water in 1776 during the American War of

Independence. It was an egg-shaped wooden
vessel invented by the American engineer David

Bushnell; it went into action (unsuccessfully)^

against a British warship. The Turtle,

as it was called, was very much a

forerunner of the modern
submersible, having

ballast tanks and

propellers.

BALLOONS
The first balloon to carry passengers was a

hot-air balloon invented by the Montgolfier

brothers in France in 1783. It

made its first flight in

November of that year

and flew 5 miles

^(8km). Afewdays
later the first gas-

filled balloon

took to the Parisian

skies, piloted by its

inventorJacques

Charles. It contained

hydrogen, which also

lifted the first airship into

the air in 1852. This machineT

which was steam-powered, was invented

by the French engineer Henri Giffard.

Sails and Propellers
Sails powered boats along the River

Nile in Egypt as long ago as 4000BC.

These were square sails, which could

sail only before the wind. The
triangular sail, which is able to sail

into the wind, first appeared in

about AD 300 in boats on the

Arabian Sea.

The propeller was invented in

1836 by Francis Pettit Smith in

Britain and John Ericsson in the

United States. It first powered a sea-

going ship, appropriately

called the Archimedes,

in 1839.

FLYING
The first people to fly

were Chinese criminals lifted by

large kites. The explorer Marco

Polo reported the use of such kites for

punishment in the 1200s, but kite flying

was also used to look out over enemy
territory. Then, five centuries later, balloons

began to carry people aloft.

THE AIRFOIL

The principle behind the airfoil— that

jncreasing the velocity of a gas or liquid

lowers its pressure — was discovered

by the Swiss scientist Daniel

Bernoulli in 1738, and the basic

form of the winged aircraft

was developed during

the 1800s. Its design

was due to the British

' engineer Sir George

tayley, who flew the first

glider in 1849. This

machine carried a child.

Four years later, Cayley's

coachman (against his will)

became the first adult to fly

a winged aircraft. On
landing, he immediately

resigned!

The invention of powered flight is indelibly

associated with the Wright brothers, the

American engineers who flew the first

powered airplane at Kitty Hawk in North

Carolina in 1903. Unlike all modern

aircraft, the wings of the Wrights' flying

machine did not have ailerons. This

development occurred in 1908 in aircraft

built by the British engineer Henry Farman.
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The Helicopter
Like the Wrights' powered airplane, the

development of the helicopter was

contingent upon the invention of a light

but powerful engine — the gasoline engine^

The very first helicopter, built by Paul

Comu, whirled unsteadily into the air

in France in 1907. The development

of a reliable helicopter took about

thirty years.

""

The Hydrofoil
r^ The first use of the principle

of the airfoil was not in air

but in water In Britain in

4j? 1861, Thomas Moy tested

wings by fixing them
beneath a boat and found

that the wings raised the

hull above the water Thus

the hydrofoil was born before the airplane.

The production of a practical hydrofoil

,^ took place in Italy, where it was

^^^^^^developed by Enrico Forlanini

^tK^^r^ during the first decade of this

P f century.

instrument, he used the pressure ofwater

to drive air into the pipes: the resulting ^

music was ear-splitting

PUMPS ANDJETS
The water-lifting pump
is another invention

credited to Ctesibius.

However, the slow dev-

elopment of pumps
able to produce a

continuous jet of water enabled the Great

Fire to destroy much of London in 1666.

The first real fire engine did not appear

until 1721. The pump was invented by the

British engineer Richard Newsham. It was a

reciprocating pump with two pistons

PRESSURE POWERJl
^y The achievements of

Archimedes inspired

generations of inventors and engineers.

First was Ctesibius, who lived at Alexandria

in Egypt at about the same time. Ctesibius

was renowned for his self-powered devices,

notably the first organ. Water was a

convenient source of power and in this

driven alternately up and down by hand.

The fire engine was reputed to produce a

jet of water nearly 160 feet (50m) high and

to be strong enough to smash a window.

Portable fire extinguishers were

developed in the nineteenth century,

powered at first by compressed air and

then by carbon dioxide.

Hydraulics and Pneumatics
An understanding of pressure in both air

id water came with the work of the

'French scientist Blaise Pascal. In

the mid- 1600s, he discovered the

principle that governs the action

of pressure on a surface. Pascal's

principle explains both hydrauUcs and

pneumatics. One of its latest consequences

is the hovercraft, which was invented in

1955 by the British engineer Christopher

Cockerell. This machine began fife as a pair

of tin cans linked up to a vacuum cleaner,

which demonstrated that an air cushion

could produce sufficient pressure to

support a hovercraft.

Suction Machines
The vacuum cleaner also began life in

Britain, where it was invented by Hubert

Booth in 1901. Again, a simple

demonstration sufficed to prove

its viability: Booth sucked air

through a handkerchief to show how it

could pick up dirt. However, a practical

machine was developed in the United States

in 1908 by William

Hoover, and it is his name that has always

been associated with the vacuum cleaner

Its distant relative, the aqualung, is also

firmly associated with its inventor, the

French oceanographerJacques Ccusteau.

The aqualung was developed during World

War 11, andCousteau subsequently used it

to pioneer exploration of

the sea bed



380 HARNESSING THE ELEMENTS

•.« H3:::r:

THE FLUSH Toilet
The water closet, the first of many
euphemisms (though more accurate than

most) for the flush toilet, dates back to

1 589, when it was invented by SirJohn
Harington, a British nobleman who was a

godson of Queen Elizabeth I. The tank

in Harington's invention worked with a

valve that released the flow of water

Harington recommended that it be flushed

once or preferably twice a day.

Harington's important contribution to

the history of technology was centuries

ahead of its time, and the water closet did

not attain its present form until the late

1800s. The use of a siphon, which does

away with valves that can leak, dates from

that period.

EXPLOITING HEAT
Harnessing heat was the first technological

achievement to be made. The discovery of

fire, which happened in China over half a

million years ago, provided heat for

cooking and warmth. Millennia were to

pass before heat was to be turned to much
more advanced uses such as smelting

metals and promding motive power.

Iron- and Steel-Making
Iron-making dates from 1500BC when the

Hittites, in what is now Turkey, built

furnaces to smelt iron ore v^th charcoal

and so produce the metal itself The

process did not develop further until 1709,

when the British iron maker Abraham
Darby substituted coke for charcoal and

added Umestone. His furnace needed a

powerful blast of air to bum the coke, but

it could make iron in large quantities — a

factor which helped to bring about the

Industrial Revolution.

The large-scale production of steel from

MlW .A^>S

n^S

iron made in

blast furnaces did not follow

until the 1850s, when the steel

converter was invented

independently by WilUam
Kelly in the United States

and Henry Bessemer in

Britain. Air was blown

through the molten iron

to form steel, a process

leading to the use of

oxygen today.

.V

The Refrigerator
AND Vacuum Flask
Although preserving food by keeping it in

an ice-filled pit is an art some 4,000 years

old, the first machine capable of reducing

temperatures was not built until 1851.

James Harrison, an Australian printer,

noticed when cleaning type with ether

that the type became very cold as the

ether evaporated. Using this idea, he

built an ether refrigerator However,

it was not very successful, being

unable to compete with ice

imported all the way from America.

The first practical refrigerator,

which used ammonia as the

refrigerant, was made by the

German scientist Karl von Linde

in 1876. He was able to produce liquid oxyg
with it, but such a cold liquid was difficult

to keep. James Dewar, a British scientist,

developed the vacuum flask in 1892 to store

'

liquid oxygen, but it has since found far

wider use in storing hot drinks.

Steam Power
The use of heat to provide motive power
came in a brilliant invention by the Greek
engineer Hero in the first century AD. He
built the first steam engine, a little device tl

sjJIputed jets of steam and whirled around
rsflher like a lawn sprinkler. Heros engine

/// was of no practical use and the steam

w, engine vanished until the 1700s, when it

//was developed in Britain, notably by Jam(
Watt. The steam turbine was invented by
another Briton, Charles Parson, in 1884.

Gasoline, DieselandJet Engines
The gasoline engine followed the develop-

ment of oil driUing in the mid- 1800s and als

the invention of a four- stroke engine runnir

on gas at about the same time. The first

two-stroke engine was invented in 1878, but

it was a gasoline- powered four-stroke engin

that came to power the horseless carriage.

A practical gasoline engine was principally

the work of the German
engineer Gottlieb

Daimler who developed

it in 1883, fitting it

first to a boat and then

in 1885 to a bicycle.

However, it was another

German, Karl Benz,

who built the first

practical automobile in 1885

The diesel engine was

)erfected by Rudolf Di^e
in 1897, a year

before the

invention of

the carburetor

The gasoline engine spurred the invention

of the airplane while the jet engine, being

cheaper and faster, has brought us mass
worldwide air travel. The jet engine was

invented by the British engineer Frank
""

.Whittle in 1930.

Thermometers
he measurement

of temperature is

associated with

several famous

names. The first

thermometer was

invented in 1593 by

the great Itahan scientist

Gahleo, who is better

known for his discoveries in

astronomy. The instrument

used the expansion and



EUREKA! 381

contraction of a volume of gas, and was

very inaccurate as well as bulky.

The first thermometer to use mercury

was invented by the German physicist

Gabriel Fahreryik heit in 1714, and he

also devised j/^ ^cW temperature scale

that bears /»*"*t^ his name

Gunpowderand Rockets
Heat also became a source of power in

gunpowder, the first explosive, which

appeared in China about a thousand years

ago. Gunpowder had other uses too, and by

the 1200s, rockets fueled by gunpowder
were being fired in China.

The first person to propose that rockets

be used for spaceflight was not an engineer,

but a Russian schoolteacher named
Konstantin Tsiolkovsky. At the turn

of this century, he realized that

rockets powered by liquid-fuel

engines working in several separate

stages would be required to provide

the immense power necessary to

carry people mto space. However,

Tsiolkovsky was a visionary and did

not build rockets himself.

Liquid-fuel rocket engines were

pioneered by the American engineer Robert

Goddard, who first launched one in 1926.

The first space rocket was built by the

Russian engineer Sergei Korolev. It used

liquid fuel to launch the first satellite.

Sputnik 1, in October 1957, just a century

after Tsiolkovsky was bom.

NUCLEAR POWER
The basis of nuclear power was discovered

in 1905 by the great German scientist

Albert Einstein. In his special theory of

relativity, Einstein explained that a Uttle

mass could theoretically be converted into

a lot of energy.

Nuclear fission is the practical

application of Einstein's theory, and was

first achieved in the laboratory of the

Italian scientist Enrico Fermi in 1934.

Fermi did not realize at the time that

fission had in fact

occurred, and it was
not until 1939 that

other nuclear scientists

were able to confirm

that fission was

possible, and with it the release of

enormous amounts of energy. This

information was kept secret as World War II

loomed, and Fermi and the other scientists

arrived in the United States. Here, at the

prompting of Einstein, a crash program to

build a nuclear reactor went ahead in the

fear that Germany might build a fission

bomb first. Fermi constructed the first

experimental nuclear reactor in 1942.

The first atomic bomb was tested in the

United States in July 1945, shortly after the

defeat of Germany, and it was Japan that

suffered the first, and so far the only, use of

nuclear weapons. The hydrogen bomb was
first tested by the United States in 1952. The
first nuclear reactor to produce electricity

was built in Russia in 1954.
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LIGHT AND IMAGES
People must have begun obsening how
hght behaves thousands of years ago. They

could see where it came from, and they

could see that it was reflected by bright

smooth surfaces and cast a shadow when
something got in its way The Greek

philosopher Euclid was cenainly familiar

with the basic principles of optics around

300BC. and Alhazen. the famous Arab

scholar. wTOte an important treatise on the

subject in the 900s AD. But no-one knew
amthing about the nature of light until

1666 when Isaac Newton discovered the

color spectrum and 1678 when the

Dutchman Christiaan Huygens suggested

that light is composed of waves. Until then,

Newton's assertion that Ught is made up of

particles or "corpuscles" was regarded as

more convincing.

ELECTRIC Lights
The American inventor Thomas Edison is

usually credited with inventing the electric

light. In realit)-, however, he was preceded

by a British competitor, Joseph Wilson

Swan. Swans filament lamp, not unlike

Edison's, had been unveiled nearly a year

before Edison's in December 1878.

Incandescent lamps are relatively

inefficient compared with fluorescent

lamps, which give off little heat. Henri

Becquerel. the discoverer of radioactivity,

made the first

experiments with fluorescence in 1859,

but it was not until 1934 that the American

physicist Arthur H. Compton developed

the first fluorescent lamp for general use

in homes and offices.

MIRRORS
"Natural " mirrors made of polished

obsidian (a natural glass) were in use in

Turkey 7.500 years ago. but the earliest

manufactured mirrors were highly polished

copper, bronze and brass. Pliny the Elder

mentions glass backed with tin or silver in

the first centur\- AD. but silvering did not

come into widespread use until the

Venetians found a way of doing it in the

thirteenth centur\'. A German chemist.

Justus von Liebig. invented the modern
silvering process in 1835. Modem
apphcations of reflecting surfaces include

the periscope and the endoscope.

Periscopes were developed for use

in submarines in France in 1854.

The flexible endoscope using

glass fibers with special coatings

to reflect images around comers

came into use in 1958.

Lenses
The Roman Emperor Nero {AD 37

-68) was one of the flrst people to use a

lens (although he may not have realized it)

when he watched performances in the

arena through a fragment of emerald which

just happened to be

of the right shape

to benefit his poor

eyesight. Spherical

lenses used as

burning glasses

were certainly

known by the 900s.

when Alhazen

described how they

work. The first

lenses to come into

general use were

convex lenses in

eyeglasses, some-

time around 1287

in Italy. The zoom
lens, giving a

correctly focused

image at a range of

focal lengths, was

developed for

in the mo\ie

industr)- in

the

1930s.

Telescopes
Lenses had been in use for centuries before

Hans Uppershey, a Dutch eyeglass maker,

happened upon the marvelous invention of

the telescope. In 1608, he looked at a

nearby church steeple through two lenses

placed one in front of the other and found

that it was magnified. The working

telescopes that followed Lippershey's

discover)' all suffered from poor image

quaUt)' caused by the refraction of light

through the glass lenses. Isaac Newton
solved this problem in 1668 by making a

reflecting telescope that worked with

mirrors rather than lenses. Binoculars are

essentially two telescopes arranged side by

side. They first appeared in a Paris opera

house in 1823; although it is not known
who invented them, they rapidly became

popular for use both indoors and outside.



Microscopes
Magnif\ing glasses have been used as long

as convex eyeglass lenses have existed, and

and they were developed into excellent

single-lens microscopes by a Dutch

merchant, Anton van Leeuwenhoek, in the

mid- 1600s. By using a tiny bead-hke lens, he

was able to obtain magnifications of up to

200 times.

The origin of the compound
microscope, which has two lenses, is

shrouded in some mystery. Another Dutch

spectacle maker, Zacharias Janssen, has

been credited with inventing the

compound microscope in 1590. However,

it seems unlikely that this would have

preceded the discovery of the telescope,

and Janssen's son is thought to have

made up the story. Galileo is believed

to have experimented with lenses for

microscopy but the biographers of the

Dutch-bom scientist Cornelius Drebbel

insist that he built the first compound
microscope in 1619. The first electron

microscope was built over three centuries

later in Germanv in 1928.
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Laser and Holograms
The first laser was built in 1960 by Theo

Maiman of the Hughes Laborator)'. At

the time it was scorned as the invention

with no use. After this

shak)' start, the laser

has become one of the most

powerful and adaptable

tools at our disposal.

A phenomenon that may
one day bring us totally

realistic images - the

hologram - depends for

it existence on the laser. Dennis Gabor
invented the hologram in 1947, but he

could not put his idea into practice until

he had a coherent light source, in other

words a beam of

light of a single

wavelength. This

the laser gave him.

PHOTOGRAPHY

The SLR Camera!

Like all early cameras, the SLR was
developed from the much older

camera obscura. Thomas Sutton

designed the first SLR camera in

1861. Large-format SLRs were

popular from about 1900 to the

1930s. The Kine Exacta was the first

35mm camera to use the SLR method.

It came out in 1936.

INSTANT PICTURES
The American inventor Edwin Land

became so absorbed in his studies of

polarized Ught and photography that he

dropped out of his regular courses at

Harvard University. It proved to have been

the right decision, however, because in

1947 he succeeded in producing the

world s first instant picture camera, the

Polaroid. Color pictures were introduced

in 1963 and in 1972 a completely new
design appeared, the SX-70. The SX-70

automatically ejected each photograph

after exposure. It then developed as if by

magic, without any need

for peeling apart or

timing. These had both

been features of the

original camera.

Photography was invented when Joseph
Niepce, a Frenchman, found a way of

fixing an image created in a camera

obscura ("dark room" or box) , a device

which had been used for many years

previously as a drawing aid for artists

He took his first photograph in 1826

Niepce s young partner, Louis Daguerre

invented a new process in 1837.

Eventually it reduced exposure times to

under half a minute, making portrait

photography hugely popular But

modern photography is based on two

breakthroughs made by the British

inventor William Fox-Talbot in 1839:

the negative-positive method of print-

making, which allows many copies to

be made of one exposure, and

development of the latent

image, leading ultimate!}

to split-second exposure

times. The first color

photograph — of a

tartan ribbon — was

made by the British

physicist James

Clerk Maxwell in

1861.

Moving Pictures
Two French brothers,

Auguste and Louis

Lumiere, invented the

first practical movie camera and projector

in 1895. At the first showings of their films,

people fainted in the audience as a train

appeared to come steaming straight out of

the screen into the auditorium. Despite this

impressive demonstration of its power,

tthe brothers remained strangely unaware

of their invention s enormous potential.

When someone offered

them a large sum of

money for it, Auguste

thought he was doing

the eager buyer a

great favor when
he rejected his offer

How wTong he was!
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Printing
A basic form of printing was practised by

the Romans in the third centur)-. About the

same time Egyptian clothmakers used

figures cut in blocks ofwood to put marks

and patterns on textiles. Block printing of

books developed in isolation in both

Europe and China. The Chinese produced

the first block-printed book in 868 and

were also the first to invent movable t)pe

in 1041. Unhke blocks, these could be

used in the printing of any book, not just

one, and were the vital element in

Gutenberg's invention four centuries later.

The Chinese made tv-pe out of baked clay.

It soon became clear that only metal t)pe

could withstand repeated use. These were

first made in Korea in the early fifteenth

centun-. The letterpress method of printing

^^-^:v IS still in use today.

The press itselfwas adapted from

existing screw presses used in trades

Uke book binding and was so efficient

that no significant changes were

necessary' until automation was

introduced in the nineteenth centur)'.

SOUND AND MUSIC
If archeological discoveries are

anything to go by, the first musical^

instruments were hollow bones

used as whistles in prehistoric

times. Potter)' drums have been

found dating back 6,000 years.

After the drum came the hie,

a stringed instrument played i

4,500 years ago in the

ancient city of Ur; it

later developed into the

harp. Brass instruments

have their beginning in

hollowed animal horns

used to sound fanfares

and calls. Straight

trumpets over 3,000 years

old were found in Tutankhamun's tomb,

but the modern valve trumpet dates only

from 1801. Probably the first man to give

his name to a musical instrument was

Adolphe Sax,

the inventor

of the saxo-

phone

in 1846.

tape recorder in 1920 and AEG of Berlin

produced the first plastic tape recorder in

1935.

THE Record PLAyER
The problems of recording sound and
playing it back were solved by one of the

greatest inventors of all time, the American
Thomas Edison. Using a tinfoil cylinder as

his "record" he recorded and then

reproduced the nursery rhyme Mary Had a

Little Lamb on December 6 1877. He called

his invention a phonograph. Ten years later

Emile Berliner, a German immigrant
then living in Washington, invented

the flat disk record player or

gramophone.

TELECOMMUNICATIONS
Modem telecommunications have

effectively solved the problem of sending

messages rapidly over immense distances.

Before the electronic age people had to use

whatever methods their ingenuity could

devise, such as flashing mirrors and smoke
signals. The Greek historian Polybius is

reported to have devised a system of

alphabetical smoke signals in the 100s BC,

but no Polybius Code is known today to

rival the Morse Code, invented by the

American Samuel Morse in 1838. Morse

went on to construct the first electric

telegraph, which carried his code over

wires similar to telephone wires. In 1844, he

sent the first message "What hath God
wrought?"

Before paper was invented, people wrote on

anything they could lay their hands on: silk

and bamboo in China, palm leaves in India,

clay tablets in Babylon and wax tablets in

Greece. Between 3000 and 2000BC the

Egyptians started using papyrus, a type of

sedge which they dried into strips and then

glued together in two layers to form a

sheet. Paper was invented in China by Tsai

Lun in AD 105. In 751, the Arabs captured

some Chinese papermakers at Samarkand
and so the invention set out on its four-

hundred-year journey to the West.

Today paper is made chiefly from

fibres produced by trees.

The Printing Press
The printing press was invented

byjohan Gutenberg in Germany
about 1450. It was one of a

number of elements in the

printing process (including

movable metal t>pe) which

Gutenberg was the first to perfect

The Tape Recorder
Danish telephone engineer, Valdemar

Poulsen, invented magnetic recording in

1898. Strictly speaking, Poulsen's

"telegraphone" was not a tape recorder as it

used wire rather than tape. The American

film producer Louis Blattner made the first

tiie

During the great days of

early sound engineering in the last century,

inventors were often at a loss to think of

things to say during their experiments and

demonstrations. Alexander Graham BeU,

however, had no difficulty when he used his

newly invented telephone ^

for the first time
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m 1876: "Mr Watson. Come at once. 1

want you" were his first words. He had

spilled acid from a battery down his pants

and needed help from his assistant

urgently In inventing the telephone, Bell

had also invented two important devices -

the microphone and the loudspeaker.

RADIO
The mtroduction of the telegraph in 1844

solved the problem of sending messages

using electricity. But the new machine had

one big drawback: it depended on a

physical wire link. Other scientists

immediately began working on wire-less

communications. A breakthrough came in

1888 when the German scientist Heinrich

Hertz discovered the existence of radio

waves. Seven years later, Guglielmo

Marconi, the 21-year old son of a wealthy

Italian landowner, made the first

successful transmission using radio waves.

In 1901 he created an even bigger

sensation when his radio sent a signal all

the way across the Atlantic. Broadcasting

began in 1906, when the Canadian

inventor Reginald Fessenden first

transmitted sound. However the invention

of the electronic valve or tube in the same

year by the American Lee de Forest was

the major factor in the development of

broadcasting.

TELEVISION

'\

Considering that television is the most

powerful tool of mass communication

known to man, it was conceived in

remarkably humble circumstances. John
Logie Baird was a British amateur scientist

who sold shoe polish and razor blades to

finance his spare-time research. In 1925

after years of work he successfully

transmitted the first television picture in

his attic workshop, using a boy from the

office downstairs as his subject. Because

Baird's system was mechanical and gave

low picture quality, it was only a matter of

time before someone came along with a

superior electronic product.

That someone was

Vladimir Zworykin, a

Russian immigrant

to America, who
built the first

electronic

television in

1929. The

worlds hrst

public

broadcast

was in

1936.

y/

COMMUNICATIONS SATELLITES
The US government was responsible for

developing the idea of communications

satellites in the 1950s. In July 1962 the

American Telephone and Telegraph

Company launched Telstar, the first

communications satellite to transmit

telephone and television signals. It could

only operate for a few hours each day,

because its low orbit took it out of range

of its transmitting and receiving stations

for most of the time. Early

Bird, launched in 1965,

was the first satellite

to solve this

problem by

keeping

exact

pace

with

the

\ rotation of

the Earth,

maintaining an

apparently

stationary position.

RADIO TELESCOPE
The inventor of the radio

telescope, and so of radio

astronomy, was the amateur

American astronomer Grote Reber. He
built his first receiving dish in 1937,

having heard about Karl Janskys 1931

discovery that the Earth is constantly

being bombarded with cosmic radio

waves. Reber set out to focus these waves

with his dish and thereby map where they

came from. In 1942 he made the first

radio map of the Milky Way galaxy.

Space probes
The first successful space probe was the

Russian Luna 3, which sent back the first

picture of the Moon's unseen far side in

1959. Probing the planets became a reality

in December 1962 when the US spacecraft

Mariner 2 reached Venus after a 180

million-mile (290 million-kilometer)

journey lasting nearly four months.
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ELECTRICITy
In about 600BC the Greek philosopher

Thales noticed that amber rubbed with

wool somehow acquires the power to

attract hght objects such as straw and

feathers. Over 2,000 years later in 1600,

William Gilbert, physician to Queen
Elizabeth I of England, called this power

electricity after the Greek word for amber It

was not until the 1700s that scientists

began to learn more about the nature of

electricity, and one of the pioneers in the

field was Benjamin Eranklin, who was an

intrepid investigator In 1752, Franklin

daringly flew a kite in a thunderstorm to

prove that hghtning is electrical in nature.

This famous experiment, in which he was

lucky not to have been killed, led Franklin

to invent the hghtning conductor.

Franklin also

postulated that

electricity consists of

two varieties of

"fluid", one positive

and one negative.

We now know that

the fluid is a stream

of negative electrons,

which were discovered

by the British scientist

J.J. Thompson in

1897.

The Battery
In 1780 an Italian anatomist, Luigi Galvani,

noticed that the severed leg of a dead frog

could be made to twitch when touched by

pieces of metal. Galvani concluded rightly

that electricity was producing the reaction,

but it was another Italian, Alessandro Volta,

who found that the electricity came not

from the frog, as Galvani had thought, but

from the metals. Eventually Volta found that

copper and zinc together produce a strong

charge and that if he buflt a pile of metal

disks, alternately copper and zinc

separated by pads soaked in salty water, he

could produce a continuous electric

current. Perfected in 1800, the Voltaic pile,

as it is called, was the first electric battery.

Since then, a great range of different types

of battery has been developed.

The Photocopier
In the 1930s Chester Carlson was working
for the patents department of a large

electronics firm in New York. He was happy
enough in his work except for one

thing — the time and expense involved in

getting patents copied.

Eventually he became

so frustrated that he

decided to invent a

whole new process

himself. The result

was the first xero-

graphic copy, taken

on October 22, 1938.

Dispensing with the

messy wet chemicals

used in existing

copiers, Carlson had

invented a dry process

based on the abiUty of an electrostatically

charged plate to attract powder in the

image of the original document. Several

years later the rights to the process were

acquired by a small family firm which later

grew into the mighty Xerox corporation,

making Chester Carlson a very wealthy man
in the process.

MAGNETISM
Legend has it that the phenomenon of

magnetism was first observed by a Greek

shepherd called Magnes when he noticed

that his iron-tipped crook picked up pieces

of black rock lying around on the ground.

This black rock was a kind of iron ore

called magnetite. Queen Elizabeth I's

physician, WilUam Gilbert, was the first

man to formulate some of the basic laws of

magnetism and to speculate that the Earth

itself is one big magnet. In 1644 Rene

Descartes showed how magnetic fields

could be made visible by scattering iron

filings on a sheet of paper Apart from the

compass, however, no practical use for

magnets was found until

the invention of the

electric motor —

although Franz

Anton Mesmer, the

original mesmerizer,

did manage to persuade eighteenth-

century Parisians for a few years that

magnetism was a cure for certain illnesses.

MAGNETS
The earhest magnets were made from

naturally occurring magnetic rock called

magnetite. Later when magnetite's

directional properties were recognized, the

name lodestone, meaning leading stone,

was coined and it was used to make
magnetic compasses. Magnets did not

really come into their own until 1820 when
the Danish physicist Hans Oersted made
his sensational discovery of the Unk
between magnetism and electricity. This

event changed the course of human history

by making possible the great electrical

inventions of the nineteenth century such

as the motor, the dynamo and, in the field of

telecommunications, the telegraph.

ELECTROMAGNETS
The electromagnet was one of the

discoveries made possible by Oersted's

great discovery. Shortly after it was

announced, a French scientist, Andre-

Marie Ampere, proved that wires could be

made to behave exactly like magnets when
a current was passed through them and that

the polarity of the magnetism depended on

the direction of the current. So the

electromagnet — a magnet whose field is

produced by an electric current — was

bom. Later the American inventorJoseph

Henry found that wrapping several layers of



insulated wire around a big piece of iron

produced a vastly increased magnetic field.

In 1829 he built the first heavy-duty

working electromagnet, capable of lifting

one ton.

Magnetic Compass
Chinese historians date the discovery of the

magnetic compass to 2634BC. Whether or

not this is true, the Chinese certainly seem

to have been the first people to discover

that magnetism could be useful in

navigation, and by the third century AD
magnetic compasses were in common use

in the Far East. The Chinese were not noted

navigators and it was left to the maritime

nations of Europe to perfect the device. As

with other inventions, the Arabs may have

been responsible for transmitting the idea

from East to West. By the eleventh century

the Vikings were using compasses on their

raids in northern Europe. More recent is a

variation of the compass which measures

the vertical angle that the Earth's magnetic

field makes at its surface.

THE ELECTRIC MOTOR
In 1821, following Oersted's discovery the

previous year, the British scientist Michael

Faraday set out to show that just as a wire

carrying electric current could cause a

magnetized compass needle to move, so in

reverse a magnet could cause a current-

carrying wire to move. Suspending a piece

of wire above a bowl of mercury in which he

had fixed a magnet upright, Faraday

connected the wire to a battery and sure

enough it began to rotate. He had shown
that electrical energy could be converted

into mechanical energy, the principle

behind the electric motor The American

scientist Joseph Henry built the first motor

capable ofwork in 1830; by 1840 elect]

motors were powering machinerv

EUREKA!/

DOMESTIC ELECTRICITy SUPPLY
In the winter of 1880 a British

industrialist,WG. Armstrong, built a

small hydroelectric station in the

grounds of his country mansion in

Northumberland to power its new
electric fighting. It was the first

domestic electricity supply anywhere in

the world. The following winter the town

council of Godalming in Surrey built the

first power station to provide electric

power for both private homes and pubUc

street- lighting. Take-up however was

disappointingly slow and the station had

to be closed a few years later A few

months later in January 1881 Thomas
Edison's Electric Light Company installed

a similar station at Holborn Viaduct in

London. Unlike the Godalming scheme,

this venture was highly popular and

proved to be a roaring success.

SENSORS AND DETECTORS
Simple sensors triggered by movement
have been in existence since ancient times.

However, devices that can sense movement
and then use this information to control

machinery are more recent.

Two important early

examples were invented in

the eighteenth century.

The first was the windmill

fantail, invented by

Edmund Lee in 1745, which'

ensured that a windmill's sail

always pointed into the wind.

The second was James
Watt's centrifugal governor,

which ingeniously used

centrifugal force to

automatically regulate the

speed of a steam engine.

THE SEISMOGRAPH
Historically, the Chinese have kept fuller

records relating to earthquakes than any

other country, so it is appropriate that they

should also have produced the first

seismograph. Invented by a mathematician,

astronomer and geographer called Chang
Heng (AD 78-139) it consisted of eight

carefully balanced bronze balls arranged in

a circle around a compass. Whenever the

instrument picked up tremors from an

earthquake, one of the balls would roll off,

indicating which direction the vibrations

had come from. The first seismograph to

make use of currents produced by

electromagnetism was invented by the

Russian physicist Prince Boris Golitsyn

in 1905.
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X-RAYS
In 1895 Wilhelm

Rontgen, head of the

physics department at

Wiirzburg University in

Germany, was amazed to see

chemicals glowing on the other side of his

laborator)' while conducting experiments

using a cathode ray tube enclosed in a

container. After investigating he found that

the cathode ray tube was causing the glow,

but not the cathode rays because they

could not penetrate the container. Quite by

chance he had discovered some completely

unknowTi t)'pe of rays which he

accordingly named X-rays. Before long he

also discovered that photographic plates

are sensitive to the rays even though the

ra)'S are invisible. This meant that it was
possible to take photographs of objects not

normally \asible to the human eye, a

discovery that revolutionized medical

diagnosis. The X-ray measurement unit is

named after him.

Sonar
In the early days of World War I, German
U-boat submarmes inflicted such hea\y

losses on Allied shipping that it became a

matter of urgent priority to find some kind

of effective submarine detection system.

After experimenting with passive detectors,

Paul Lange\in, a French scientist,

developed a much more sophisticated

system using ultrasonic pulses generated

by piezoelectricity. These found submarines

even when their engines were not running

by using echoes that bounced off their

hulls to pinpoint each target's location.

Radar
In 1935 the British Government
asked a leading scientist,

Robert Watson-Watt,

about the possibility of

producing a "death ray" to

knock enemy aircraft out of

the sky Watt replied that the

technology did not exist to

produce a death ray, but that he

could build a system that would give

advance warning of an air attack. The

details were written down on half a sheet

of paper. Within the amazingl)- short space

of a few months they had been developed

into the world's first radar (RAdio Detection

And Ranging) system. Within three years a

whole network of radar stations protected

the British coast and gave the RAF a

decisive edge over the German air force in

the Battle of Britain in 1940.

AUTOMATIC TRANSMISSION
Although automatic transmission is a

sophisticated device, the first one was

actually produced in 1896, not long after

the first car. But it bore little resemblance

to the first fully automatic transmission,

the Hydramatic drive, invented in 1939 by

American engineer Earl A. Thompson.
Following Thompsons invention,

automatic transmission became

standard in

keyboards did not appear until 1980.

Other electronic musical instruments long

preceded the synthesizer. The very first

was the Telharmonium, a 200-ton

monster invented by Thaddeus Cahill in

New York in 1906. It produced electric

sound signals that traveled along

telephone lines to listeners.

COMPUTERS
The first machine to

process numbers
was a mechanical

calculator invented

by the great French

scientist Blaise

Pascal in 1642 at the

tender age of 19.

Numbers were fed

into the machine by

turning dials, and

the result appeared

in a window. Inside,

interlocking cogs

tripped one

another to

calculate the

I

American cars. Th
first model to be fitted with the

new device was a 1940 Oldsmobile.

BINARY NUMBERS
The idea that number systems do not

necessarily have to be based on 10 is not a

recent one. Gottfried Leibniz, working in

Germany in the 1600s, developed theories

of binary numbers and logic. A centur)'

later the British mathematician George

Boole devised a binary method of

expressing logic that is used in logic gates

in computers.

Electric Keyboards
The first practical electric keyboard able to

produce a range of sounds was an analog

synthesizer invented by the American

engineer Robert Moog in 1964. It used

var}ing voltages for different notes. Digital

result.

Although if added

and subtracted numbers with

total accuracy, there was little need for

such a machine at that time and it was a

financial flop.

However, mechanical calculators did

develop later to perform arithmetic for

people. Unlike a computer, they could not

store results and could not be given

instructions to perform different tasks.

The idea that such a machine could be

built occurred to the British inventor

Charles Babbage in 1833, a daring insight

that has earned him the tide of "father of

the computer." Babbage designed such a

machine, using complex arrangements of

interlocking cogs and levers to process

numbers in different ways and punched

cards like those in automatic looms to

give it instructions. It was said that the
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developed by the Dutch-based

electronics giant Philips and

Japans Sony Corporation, and

the first disks and CD player were

introduced in Japan in 1982.
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Analytical Engine, as it came to be called,

would "weave algebraic patterns as the

loom weaves flowers and leaves." Sadly, it

was never built.

The electronic computer, hke many
inventions, was ushered in by the pressure

of war. It was built on Babbages principles

but used speedy electronic valves (see

below) instead of slow-moxing cogs and

levers. The first computer, called Colossus,

was built in Britain in 1943 to break enemy
codes, and may well have affected the

outcome of World War II. Colossus was in

fact only used for code-cracking. The first

general-purpose computer was ENIAC, an

American machine completed in 1946. It

was hot and huge, containing 19,000 valves.

FAX MACHINES
Although fax machines have been in

common use only since the 1980s, the ver)'

first device to transmit a copy of a

document along a wire was patented in

1843. The British inventor Alexander Bain

used a metal stylus to scan a document set

in metal t>'pe. Every time it touched the

raised edges of the letters, the stylus sent

an electric signal along a wire to a moving
pen which marked a paper so that a copy

of the document appeared. The first picture

was sent by fax in 1906. Arthur Korn, a

German physicist, invented a photographic

fax machine that scanned a picture using a

light-sensitive photoelectric cell and

reproduced it on photographic paper. This

machine was used by newspapers to

transmit copies of pictures throughout the

1900s. The first digital fax machine was

made in the United States in 1974, and

digital fax communications became
common after todays digital standard was

agreed in 1980.

COMPACT DISKS
Like many modern machines, the compact
disk has no single inventor. It was jointly

Diodes. Transistors and
Microchips
The ancestor oi these miniature electronic

devices was the electronic valve or vacuum
tube, in which a beam of electrons carries

a current through a vacuum between

electrodes sealed in a glass tube. The diode

(two-electrode) valve was invented by the

British scientist John Ambrose Fleming in

1904, followed in America by Lee de Forests

three-electrode triode valve in 1906. They

were crucial to the development of radio,

television, and sound recording.

In 1948, three American scientists -

William Shockley, John Bardeen and

Walter Brattain - superseded the large and

hot valve with small and cool-running

devices made of semiconductors. These

diodes and transistors were crucial in turn

to the development of digital machines,

which came about with the fabrication of

several devices in a single piece of

semiconductor - the integrated circuit.

This was invented by the American Jack

Kilby in 1958 and it led to the

microchip, into which millions of

components may be packed. The first

microprocessor was produced in 1970.

INTERNET
The origins of the Internet go back to 1969

when the US Department of Defense set up
a large network of military computers to

make the country less vulnerable to enemy
attack. Universities and research

organizations then joined the network in

order to exchange information,

introducing electronic mail in

the 1970s. The US miUtary

separated from the network in

the 1980s, and in 1986 the

routing computers of the

Internet backbone were set

up in the United States. Other

countries joined and companies began

to connect up. The Internet has been

growing ever since.

GPS
Like the Internet, the Global Positioning

System began as a military project by the

US Department of Defense. It was set up
to enable US militar)' units and weapons
to get an exact fix of their position

anywhere in the world at any time. The

system was also made available for civilian

use, though at less precision than military

use. The 24 GPS satellites were placed in

orbit by 1993, and the system became
fully operational in 1995.

ROBOTS
The term robot, a Czech word meaning

"labor," was first applied to automatic

machines in the 1920s. However,

robots that move themselves are

much older than this. They

reached the height of perfection

m the clockwork automata of the

1700s, which performed complex

actions for the amusement of their

wealthy owners. One, for example,

could write a whole sentence. These

early robots were entirely driven by

complex gears and levers. Robots have

developed gradually as^useful machines

hav^e become
increasingly

automatic in

operation.
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TECHNICAL TERMS
A.C. See ALTERNATING CURRENT.

Action and Reaction Two forces that

act whenever an object is moved. The

moving force is called the action, and the

object pushes back with a force called the

reaction. Action and reaction are always

equally strong, and they always push in

opposite directions. They also occur when
a liquid or gas is made to move or when
they themselves make an object move.

Additive Color Mixing Combining
light sources of the three primary colors of

light (red, green, and blue) to produce all

other colors.

Airfoil The curved surface of a v^ng

that produces lift as the wing moves
through the air.

Alternating Current (A.C.) Electric

current in which the flow of current

constantly reverses direction. In the US, the

electricity supply alternates at a frequency

of 60 times per second, or 60 hertz.

Ampere (Amp) The unit of measurement
for electric currents. A 1-amp current

flows through a circuit if the resistance is

1 ohm and the voltage 1 volt.

Amplitude The amount of energy in a

ray or wave. It is equal to the change in

energy (for example, pressure in a sound
wave) that takes place as one complete

wave passes.

Analog A kind of machine or system

that works with, or produces, a quantity

that may vary in level. A glass

thermometer, in which the temperature is

indicated by the level of a rising or falling

column of liquid, is an analog de\ice.

Many analog machines and systems work
with an electric signal that varies in voltage.

The analog signal often represents the

varying sound waves in speech or music,

and the var)dng light rays in an image.

Anode An electrode with a positive

charge.

Antenna A part of a radio transmitter

or receiver that sends out or picks up
radio waves.

Armature A part of an electric machine
which moves in response to a current or

signal, or which moves to produce a

current or signal.

Atoms The tiny particles of which the

chemical elements that make up all

substances are composed. An atom
measures about 500-billionths of an inch

(a hundred-millionth of a centimeter) in

size, and consists of a central nucleus

surrounded by electrons.

Auger A large screw that rotates inside a

pipe to transport water or loose materials,

or a screw that is used to drill holes.

Axle The shaft on which a wheel turns.

The axle may be fixed to the wheel so

that the wheel turns when the axle rotates,

or alternatively the wheel may spin freely

on the axle.

Balance A weighing machine, or the

part of a mechanical watch that makes
the watch keep time.

Binary Code a code used in digital

machines that consists of sequences of bits

making up binary numbers. The code

represents data or programs.

Binary Number a number in the binary

system, which contains only two digits or

numerals, and 1. From the right-hand

end of the number, each successive digit

signifies the presence (1) or absence (0)

of 1, 2, 4, 8 and so on, doubling each

time. The binary number 1101 indicates

1x8 + 1x4 + 0x2 + 1x1, which is

equivalent to the decimal number 13.

Bit Short for binary digit. A digit or

numeral in a binary number, written as

1 or 0. In a digital machine, bits take a

physical form such as a sequence of on-off

pulses of electric current in a wire or

black bars and white spaces in a bar code.

Sets of bits represent things such as

numbers or amounts, words, sounds,

and images.

Boom The arm of a crane or excavator

that raises the load.

Byte A binary number containing eight

bits. It represents decimal numbers from

(00000000) to 255 (11111111).

Cam a non-circular wheel which rotates

in contact with a part called a follower.

Together, the cam and follower are used to

convert rotary motion into reciprocating

motion.

Capacitor An electrical component that

stores electric charge. Also called a

condenser.

Carrier wave a radio wave that IS

broadcast at a particular frequency or

wavelength and which is modulated to

carry a sound or picture signal.

Cathode An electrode with a negative

charge.

CCD Charge-coupled device. A row
or array of tiny photodiodes that each

produce an electric charge proportional to

the intensity of light rays or infrared rays

falling on the CCD.

Cell A single device that produces

electric current. A battery may contain

several cells connected together, and a

solar panel may contain several solar cells.

Also a unit of memory that stores one bit

of binary code.

Centrifugal A word applied to any

rotating device or part which moves away
from the center of rotation.

Chip See microchip.

Circuit a source of electric current and

a set of electrical devices or components

that are connected together by wires so

that current flows through them. A circuit

board contains a printed metal pattern to

conduct current to components fixed to

the board.

Clock in a calculator or computer, a

device that produces regular electric

pulses which s)Tichronize the operations

of the components.

Cog A toothed gear wheel or a tooth on

such a wheel.

Concave A word applied to a surface

that cur\'es inward at the center.

Condenser in heat, a device which

cools a gas or vapor so that it changes into

a liquid. In electricity, a component (also

called a capacitor) that stores electric

charge.

Convex A word applied to a surface that

curves outward at its center.

COUNTERWEIGHT A weight that is fixed

to one part of a machine to balance the

weight of a load elsewhere in the machine.
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Crank A wheel or rotating shaft to

which a pivoted connecting rod is

attached. As the crank turns, the rod

moves to and fro; alternatively, the rods

movement may turn the crank. In a car

engine crankshaft, a number of cranks are

linked together and turned by rods

connected to the pistons.

A windmg handle is also a form of crank.

Damper A part of a machine that absorbs

vibration or prevents sudden movement.

In a piano, the mechanism that stops the

piano wires sounding.

Data information of any kind that can

be fed into a computer or other digital

machine, which stores and processes the

data in the form of bits. Data mainly

consists of numbers or amounts, words,

sounds, and images.

D.C. See DIRECT CURRENT.

Density The weight of any amount of a

solid, liquid, or gas relative to its volume.

Every pure substance has a particular

density. Provided that two substances do

not mix, the one with the lesser density

will always float on top of the other.

Wood floats on water because it has a

lesser density than water.

DIFFRACTION The bending of rays or

waves that occurs as they pass through

an opening or around an edge. The angle

of bending depends on the wavelength.

Digit A single numeral in a number,

for example 2 or 7 in 27. The decimal

number system uses ten different digits

(0 to 9), the binary number system two

different digits (0 and 1).

Digital A kind of machine or system

that works with or produces numbers.

A digital thermometer measures the

temperature and displays it as a number
of degrees. Computers and many other

digital machines and systems use numbers
to represent things such as amounts,

words, sounds, and images. The numbers
are in binary code.

Diode An electronic component
through which current can flow in

only one direction. A photodiode is

sensitive to light or other rays, and

a light-emitting diode (LED) emits light

or other rays when a current flows

through it.

Direct Current (D.C.) Electric

current that always flows in one direction.

Drag The force with which air or water

resists the motion of an object such as a

car, boat, or aircraft. Drag is also called

air resistance or water resistance.

ECCENTRIC A word applied to any

object, often a wheel, that rotates about a

point other than its center. An eccentric

pin is an off-center projection on a wheel.

It slides in a slot on an arm so that as the

wheel rotates, it drives the arm to and fro.

EFFORT The force that is applied to a

machine to produce an action.

Elasticity The ability of certain

materials to regain their former shape

and dimensions when forces cease to

act on them.

Electric Charge The electrical

property produced by the addition

(negative charge) or removal (positive

charge) of electrons. The charge on the

electron is the fundamental unit of

electricity.

ELECTRIC Current The continual flow

of electrons through a wire or other

electrical conductor.

Electric field The region around an

electric charge. One field affects another

so that a negative charge and positive

charge attract each other, and two negative

charges or two positive charges repel

each other.

Electric Signal A flow of electric

current that causes a machine or system

to operate in a particular way. A
microphone produces an electrical signal

that represents the sound waves entering

it, and the sound signal goes to a

loudspeaker to reproduce the sound.

There are two kinds of electric signals. In

an analog signal, the voltage varies in level

and may have any value. In a digital

signal, the voltage has only two levels -

high and low or off - to represent the two

digits in the sequence of bits that make
up the signal.

Electrode Part of an electrical device

or machine that either produces electrons

(cathode) or receives electrons (anode).

Electrolyte A solution, paste, or

molten substance that conducts electric

current between electrodes.

ELECTROMAGNET A device that uses an

electric current to produce a magnetic

field.

ELECTROMAGNETIC WAVES The family

of rays and waves that includes radio

waves, microwaves, infrared waves, light

rays, ultraviolet rays, X-rays, and gamma
rays. All consist of vibrating electric and

magnetic fields and travel at 186,000

miles per second (300,000 kilometers a

second) which is the speed of light. All

the rays and waves differ only in their

wavelength or frequency. Except for

gamma rays, all electromagnetic waves

are generated by accelerating electrons.

ELECTROMAGNETISM The relationship

between electricity and magnetism; either

can be used to produce the other.

ELECTRON The smallest particle in an

atom. An electron is about 100,000 times

smaller than an atom, and has a negative

electric charge. Electrons surround the

central nucleus of the atom. They may
be freed from atoms to flow through a

conductor in an electric current, or to

move through a vacuum in an electron

beam. Electrons also move to produce a

charge of static electricity.

Electrostatic A word applied to a

device that works by the production of

an electric charge.

Element A substance containing only

one kind of atom. Some elements, such as

hydrogen, nitrogen, oxygen, and chlorine,

are gases at normal temperatures. Others,

such as iodine, sulfur, and most metals,

including iron, aluminum, copper, silver,

and gold, are solids. Only two, bromine

and mercury, are liquids. Just over 100

elements are known, including several

artificial elements such as plutonium. All

other substances are compounds of two

or more elements.

E-Mail Electronic mail. A message that

is sent from one computer to another. It

may contain computer data, such as a

document, sound or image, or computer

programs.

Energy The capacity to do work. Every

action that occurs requires energy and,

except in nuclear reactions, converts one

form of energy into another. Forms of

energy include movement, heat, light and

other electromagnetic waves, sound and

electricity There are also stored or

potential forms of energy, such as

chemical energy, that are available for

conversion into other forms.

Escapement The part of a mechanical

clock or watch that connects the train of
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gear wheels, which moves the hands, to

the pendulum or to the balance, which

controls the hands' speed.

EVAPORATION The process by which

a liquid turns into a vapor at a

temperature below its boiling point.

Evaporation occurs if the pressure of the

vapor above the liquid is low enough for

molecules to escape from the liquid into

the vapor.

Fiber Optics Dexices that send images

or light signals along glass fibers (optical

fibers).

File A set of data for use by a computer.

It may consist of a list, document, image,

piece of music and so on. File transfer is

the sending of files from one computer to

another.

Fission A nuclear reaction in which the

nuclei of atoms split apart to produce

energy.

Fluorescent A word often applied

to something that glows with light. A
fluorescent object, such as a screen,

changes an invisible electron beam or

ultraviolet rays into \isible light.

Focus A point at which rays or waves

meet. With lenses, a sharp image forms

at the focus of the lens. The focus of a

telescope is the position at which an

image is produced.

Force The push or pull that makes
something move, slows it down or stops

it, or the pressure that something exerts

on an object.

When a force acts on an object, it may
be split into two smaller component
forces acting at different angles. One of

these component forces may move the

object forward in one direction, while the

other component may support its weight

or overcome a separate force acting in

another direction.

Frequency The rate at which waves

of energy pass in sound waves and

electromagnetic waves such as radio waves

and light rays. Also the rate at which an

alternating current changes direction,

flowing forward and then backward.

Frequency is measured in hertz (Hz),

which is the number of waves or forward-

backward cycles per second.

Friction A force that appears when a

solid object rubs against another, or when
it moves through a liquid or gas. Friction

always opposes movement, and it

disappears when movement ceases.

Fulcrum The pivot on which a device

such as a lever is supported so that it can

balance, tilt, or swing.

Fusion A nuclear reaction in which the

nuclei of atoms combine to produce

energy.

Gamma Rays Invisible high-energy

electromagnetic waves with wavelengths

shorter than about a hundred-billionth of

a meter. Gamma rays are emitted by the

nuclei of atoms.

GAS TURBINE A heat engine in which

fuel burns to heat air and the hot air

and waste gases drive a turbine. The jet

engine is a gas turbine. Helicopters may
have gas turbines in which the turbine

drives the rotor.

Gear Two toothed wheels that intermesh

either directly or through a chain so that

one wheel turns to drive the other. A
screw called a worm or a toothed shaft

called a rack may replace one of the wheels.

In a moving machine such as a car or

bicycle, a gear is also a combination of

gear wheels that produces a certain speed.

Top gear gives a high speed, and low gear

a slow speed.

GIGABYTE (Gb) 1,073,741,824 bytes.

Gravity The force that gives everything

weight and pulls objects toward the

ground. The normal pressure of the air

or water is caused by gravity.

Hairspring A flat spring in which one

end is fixed and the other end can move.

Harmonics A set of accompanying

waves that occurs v^th a main or

fundamental wave. The frequencies of the

harmonics are multiples of the frequency

of the fundamental wave.

Heat Engine An engine in which heat

is converted into movement by the

expansion of a gas, which is either steam

or the products of burning a fuel. There

are two main kinds; external and internal

combustion engines. In an external

combustion engine, the source of heat that

raises the temperature of the gas is outside

the engine, as in the boiler of a steam

engine. In an internal combustion engine,

fuel burns inside the engine. Gasoline and
diesel engines, jet engines and rocket

engines are all internal combustion engines.

Heat Exchanger A device in which
heat is taken from a hot liquid or gas in

order to warm a cool liquid or gas. Inside

a heat exchanger, the pipes containing

the hot fluid generally pass through the

cool fluid.

Helical A word applied to any device in

the shape of a helix, such as a coil spring

or a corkscrew.

Hole A space in an atom produced by

the removal of an electron. As an electron

comes from another atom to fill the hole,

the hole "transfers" to the other atom.

Hologram An image formed by laser

light that has depth like a real object, or

the photographic film or plate that

produces the image.

Holography The production of

holograms.

Image A picture of an object or scene

formed by an optical instrument. A real

image can form on a screen or other

surface. A virtual image can be seen only

in a lens, mirror or other instrument, or

a hologram. Images are recorded by

photography, printing, video recording

and holography, and can be stored in

memory units.

Inclined Plane A sloping surface.

An inclined plane can be used to alter

the effort and distance involved in doing

work, such as raising loads.

INDUCTION The production of

magnetism or an electric current in

a material by a magnetic field.

Inertia The resistance of a moving

object to a change in its speed or

direction, and the resistance of a

stationary object to being moved.

INFRARED RAYS Invisible

electromagnetic waves with wavelengths

longer than light rays and ranging from a

millionth to a thousandth of a meter.

They include heat rays.

INPUT Unit The unit m a digital

machine that originates the bits making

up data and programs. It is often a

keyboard or keypad.

Interference The effects produced

when two waves or rays meet. The

combined wave has a different frequency

or amplitude, giving color effects in light,

for example.
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Internal Combustion engine
See HEAT ENGINE.

ION An atom that has lost or gained

one or more electrons and has an

electric charge.

Jack A device that raises a hea\7 object

a short distance, with reduced effort.

Kilobyte (Kb) 1024 bytes.

Laser A device that produces a narrow

beam of very bright light or infrared rays,

in which all the waves have exactly the

same frequency, are in phase and move
exactly together. Laser stands for Light

AmpUfication by Stimulated Emission

of Radiation.

LED Light-emitting diode. A diode that

emits a beam of light or infrared rays

when fed with an electric current.

Lens A device that bends light rays to

form an image.

Lever A rod that tilts about a pivot to

produce a useful movement.

LlET The upward force produced by an

aircraft wing and helicopter rotor, and

by the foils of a hydrofoil.

Light Rays Visible electromagnetic

waves ranging from 4 to 8 ten-millionths

of a meter in wavelength, and respectively

from blue to red in color.

LINEAR MOTION
straight line.

Movement in a

Load The weight of an object that is

moved by a machine, or the resistance

to movement that a machine has to

overcome.

LOGIC Gate A miniature device within

the processor of a digital machine that

takes part in the processing of bits. It

performs a certain logical operation. An
OR gate, for example, opens to pass a bit

if the first or second of two control bits is

an on-bit (binary 1).

MAGNETIC Field The region around a

magnet or an electric current that attracts

or repels other magnets.

MAIN Supply The supply of electricity to

the home. It is alternating current at a

voltage of about 1 10 volts and a frequency

of 60 hertz.

Mass The amount of substance that an

object possesses. Mass is not the same as

weight, which is the force that gravity

exerts on an object to pull it to the

ground. A floating object loses weight,

but its mass remains the same.

MEGABYTE (Mb) 1,048,576 bytes.

MEMORY UNIT The unit in a digital

machine or system that stores the bits

making up data or programs.

Microchip An electronic component

containing many miniature circuits that

can process or store digital electric signals.

Also called a chip or integrated circuit.

MICROCOMPUTER A small computer that

can be placed on a desk or carried about.

Microwaves Radio waves with very

short wavelengths ranging from a

millimeter to 30 centimeters.

Mirror A smooth surface that reflects

light rays striking it. A semi-silvered mirror

partly reflects and partly passes light.

MODEM A device that connects a digital

machine via the telephone network to

another machine. It changes the outgoing

digital signal into a sound signal that can

be sent over a telephone line, and

converts an incoming sound signal back

into a digital signal. It does this by

modulation and demodulation, and the

name modem is short for modulator-

demodulator.

Moderator A substance used m a

nuclear reactor to slow the fast-moving

neutrons produced by fission of uranium

fuel. Fast-moving neutrons do not cause

further fission, and must be slowed to

promote fission m the fuel.

Modulation Superimposing one kind

of wave on another so that the first wave

changes the second, often varying its

amplitude (AM) or frequency (FM).

MOLECULES The minute particles of

which all materials - solids, liquids, and

gases - are composed. Each material has

its oVkTi kind of molecules, which each

consist of a particular combination of

atoms. Water, for example, contains

molecules each made of two hydrogen

atoms fixed to an oxygen atom. In

crystals, the atoms connect together in

a regular network rather than forming

separate molecules.

Negative In photography, an image in

which the brightness is reversed so that

black becomes white and vice-versa; in a

color negative, colors are reversed so that

primary colors become secondary colors

and vice-versa - blue becomes yellow, for

example. In electricity, the charge on an

electron is considered to be negative, so

anything that stores or emits electrons is

also negative. In waves, a minimum or

opposite value of energy is considered

to be negative.

N-TYPE Semiconductor A kmd of

semiconductor that has been treated to

produce electrons. It tends to lose these

electrons and thus gain a positive charge.

Neutron One of two kinds of particles

that make up the nucleus of an atom. The

other kind is the proton. A neutron has

almost the same mass as a proton but

no electrical charge. All nuclei contain

neutrons except the very lightest, which

is the common form of hydrogen.

Deuterium and tritium, which are the

other forms or isotopes of hydrogen, do

contain neutrons.

Nucleus (pL nuclei) The central part

of an atom, composed mainly of two

smaller particles called protons and

neutrons that are held together with great

force. The nucleus is about 10,000 times

smaller than the whole atom. It is

surrounded by electrons.

OPTICAL Fiber See fiber optics.

Oscillator A device that produces

sound waves or an electric signal of

regular frequency.

Output Unit The unit in a digital

machine that changes the bits making up

data back into a form that we can use or

understand, such as printed words,

sounds, or images.

Pawl A pivoted arm that engages with

the teeth of a ratchet.

Pendulum A rod or cord with a heaxy

weight called a bob attached to the lower

end. The pendulum pivots at the upper

end and the bob swings to and fro. The

time of each swing depends only on the

length of the pendulum - not on the

weight of the bob.

Pinion The smaller of two gear wheels,

or a gear wheel that drives or is driven by

a toothed rack.
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Pixel Picture element. A tiny part of an

image on a screen. The sharpness or

resolution of the image depends on the

number of pixels, often called dots, in

the image.

Planet Wheel A gear wheel that moves

around another gear wheel, the sun wheel,

as it turns.

Positive In photography, an image that

looks like the original scene. In electricity,

anything that receives electrons or from

which electrons have been removed.

Precession a movement of a rotating

wheel in response to a force on its axle.

Precession makes the wheel move at right

angles to the direction of this force.

Pressure The force with which a liquid

or a gas pushes against its container or

any surface inside the liquid or gas. Units

of pressure measure the force acting on a

unit of surface area.

PRIMARY COLOR A color that cannot be

formed by mixing other colors. All other

colors can be made by combining two or

three primary colors.

Prism A glass block Vkdth flat sides in

which light rays are reflected from the

inner surfaces.

Processor The unit m a digital machine

that processes data in accordance with the

instructions of a program.

Program A set of instructions that

causes a digital machine to perform a

particular task. The instructions are in

binary code.

PROPELLANT The liquid in a spray can

or aerosol can which produces pressure

that creates the spray, or the fuel of a

rocket engine.

Proton One of two kinds of particles

that make up the nucleus of an atom.

The other kind is the neutron. A proton

has almost 2,000 times the mass of an

electron and has a positive electric charge.

The number of protons in the nucleus

defines the identity of an element.

Hydrogen, for example, has one proton

per nucleus, while oxygen has eight.

P-TYPE Semiconductor a kind of

semiconductor that has been treated to

produce holes (spaces for electrons). It

tends to gain electrons and thus acquire

a negative charge.

Pulley A wheel over which a rope,

chain, or belt passes.

Pulse A short burst of electric current.

Rack A toothed shaft that intermeshes

with a pinion.

Radiation The electromagnetic rays

that come from any source of heat, or the

rays and streams of particles that come
from nuclear reactions and radioactive

materials. Heat rays are harmless (unless

they burn), but nuclear radiation can be

highly damaging to living cells.

Radiator The part of a car engine

which removes heat from the cooling

water that circulates through the engine;

also a heater that warms a room by

radiating (emitting) heat rays.

RADIOACTIVITY The production of

radiation by materials containing atoms

with unstable nuclei, such as nuclear

fallout and the waste from nuclear

reactors.

Radio waves invisible electromagnetic

waves with wavelengths ranging from a

millimeter to several kilometers. Radio

waves used for radar have wavelengths of

several millimeters or centimeters, shorter

than the waves used for broadcasting

sound radio and television.

Ram In mechanical machines, such as

an excavator, a device that exerts a strong

pushing or pulling force. In digital

machines, random-access memory - a

memory unit in which programs and data

are held temporarily and can be changed.

Ratchet a device that allows movement
in one direction but not in the other. A
ratchet has a toothed shaft or wheel on

which a pawl rests. The pawl is pivoted

so that it can move over the teeth of the

ratchet in one direction. If the pawl or

ratchet moves in the reverse direction,

the pawl engages the teeth of the ratchet

to prevent movement. A pawl may also

move to and fro to turn a ratchet wheel

in one direction.

Ray An electromagnetic wave with a

short wavelength.

Reaction The equal and opposing force

that always accompanies the action of a

force (see ACTION AND REACTION). Also,

in chemistry, the process by which one

or more substances change to become
different substances. Chemical reactions

often involve the production or

consumption of heat. In chemical

reactions, the atoms involved recombine

in different configurations but do not

themselves change. In nuclear reactions,

the central nuclei of the atoms do change,

producing new elements and emitting

energy in the form of heat or radiation.

Reciprocating Motion Movement
in which an object moves repeatedly

forward and backward.

Reflection The reversal of direction

that occurs when a wave or ray bounces

off a surface. Internal reflection occurs if

light rays reflect from the inner surface

of a transparent material.

Refraction The bending of a wave

or ray that occurs as it passes from one

medium or substance into another, for

example from air into glass.

Resistance in mechanical machines,

a force that slows the movement of an

object, such as air resistance and water

resistance, and the resistance of a material

to cutting or breaking. In electricity, the

property of an object, measured in ohms,

that obstructs the flow of electrons

through it.

Resonance The production of

vibrations or sound at a certain natural

frequency in an object when it is struck

by external vibrations or sound waves.

Revolution One complete turn of a

rotating object.

Rom Read-only memory A memory
unit in digital machines in which

programs and data are stored permanently

and cannot be changed.

ROTARY MOTION Movement m which

an object spins around.

Scale a set of units or an indicator

marked with units for measuring. A
weighing machine is also known as a

scale or scales.

Scanning The conversion of an image

into a sequence of electric signals.

Scanning splits up the image into a

series of horizontal lines and converts

the various levels of brightness and colors

in each line into signals. Also

the process in which a microchip in a

keyboard or keypad continually sends

a signal to all the keys to detect when
one is pressed.
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Screw a shaft with a helical thread

or groove that turns either to move itself,

or to move an object or material

surrounding it.

Secondary Color A color formed by

mixing two primar)- colors.

Semiconductor A substance, such as

silicon, whose electrical properties can be

precisely controlled to regulate the flow

of electrons and handle electric signals.

Shaft A bar or rod that moves or turns

to transmit motion in a machine. Also a

deep hole, as in a lift shaft.

Software in general, the programs that

make digital machines carr)- out tasks.

Solar Cell a dex-ice that converts light

into electricity.

Sound wave Waves of pressure that

travel through air and other materials.

At frequencies from about 20 hertz up
to 20,000 hertz, we can hear these waves

as sound.

Speed The rate at which something

moves. Also a combination of gear wheels.

Sprocket A toothed wheel over which

a chain passes.

Static Electricity Electric charge

produced by the movement of electrons

into or out of an object.

Stereophonic Sound Sound
reproduced by two loudspeakers or

earphones in which the sound sources,

such as voices or instruments, are in

different positions.

Stereoscopic Image An image with

depth. This kind of image is formed by a

pair of images of an object or scene seen

separately by both eyes.

Subtractive Color mixing
Combining dyes or pigments of the three

secondar)' colors of light (yellow, cyan,

and magenta) to produce all other colors.

These colors mix by absorbing primary

colors from the light illuminating the dyes

or pigments.

Sun Wheel A gear wheel around which

a planet wheel rotates.

Superconductivity The removal of

electrical resistance in a conductor by
cooling it. The conductor can then pass a

very large electric current and generate

a strong magnetic field.

Supersonic Faster than the speed of

sound, which is about 760mph
(1200km/h) at sea level.

Tension The force produced in a bar

or a rope or string when it is stretched.

Terminal The part of an electric

machine to which a wire is connected

to take or supply electric current. Also

an input unit or output unit at a distance

from the central computer of a large

digital system, such as a cash card

terminal in a store.

Thread The helical groove around a

screw or inside a nut.

Thrust A force that moves something

forward.

ThruSTER a propeller used for

maneuvering a ship or submersible; also

a small rocket engine or gas jet used for

maneuvering a spacecraft.

Transformer A de\ace that increases

or decreases the voltage of an electric

current.

Transistor An electronic component
made of sections of n-type and p-t)T3e

semiconductor that switches a current

on or off, or amplifies the current. A
controlling signal goes to the central

section (the base or gate), which controls

the flow of current through two outer

sections (the emitter or source, and the

collector or drain).

Turbine A machine with blades that are

turned by the movement of a liquid or gas

such as air, steam, or water. The turbine

may also turn to move the liquid or gas.

Ultraviolet light ln\isible

electromagnetic waves with a wavelength

less than that of light and ranging from 5

billionths to 4 ten-millionths of a meter.

Valve A device that opens or closes to

control the flow of a liquid or gas through

a pipe. Valves often work one way and

seal a container so that a liquid or gas can

only enter it and not escape.

VAPOR See EVAPORATION.

Voltage The force, measured in volts,

with which a source of electric current

or charge moves electrons.

Watt The unit of power. One watt is

produced when a current of one amp from

a source of one volt flows for one second.

Wave A flow of energy in which the level

of energy regularly increases and decreases,

like the height of a passing water wave.

One complete wave is the amount of flow

between one maximum of energy and the

next. This distance is the wavelength.

WAVELENGTH See WAVE.

Web Site A set of pages (screen displays)

of information stored in a computer that

can be freely accessed by any other

computer. Web sites contain information

about people and organizations, and may
offer ser\dces.

Wedge a part of a machine with a sloping

side that moves to exert force.

Weight The force with which gravity

pulls on an object.

Wheel Any circular rotating part in a

machine.

WHEEL AND AXLE A class of rotating

machines or devices in which effort applied

to one part produces a useful movement
at another part.

Winch A drum around which a rope is

wound to pull, lift, or lower an object.

WORLD WIDE WEB The many different

web sites that exist around the world.

Worm A screw that intermeshes with

a gear wheel.

X-RAYS Invisible electromagnetic waves

with wavelengths shorter than light and

ranging from 5 billionths to 6 million-

millionths of a meter.
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accelerometer, 293

action and reaction, 100. 101,

106. 118, 162

address bus, 344
aerial, television, 246

aerosol, 138

Agricola, 376
aileron, 108, 109, 112-13

air: barometer. 134

night, 106-18

floating, 104-5

pneumatic machines, 126-7

pressure, 120, 127, 379

suction, 130

airbag, 292-3

air cleaner, 262

air conditioner. 153

air hammer, 127

aircraft, 108-11

artificial horizon, 77

autopilot, 291, 293

night, 106, 108-9

night simulator, 363

histor); 378
jet engine, 160-1, 380

jumpjet, 118

radar, 300-1

airfoil, 100, 103, 106, 107,

114, 119, 378

airline computer, 370-1

airliner. 111, 112-13

airport detector, 303
airship, 104

alarm svstems, 277, 291, 295,

305
alcohol, breath tester, 294
Alhazen, 382
alphanumeric display, 359
alternating current, 267, 281

Ampere, Andre-Marie, 386
amplifier, 226-7, 228, 234,

235, 239
amplitude modulation (AM),

238, 239
analog-digital converter (ADC),

320, 322, 325
analog recording, 231, 232
anchor escapement, 42
aneroid barometer, 134

anti-roll bar, 81

aqualung, 131, 379
Archimedes, 374, 376, 378
Armstrong, W.G., 387
artificial horizon, 77

astronomy: radio telescope,

385
satellites. 249
space probes, 252-3

telescopes, 188-9, 250-1. 382

atom bomb, 168, 381

atoms, 150, 166, 167, 180,

194, 258
augers, 66-9

automatic door, 305
automatic machines, 257. 291,

389

automatic transmission, car,

306-9, 388
autopilot, 291,293
axe, 14

axles, 30-3, 70, 375

B
Babbage, Charies, 388-9

baggage scanner, 297

Bain, Alexander, 389

Baird, John Logic, 385

balance, weighing machine,

19, 22,24
ball bearings, 88

ball-point pen, 141

ballast tanks, 96, 97

balloon, 94, 105, 378

bar code, 329, 334
Bardeen, John, 389
barometer, 134

Barron, Robert, 374

Bartolommeo, Cristofori, 375

bathroom scales, 24

batteries, 259, 268-9, 386

beam scales, 22

bearings, 377
Becquerel, Henri. 382

Bell, Alexander Graham, 384
bell, electric, 278
belts, 36-7, 375

Benz, Kari, 376, 380
Bediner, Emile, 384
Bernoulli, Daniel, 378
Bessemer, Henry, 380
bevel gears, 37, 44, 45, 66

bicycle, 28-9, 38, 70, 377

Big Bang, 249
bimetal thermostat, 154

binary numbers, 315, 388
binoculars, 190, 382

bits: making, 315-26

processing, 340-5

sending, 348-53

storing, 329-37

using, 357-71

blast furnace, 148-9, 380
Blattner, Louis, 384
block and tackle, 57

boats, 94-5,98-101, 103, 119,

378
body scanner, 304
bomb, nuclear, 168, 381

bookbinding, 216-17

Boole, George, 388
Booth, Hubert, 384
bottle opener, 22

Bourdon gauge, 134

bow thruster, 98
brace and bit, 32, 66
brakes: bicycle, 28-9

car, 86
hydraulic, 127, 128

power, 127

Brattain, Walter, 389
breath tester, 294
buoyancy, 96, 97, 104

burglar alarm, 277,291, 305
burner, hot-air balloon. 105

burning, 146-7, 164
buses, computer, 344

Bushnell, David, 378
button battery, 268

byte, 330

c
Cahill, Thaddeus, 388
calculator, 388

calibrating plate, scales, 25

camcorder, 243
camera, 383
camcorder, 243
color photography, 202-3

digital still camera, 326, 332

electronic Hash, 180

film, 198-9

instant, 204, 383
lenses, 186

movie, 206, 383

single-lens rettex, 200-1, 383

television, 242

cams, 48-53, 376
can opener, 15, 374
candle, 180

canoe, 378
capacitor microphone. 224

capillary action, 141

carburetor, 140-1

Carlson, Chester, 386

carrier signal, radio. 238, 239,

240
cars: airbag, 292-3

automatic transmission,

306-9, 388
battery, 269
brakes, 86, 127, 128

carburetor. 140-1

clams and cranks. 49-51

clutch, 84-5

cooling system, 125, 152-3,

154

cruise control, 309
differential, 40, 45

electric horn, 279

engine, 156-7

gearbox, 308-9

ignition system, 288-9

immobilizer, 332

lubrication, 88

oil pump, 124

seat belt, 75

speedometer, 46
starter motor, 73

steering, 43, 129

suspension, 80-1

synchromesh, 85

temperature gauge, 270

thermostat, 154

tire, 83
window winder, 39

windshield wiper, 49

cash dispenser. 316. 332. 352,

365
Cassegrain focus, 188, 189,

251

Cassini space probe, 253

catalytic converter, 156, 157

cathode, 296
cathode ray tube, 388

Cayley Sir George. 378

CCD (charge-coupled dc\-ice).

243, 323, 325, 326
CD-ROM, 330, 337
centrifugal force, 71

centrifugal pump, 125

chain hoist, 56

chain reaction, nuclear fission,

166, 168

charge, electric, 258
Charles, Jacques, 378
chrominance signal, television,

242, 246
circuit, electric, 267
circuit breaker, 286
clocks, 42, 79. 265, 375
clutch, 84-5

COBE (Cosmic Background

Explorer) satellite, 249

cochlea, 219

CockereU, Christopher, 379

coil springs, 78, 80
coils: electromagnetism, 275,

276
transformers, 285

coin tester, 303
colors, 182-3

color printer, 358
computer screen, 361

photography, 202-3

primary 182-3, 202, 212

printing, 212-14

scanning, 212-13, 325

secondar); 183

television. 242, 246-7

combine harvester, 68-9,

376
combustion, 146-8, 164

combustion chamber, rocket

engine, 163

communications: digital,

348-53

fax machines, 389

satellites, 248-9, 385

space probes, 252-3

telecommunications, 234-41,

384
telescopes, 250-1

commutator, 281

compact disk (CD), 329,

336-7, 389
comparator-register, 320
compass, 77, 276, 387

compressed air, 126-7

compression, sound waves,

218, 224,227
compressor, 127, 152, 153

Compton, Arthur, 382

computer, 366-7, 388-9

airlines, 370-1

CD-ROM, 337

digital still camera, 326

digital video disk, 337

disk drive. 282-3

e-mail, 350-1

night simulator. 363

Internet. 350-1, 389

keyboard, 317, 344

magnetic storage, 333-5

memory, 329-37, 342

microchip, 342-3

modem, 344, 349, 352

mouse, 318-19
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optical character recognition. digital audio tape (DAT), 231, generator, 284-5 digital sound, 335

323 334 hydroelectric turbine, 33 instant photography 204
printer, 358-9 digital data storage (DDS), 334 piezoelectricity 264-5 movie, 206

processing bits, 340-5 digital machines, 315-73 power supply 284-5, 387 negative, 198

robot, 364-5 bits, 315-26 solar cell, 271 photo booth, 205

scanner, 324-5 processing bits, 340-5 static, 258, 261 print, 199

screen, 361 sending bits, 348-53 transformer, 284-5 filter, polarizing, 192

software, 345 storing bits, 329-37 two-way switch, 286-7 fire, 146, 380

sound card, 322 using bits, 357-71 wind turbine, 35 fire engine, 379
supermarket checkout, 368-9 digital recording, 194 electrodes, 268 fire extinguisher, 139

typesetting, 212 digital still camera, 326, 332 electrolyte, 268 firework rocket, 162

virtual reality. 362-3 digital television, 326 electromagnetism, 192, 239, fishing rod, 21, 23

voice recognition, 322 digital thermometer, 321 275-89, 302-3, 386-7 fission, nuclear, 166, 168

concave lenses, 186, 187 digital timer, 318 electron beam, television, 246, flaps, airliner wing, 108,

condenser microphone, 224 digital video disk (DVD), 337 247 112-13

conduction, 142, 143, 145, diode, 272, 389 electron microscope, 191 flare, 147

146 dip pen, 141 electronic flash, 180 flash memory, 332

conductors, 259 direct current, 267, 281 electronic music, 224-5 Fleming, John Ambrose, 389
constant-mesh wheels. disk brakes, 86 electronic parking meter 319 mght, 106-18, 378
gearbox, 40 disk drive, computer, 282-3 electronic scales, 321 flight simulator, 363

constructive interference, 196 dishwasher, 136 electronics, 389 float chamber, carburetor, 140

contact lenses, 186 distance counter, 38, 46 electrons, 150, 180, 226-7, floating, 94-119, 378
controls, automatic, 257 diver, aqualung, 131, 379 256-7, 258, 259, 266-73, floppy disk, 330, 333
convection, 142, 143, 146 domain, magnetic, 276 296 fluorescent lamp, 180

convex lenses, 186, 187 door, automatic, 305 electrostatic precipitator, 262 n^vheel, 73, 84
cooling system, 125, 152-3, drag, 107 endoscope, 185 focal plane shutter, 200
154 Drake. Edwin. 377 energy: friction. 82, 89 focusing screen, 200

corkscrew, 43, 64 Drebbel. Cornelius, 383 heat, 142 fork-lift truck, 56

Cornu, Paul, 379 drill chuck, 44 nuclear, 164-5, 170-3 Forlanini, Enrico, 379
Coude focus, 188 drills, 66, 377 power stations, 158 four-stroke engine, 156-7

counter; distance, 38, 46 dentists, 35 springs, 79 Fox-Talbot, William, 383
water meter, 135 oil rig, 87 engines: airplane, 108. 118 Francis turbine, 33

counterweights. 56-61 pneumatic. 127 cams and cranks, 49-51 Franklin, Benjamin, 386
Cousteau, Jacques, 379 drinking straw, 130 carburetor, 140-1 frequency, radio wave, 238,

CPU (central processing unit). driving gears. 38 diesel, 380 240
340, 344 driving mirror, 184 gasoline, 156-7. 380 frequency modulation (FM),

1
cranes, 56, 57, 58

' cranks, 48-53, 376
drum brakes, 86 gearbox, 40-1 238, 239
drums, 222 internal combustion. 156-7, friction, 28, 54, 65, 82-9, 107,

credit card, 334 376 377

j
cruise control, 309

1 cr)-stals. piezoelectricity. 264-5 E jet, 156, 160-1, 380 friction-drive toy 72

rocket, 156, 162-3 fuel injection, 140

Ctesibius, 375, 379 e-mail, 3dO-1 starter motor, 73 fulcrum, levers, 18-23

current, electricity 259, 266-7 ear, hearing, 219 epicyclic gears, 39, 308, 375 furnace, 148-9

cutting machines. 13. 67. 68 earphone, 229, 360, 362 Ericsson, John, 378 fuse, 286
cylinder lock, 13 Earth observation satellite, 249 escalator, 60-1, 376 fusion, nuclear, 167, 172-3

earthquake, seismograph. escapement, 42

D 292-3, 387 Euclid, 382 Gecho sounding, 298-9 evaporation, 152, 153
Daguerre, Louis, 383 Edison, Thomas, 382, 384, excavator, 23 Gabor, Denis, 383
Daimler. Gottlieb, 380 387 exhaust, gasoline engine, 157 Galileo, 375, 380, 383
Darby Abraham, 380 effort: inclined plane. 10 explosives, 147 Galvani, Luigi, 386
data, digital machines, 329 levers, 18-23 eyesight, 178 gamma rays, 166, 304
data compression, 330, 337 pulleys, 54-5 Garnerin, Andre, 377
de Forest, Lee, 385, 389 egg whisk, 44, 46 F gas fire, 146
density 94, 99 Einstein, Albert, 381 gas laser, 194
dental X-ray 296-7 elasticity, springs, 79 Fahrenheit, Gabriel, 381 gases: heating, 143
dentists drill, 35 electric bell, 278 fallout, radioactive, 168, 169 pressure, 120
derailleur gears. 38 electric drill, 66 Faraday Michael, 387 propellants, 138
Descartes, Rene, 386 electric guitar, 225 Farman, Henry, 378 gasoline engine. 140-1, 156-7,

destructive interference, 196 electric heat, 150-1 faucet, 32, 65 380
detectors, 257, 290-309 electric horn, 279 fax machine, 326, 352, 358, gear pump, 124
deuterium, 167. 168. 172, electric keyboard. 316. 360, 389 gearbox. 35, 40-1, 84-5, 308-9

173 388 feed-dog, sewing machine, 53 gears, 36-47, 135, 308, 375
Dewar. James. 380 electric light, 382 feedback mechanisms, 291, 309 generator, 284-5

1 diaphragm pump, 123 electric mixer, 46 Fermi, Enrico, 381 Giffard, Henri, 378
Diesel, Rudolf. 380 electric motor, 280-1, 387 Fessenden, Reginald. 385 Gilbert, William, 386
diesel engine, 140, 156, 380 electricity 256-89, 386 fiber optics. 185. 194, 235. glider, 106, 107. 110,378
differential, 40, 45, 375 batteries, 268-9, 386 236, 349 Goddard, Roben, 381
diffraction, 197 circuits, 267 fiber-tip pen, 141 Golitsyn, Prince Boris, 387
digital-analog converter (DAC), current, 259, 266-7 films: color photographv, governor, automatic

360 digital machines, 315 202-3 transmission, 306
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GPS (Global Positioning remote control unit, 272-3 Leonardo da Vinci, 377 master cylinder, hvdraulic ram.

System), 353, 389 ink-jet printer, 358-9 letterpress, printing, 208-9 129

gravity: and flight, 107 inks, printing, 212, 215 lever escapement, 42 Maxwell, James Clerk, 383

gyroscope, 76, 77 input unit, 316 lever lock, 13 measuring machines, 377

parachute, 83 instant photography, 204, 383 levers, 18-29, 31, 57, 374 mechanical mole, 67

gravurc printing, 208-9 insulation, 145 lift, 54 medium wave, radio, 240, 241

Greek mill, vvaterwheel, 32 integrated circuits see night, 106, 107. 114 memory, digital machines.

grindmg, 87 microchips hydrofoil, 119 329-37, 342

grip, friction, 82 internal combustion engine. Ufts, 60-1, 129, 376 Mesmer, Franz Anton, 386

guitar, electric, 225 156-7,376 light, 178-207,382 metal detector, 302

gun cartridge, 147 Internet, 348, 350-1, 389 speed of, 239 meters: electricity, 286
gunpowder, 381 ionizer, 262, 263 light aircraft, 1 10 parking, 319

Gutenberg, Johan, 384 ionizing smoke detector, 295 light bulb, 180, 181 water, 135

gyrocompass, 77, 377 ionosphere, 241 light-emitting diode (LED), microchip, 193, 265, 293,

g)Toscope, 76-7, 99, 293, 377 ions, 263, 264 273 331,340,341,342-3,389
iris, camera, 201 light rays, 144. 178, 184, 192 micrometer, 64, 377

H iron, 148-9, 380 digital images, 323 microphone, 224, 234, 235,

lenses, 187 236, 238, 322

hair drier, 150 T lighting, 180, 382 microscope, 186, 191, 383
hairspring, 377 J polarized, 383 microwaves, 144, 239, 305
hammer, 23 jack-hammer, 127 refraction, 186 mincer, 67

hand drill, 66 jacks, 64, 129 light waves, 239 mirror, 184, 382
hang glider, 110 James, Francis, 375 telecommunications, 235 mixers: electric, 46
hard disk, 330, 333, 344 Jansky, Karl. 385 lightning conductor, 262-3 synthesizer, 225
Harington, Sir John, 380 Janssen, Zacharias, 383 linear induction motor, 282 mobile phone, 236, 322, 332,

Harrison, James, 380 Jet engine, 108, 118, 156, Lippershey, Hans, 382 352

headlamp mirror, 184 160-1, 380 liquid crystal display (LCD), modem, 344, 349, 352
hearing, 219 jets and sprays, 136-7, 379 192, 193, 326, 359, 361 modulator.

heat, 142-73,321,380 jib sails, windmill, 34 liquid-fuel rocket, 163 telecommunications, 234, 238
heavier-than-air flight, 106 Judson, Whitcomb, 374 liquids: capillary action, 141 moles, mechanical, 67
helicopters, 106, 114-17, 379 jumpjet, 118 heating, 143 monitor, computer, 361
helium: airship, 104 hydraulic machines, 128-9 Montgolfier brothers, 378
nuclear fusion, 167, 173 K jets and sprays, 136 Moog, Robert, 388

Henry, Joseph, 386,387 pressure, 120 Morse, Samuel, 384
Hero, 376, 380 Kelly, William, 380 see also water Morse code, 234, 384
Hertz, Heinrich, 385 kettle, electric, 150 lithium, 167, 172, 173 MOS transistor, 343
Hippocrates, 375 kettledrum, 222 lithography, 208-9 motors: electric, 280-1, 387
hoist, crane, 56, 59 key, 12-13 load line, 99 linear induction, 282
hologram, 195, 196-7, 383 keyboard, 375 locks, 12-13, 316, 374 stepper, 282-3

Hooke, Robert, 377 computer, 317, 344 logic gate, 340, 341, 342, 388 st-e also engines

Hoover, William, 379 electric, 316, 360, 388 long-life battery, 268 mouse, 318-19
horn, electric, 279 typesetting, 212 loudspeaker, 228, 360 movie camera, 206, 383
hot-air balloon, 105 keypad, 316 lubrication, car, 88 movie projector, 207
hovercraft, 126, 379 Kilby, Jack, 389 Lumiere, Auguste and Louis, Moy, Thomas, 379
Hubble space telescope, 251 kilobyte, 330 383 mud, drilling rig, 87
Huygens, Christiaan, 382 kinetic energy, 89 luminance signal, television. multiplexing, 349
hydraulic platform, 29 kite, 106, 378 242, 246 music, 218-19, 384
hydraulics, 29, 86, 108, 127, Korn, Arthur, 389 brass instruments, 221, 384
128-9, 379 Korolev, Sergei, 381 M compact disc, 336-7

hydroelectric turbine, 33 electric guitar, 225
hydrofoil, 119,379 L Macmillan, Kirkpatrick, 377 electric keyboards, 316, 360,
hydrogen, nuclear fusion, 167 maglev train, 282 388
hydrogen bomb, 168, 381 Land, Edwin, 383 magnetic lens, electron percussion instruments.

hydroplane, 97 Lange\in, Paul, 388 microscope, 191 222-3

laser, 194-6, 383 magnetic resonance imaging string instruments, 222-3,

I
compact disk, 336 (MRI), 304 384
printer, 359 magnetism, 274-89, 302-3, synthesizer, 224. 316. 360,

icons, computer, 318 telecommunications, 235 386 388
idler wheel, 41 typesetter, 212 loudspeaker, 228 woodwind instruments, 220
ignition system, car, 288-9 lawn mower, 39 magnetic compass, 387
images, 179, 182-3, 323, 324, lawn sprinkler, 47 magnetic field coil, 173 N382 leafspring, 80, 81 magnetic induction, 46
inclined plane, 10-17, 62, 63, Lee, Edmund, 387 sound recording, 231, 233 nail clippers, 23
374 Leibniz, Gottfried, 388 storing bits, 333-5 nail extractor, 22

induction, magnetic, 276 lenses, 179, 382 magnifying glasses, 187 navigation, 77, 353
induction motor, 282 binoculars, 190 Maiman, Theo, 383 Nero, 382
industrial robot, 365 camera, 186-7, 201 manned maneuvering unit neutron bomb, 168
inertia, 70-3, 77 magnifying glass, 187 (MMU), 137 neutrons, 166, 167, 168
inertial guidance, 293 microscope, 191, 383 Marconi, Guglielmo, 385 Newsham, Richard, 379
infrared, 144, 194, 239 projector, 202, 207 Mars, space probes, 252 Newton, Sir Isaac, 382
burglar alarm, 305 telescope, 188, 382 mass, inertia, 70 Niepce. Joseph, 383
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nitrogen, manned PIN number, 316, 330, 352 radio transmitter, 235, 237, scissors, 14, 20, 22

maneuvering unit, 137 pistons: automatic 238-9 screen, computer, 361

NOT gate, 341 transmission, 306-7 radio waves, 238, 239, 240. screwdriver, 32

nuclear fission, 166, 168, 381 car engine, 49, 51, 156 250, 252, 385 screwjack, 64

nuclear fusion, 167, 172-3 hydraulic machines, 128, 129 body scanner, 304 screws, 43, 62-9, 376
nuclear magnetic resonance pixel, 324, 325, 361 radar, 300 search engine, 351

(NMR), 304 planetary gears, 39, 45 satellites, 248 seat belt, 75

nuclear power, 164-73, 381 planets, space probes, 252-3 radioactivity, 165, 168-72 seismic waves, 292-3

nuclear reactor, 170-1, 173, plasma, nuclear fusion, 173 rafts, 94-5, 378 seismograph, 291, 292-3, 387
381 platform scales, 25 ram, hydraulic, 129 self-winding watch, 264

nuclear weapons, 168-9 pliers", 22 ramps, 10-1

1

semiconductor, 226-7, 271,

numbers: alphanumeric plimsoll line, 99 random-access memory 272, 341

display, 359 Pliny, 382 (RAM), 331, 332 sensors and detectors, 257,

binary, 315, 388 plow. 16, 374 rarefaction, sound waves, 218, 290-309, 365, 387

calculator, 388 plutonium, 166, 168 224, 226 service provider, 350
digital machines, 315 pneumatic drill, 127 ratchet, 74 sewing machine, 52-3, 376

nutcracker, 20, 22 pneumatic machines, 126-7, reaction, 100, 101, 106, 118, shadoof, 56

nuts and bolts, 62, 64 379 162 shaver, electric. 14

polarized light, 192, 193,383 reactor, nuclear, 170-1, 173 ships, 94-5, 98-101, 119,298,

o Polo, Marco, 378 read-only memor)' (ROM), 331 378
Polybius, 384 Reber, Grote, 385 shock absorber, 80-1

Oersted, Hans, 254 post mill, 34 reciprocating pump, 122-3 Shockley, William, 389
offset lithography, 214, 215 potters wheel, 72 record player, 72, 232-3, 384 short wave, radio, 240, 241

oil, lubrication, 88 Poulsen, Valdemar, 384 recordings: sound, 230-3, 322, signal input, digital machines,

oil lamp, 180 power brakes, 127 334, 335, 384 320-1

oil pump, 124 power drill, 66 video, 244-5, 322, 334 signals, telecommunications.

oil rig, 87 power station, 158, 170-1 reduction gears, 135 234, 241

operating system, digital power steering, 129 reflecting telescope, 188 signatures, bookbinding, 216,

machines, 345 power supply, 284-5 reflection, sounds, 219 217
optical character recognition precession, 70, 76, 77 refracting telescope, 188 silencer, gasoline engine. 157

(OCR), 323 precipitator, 262 refraction, 186 silicon: microchip, 342
optical fibers, 185, 235, 236, pressure, 120-41, 379 refrigerator, 152-3, 380 solar cell, 271
349 pressure gauge, 134 remote control unit, 272-3 Singer, Isaac, 376

optical read-out system, 336
optical storage, 334

pressurized water reactor, 1 70 resistance, 266 single-coil detector, 302
primary colors, 182-3, 202, resonator, xylophone, 223 single-lens reflex (SLR) camera.

oscillator, telecommunications. 212 Roberval enigma, 24 200-1, 383

(
234, 235

'
Otis, Ehsha, 376

printer, ink-jet, 358-9 robot, 364-5, 389 single-rotor helicopter, 1 16

printing, 208-9, 384 rocket, 156, 162-3, 381 siphon, 132-3

overshot waterwheel, 32 printing plate, 212-13 rod thermostat, 154 six-channel sound, 335

1 p
printing press, 214-15, 384 roller blind, 74 slave cylinder, hydraulic

prints, photographic, 199 Rontgen, Wilhelm, 388 machines, 128, 129

prisms, binoculars, 190 rotary bit, 87 slide projector, 202
papermaking, 210-11, 384 processor, computer, 340, 341, rotary motion, 31 smoke detector, 291, 295
parachute, 83, 377 344 rotary pump, 124-5 software, 345
parking meter, electronic, 319 program. 329, 341, 345 rotary vane pump, 124 solar cell, 249, 251,271
Parsons, Charles, 380 projector, 186, 202, 207 rotating wheels, 70-7, 377 solar fusion, 173
Pascal, Blaise, 379, 388 propellant, 138, 162, 163 rotor blades: helicopter. solar heater, 144
password, digital machines. propeller, 98, 100, 101, 104, 114-17 solenoid, 276, 288
330 108, 378 steam turbine. 159 solid-fuel rocket, 162

pedal-powered planes, 110 protons, 166, 167 wind turbine, 35 sonar, 298-9, 388
pendulum: clocks, 42 pulleys, 54-61, 376 rudder: airplane, 108-9 sound, 234-5
seismograph, 292-3 pumps, 120-5, 379 helicopter, 116 amplifier, 226-7

pens, 141 ship, 100. 101, 103, 104 digital, 360
percussion instruments, 222-3 o loudspeaker, 228

I
periscope, 184 Kl s microphone, 224
peristaltic pump, 125 quartz, piezoelectricity, 264-5 modems, 349
perpetual motion, 89 quartz clock, 265 sails, 378 musical instruments, 220-3
Pettit Smith, Francis, 378 windmill, 34 recording, 230-3, 322. 334,
photo booth, 205 R windsurfer, 102 335, 384
photocopier, 260-1, 386 yacht, 102. 103 soundwaves, 218-19. 224,

1
photodiode, 243, 305 rack and pinion gears, 37, 43 salad spinner, 39 226-9
photography, 383 radar, 239, 300-1,388 sardine can, 32 telecommunications, 234-41,

i color, 202-3 radar speed trap, 291 satellites, 248-9, 250, 353, 384
digital still camera, 326, 332 radiation: heat, 142, 144, 385, 389 television, 242
instant, 204, 383 146 Saturn, space probes, 253 sound card, 322
movie, 206-7, 383 nuclear, 165, 168, 169 Sax, Adolfe, 384 sound waves, 322
negative, 198 radiator, 152 scales, electronic, 321 space probes, 252-3. 385
print, 199 radio, digital, 322, 352 scanner: body, 304 space shuttle, 110, 163, 251
SLR camera, 200-1. 383 radio receiver, 240 computer, 324-5 space telescope, 251

piano, 26-7, 375 radio signals, 241 ultrasound, 299 spacecraft, 89, 137, 162-3
piezoelectricity, 264-5

i

radio telescope, 250, 385 Scholes, Christopher, 375 spanner, 32
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spectacle lenses, 186

speed trap, 300-1

speedometer, 46

Sperry, Elmer, 377

spin drier, 71

spinnaker sail, 103

spoiler, 112-13

spray can, 138

sprays, 136-7

spring sails, windmill, 34

sprmgs, 78-81, 377

sprinkler, 47

spur gears, 15,37, 38,40,42,

135

stabilizers, ship, 98, 99

stapler, 80-1

starter motor, 73, 288

static electricity 258, 261

steam power, 158-9, 380, 387

steam turbine, 159, 380

steel converter, 148-9, 380

steering, car, 43, 129

steering wheel, 32

stepper motor, 282-3

stereo, 229, 240

storage, bits, 329

street lamp, 180

string instruments, 222-3, 384

submarme, 97, 378, 388

submersible, 96

suction, 100, 101, 106, 120,

121, 130, 140,384
Sun, 142, 144, 165, 167, 173

sun gears, 39, 45

sunglasses, polarized, 192

supermarket checkout, 368-9

supersonic airliner, 111

suspension, car, 80-1

Sutton, Thomas, 383

Swan, Joseph Wilson, 382

swashplate, helicopter, 114-15

swing-wing aircraft. 111

swipe card, 334
synchromesh, 41, 85

synchronization signal,

television, 242, 246

sy-nthesizer, 224, 316, 360, 388

tacking, sailing boat, 102

tape recorder, 230-1, 334, 384
telecommunications, 234-41,

384
telegraph, 384, 385

telephone, 236-7, 384-5

tax machine, 326, 352, 358,

389
mobile phone, 236, 322,

332, 352
modem, 349

telephoto lens, 186, 187

telescope, 186, 188-9, 382

radio, 250, 385

space, 251

television, 182, 385

camcorder, 243

camera, 186, 242
digital, 326, 352

satellites, 250
television set, 246-7

video recorder, 244-5

temperature gauge, car, 270

Thales, 386

thermistor, 270, 321

thermometer, 155, 270, 321,

380-1

thermonuclear weapons, 167,

168

thermostat, 154

thimble, micrometer, 64

Thompson, Earl A., 388

Thompson, J.J., 386

thread, screw, 62, 63

three-bit converter, 360

thrust, night, 107, 108

thrusters, manned
maneuvering unit, 137

thunderstorms, 262-3

ticket machine, 303

timer, digital, 318

tire, car, 83

Titan, space probes, 253

toaster, 151

toilet, 132-3, 380

tokamak, 173

torque converter, 308-9

torsion bar, 81

torus, nuclear fusion, 173

tower crane, 56, 58

traffic lights, 303

trains, maglev, 282

transducers, 298
transformers: electricity, 284-5

nuclear fusion, 173

transistor, 226-7, 341, 342-3,

389
translator, hand-held, 323

transmission, automatic,

306-9, 388

transmitter,

telecommunication, 234,

238-9

travel agent, 370

trimmer, electric, 14

trmum, 167, 168, 172, 173

trolley, 22, 58

trombone, 221

trumpet, 221, 384
Tsiolkovsky, Konstantin, 381

tungsten light bulb, 181

turbine; hydroelectric, 33

lawn sprinkler, 47
steam, 159, 380
wind, 35

turbofan, 160

turntable, 72

tweezers, 21, 23

twin-rotor heUcopter, 117

two-stroke engine, 156

two-way switch, 286-7

typesetting, 212
typewriter, 26-7, 375

u
ultrasound scanner, 299
ultraviolet light, 180, 239
universal electric motor, 281

Universe, 249, 251

upthrust, 94, 104, 105
uranium, 166, 168, 170

V
vacuum cleaner, 130, 379

vacuum flask, 145, 380

valves: brass instruments, 221

car engines, 49

rocket engines, 163

van Leeuwenhock, Anton, 383

vending machine, 303

vertical take-off aircraft, 106,

118

VHF radio, 240, 241

vibrations, sound waves, 218,

219,224
vice, 64

video: camcorder, 243

digital video disk, 337

video recorder, 244-5, 322,

334
violin, 222, 223

virtual reality 362-3

voice recognition, 322

Volta, Alessandro, 386
voltage, 266, 285

voltage multiplier, 263

von Liebig, Justus, 382

von Lmde, Karl, 380

w
watch, 42, 264, 377

water: aqualung, 131

clock, 375
faucet, 32, 65

Hoating, 94-103, 378
hydroelectric turbine, 33

hydrofoil, 119

lawn sprinker, 47

meter, 135

pressure, 120, 379

shadoof, 56

sonar, 298-9

water closet, 380
water pistol, 136

waterwheel, 32, 33, 375

Watson-Watt, Robert, 388

Watt, James, 375, 377, 380,

387
wave bands, radio, 240

wavelength, radio waves, 238,

240
weapons, nuclear, 168-9

weather radar, 300
weather satellite, 248

web offset press, 214
website, 350, 351

wedges, 11, 12, 13, 16, 17,63
weighing machines, 19, 22,

24-5, 78, 374

weight: electronic scales, 321

pressure and, 120

welding torch, 147

wheelbarrow, 20, 22

wheels, 30-5, 54, 70-7, 375,

377
Whittle, Frimk, 380
wide-angle lens, 186, 187

wind: turbine, 35

windsurfer, 102

windmill, 34, 375, 387

windshield wiper, 49

windsurfer, 102

wings: airplane, 107, 108,

112-13

Happing, 1 1

1

lorward-swepi, 1 1

1

wood screw, 64

woodwind instruments, 220
World Wide Web, 351

worm gears, 37, 46, 47, 49,

135

Wright brothers, 378

X
x-rays, 239, 296-7, 304, 388
xylophone, 223

Y
yacht, 102, 103

Yale, Linus, 374

zipper, 17, 374
zoom lens, 186

Zworykin, Vladimir, 385
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