There’s plenty of room at the bottom, says noted scientist as he reveals—

How to Build an Automobile

At 42, Richard Phillips Feynman,
Ph.D., enjoys world renown as a theo-
retical physicist, local fame as a “marve-
lous” performer on the bongo drums,
and campus admiration as a man with a
pixyish humor that turns a lecture on
quantum electrodynamics into a ball.
You'll see why when you read his im-
passioned and witty plea to think small.

This tall, slim, dark-haired scholar
helped importantly in developing the
atomic bomb and watched its first test
explosion. In 1954 he won the $15,000
Albert Einstein Award, one of the na-
tion’s highest scientific honors.

He is capable both of exuberant fel-
lowship and of rather stern withdrawal,
especially when pondering intricate
problems. Even his heavy thinking has a
light touch, however. In deepest thought,
while pacing the ﬂoor he slowly flips a
silver dollar back and forth across the
fingers of his right hand by carefully
controlled movements of the knuckles.
It's no easy trick even when you have
nothing else to think about.

Born in New York City in 1918, he
graduated from MIT in 1939 and got his
Ph.D. at Princeton in 1942. He was a
member of the Laboratory of Nuclear
Studies at Cornell from 1945 to 1950. In
1950, he began his present job as profes-
sor of theoretical physies at Caltech.

Jr. Feynman loves musie, children,
camping in the wilds, and unpremedi-
tated jaunts to faraway places. He boned
up on Portuguese to become a visiting
lecturer for two seasons in Brazil, and
learned Spanish under forced draft to
go to Peru and poke around Inca ruins.

The accompanying article is con-
densed from a speech (addressed to an
American Physical Society meeting, not
the Pasadena Rotary ."unrhpon) The
full transcript appeared in “Engineer-
ing and Secience Magaome. published
at the California Institute of Technology.
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Exploring the fantastic
possibilities of the very small
should pay off handsomely—
and provide a lot of fun, too

By Richard P. Feynman

Professor of Theoretical Physies,
California Institute of Technology

EOPLE tell me about miniaturiza-
Ption. about electric motors the size

of the nail on your small finger.
There is a device on the market by which
you can write the Lord’s Prayer on the
head of a pin. But that’s nothing. That’s
the most primitive, halting step.

Why not write the entire 24 volumes
of the “Encyclopaedia Britannica” on the
head of a pin?

Let's see what would be involved. The
head of a pin is a sixteenth of an inch
across. If you magnify it 25,000 diame-
ters, the area of the head of the pin is
equal to the area of all pages of the
encyclopedia. All it is necessary to do
is to reduce the writing in the encyclo-
pedia 25,000 times. Is that possible? One
of the little dots on the fine halftone re-
productions in the encyclopedia, when
you demagnify it by 25,000 times, still
would contain in its area 1,000 atoms. So,
each dot can easily be adjusted in size
as required, and there is no question that
there is enough room on the head of a
pin to put all of the “Encyclopaedia
Britannica.”

MAGINE that it is written in raised

letters of metal that are 1/25,000 or-
dinary size. How would we read it?

We would press the metal into plastic
and make a mold; peel the plastic off
very carefully; evaporate silica into the
plastic to get a very thin film; then
shadow it by evaporating gold at an
angle against the silica so that all the
little letters appear clearly; dissolve the
plastic away from the silica film; and
then look through it with an electron
microscope.




maller Than This Dot )

How do we write it? Reverse the lenses
of the electron microscope to demagnify.
Ions, sent through the lenses in reverse,
could be focused to a very small spot. We
could write with that spot as we write
in TV, by going across in lines, and hav-
ing an adjustment that determines the
amount of material that is deposited.

Don’t tell me about microfilm!

THERE is plenty of room at the bot-
tom—not just room at the bottom. I
want to show what is possible according
to the laws of physics. I am not invent-
ing antigravity, which is possible only if
the laws are not what we think. I am tell-
ing you what could be done if the laws
are what we think; we are not doing it
simply because we haven't vet gotten
around to it.

How many times when you are work-
ing on something frustratingly tiny, like
your wife’s wrist watch, have you said,
“If I could only train an ant to do this!”
I suggest training an ant to train a mite
to do this. What are the possibilities of

THIS IS TOO EASY, says Professor Feynman of
Lord’s Prayer written on pinhead (above). He
shows how 24-volume encyclopedia could be re-
produced—in letters and pictures—on pinhead
with standard tools and techniques. If coding
system were used, every book ever written could
be copied into a barely visible speck of dust.

small but movable machines? They may
or may not be useful, but they surely
would be fun to make.

ONSIDER an automobile. Suppose
we need an accuracy of 4/10,000 of
an inch. If things are more inaccurate
than that in the shape of the eylinder
and so on, it isn’t going to work very well.
If I make the thing too small, I have to
worry about the size of the atoms; I can’t
make a circle out of “balls” if the circle
is too small.

So, let’s say 1 make the error, cor-
responding to 4/10,000 of an inch, cor-
respond to an error of 10 atoms. I can
reduce the dimensions of an automobile
4,000 times, approximately—so that it is
1/25 inch across.

In such small machines the forces go
as the area you are reducing, so that
weight and inertia are of relatively no
importance. The strength of material is
very much greater in proportion. The
stresses and expansion of the flywheel
from centrifugal force, for example,

IS THIS THE SMALLEST ENGINE YET BUILT? A model
of a Ford four-cvlinder, it is one of 33,000
miniatures in collection of San Francisco art
expert Jules Charbneau. It is an exact copy with
moving parts—but a long way from Professor
Feynman's proposal for a complete, operating
automobile measuring 1/25 inch.
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would be the same proportion only if
the rotational speed is increased as we
decrease the size. On the other hand,
metals have a grain structure and this
would be very annoying at small scale.
Plasties and glass are very much more
homogeneous, and so we would have to
make our machines out of such materials.

HERE are problems associated with
the electrical system—copper wires
and magnetic parts. The magnetic prop-
erties on a very small scale are not the
same as on a large scale. The electrical
equipment won’t simply be scaled down.
It has to be redesigned to work again.
Lubrication involves some
interesting points. The vis-
cosity of oil would be higher
and higher as we went down.
If we change from oil to
kerosene or some other fluid,
the problem is not so bad.

But we may not have to
lubricate at all! We have a
lot of extra force. Let the
bearings run dry; they won’t
run hot because the heat es-
capes away from such a small
device very, very rapidly.

This rapid heat loss would
prevent the gasoline from ex-
ploding, so an internal com-
bustion engine is impossible.
Other chemical reactions, lib-
erating energy when cold,
can be used.

What would be the utility of such ma-
chines? Who knows? A small automobile
would only be useful for the mites to
drive around in, and I suppose our Chris-
tian interests don’t go that far. However,
although it is a very wild idea, it would
be interesting in surgery if you could
swallow the surgeon. You put the me-
chanical surgeon inside the blood vessel
and it goes into the heart and “looks”
around. It finds out which valve is the
faulty one and takes a little knife and
slices it out. Other small machines might
be incorporated in the body to assist
some inadequately functioning organ.

pivot

OW do we make such a tiny mech-
anism? In atomic-energy plants they
have materials they can’t handle directly
because they have become radioactive.
To unscrew nuts and put on bolts, they
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SMALLEST MACHINES
made commercially are
rings—two fit
on pinhead—for jet fuel
meters, product of Min-
iature Precision Bearings.

have a set of master and slave hands. By
operating a set of levers here, you con-
trol the “hands” there, and can turn them
this way and that so you can handle
things quite nicely.

Most of these devices are made rather
simply. A cable, like a marionnette string,
goes directly from the controls to the
“hands.” But things also have been made
using servo motors, so that the connection
is electrical rather than mechanical.
When you turn the levers, they turn a
servo motor, and reposition a motor at
the other end.

I want slaves to be made one-fourth
the scale of the “hands” that you ordi-
narily maneuver. So you can
do things at one-quarter
scale—the little servo motors
with little hands play with
little nuts and bolts; they
drill little holes; they are
four times smaller. Aha!

I manufacture a quarter-
size lathe; I manufacture
quarter-size tools; and I
make, at the one-quarter
scale, still another set of
hands again relatively one-
quarter size! This is {; size,
from my point of view. And
after I finish doing this I
wire directly from my large-
scale system to the {; servo
motors. Thus I ean now ma-
nipulate the {;-size hands.

IF YOU work through a pantograph,
you can get much more than a factor
of four in one step. But you can’t work
directly through a pantograph that makes
a smaller pantograph—because of the
looseness of the holes and the irregu-
larities of construction. The end of the
pantograph wiggles with a relatively
greater irregularity than the irregularity
with which you move your hands. In
going down this scale, I would find the
end of the pantograph shaking so badly
it wouldn’t be doing anything sensible.
At each stage, it is necessary to im-
prove the precision of the apparatus.
Having made a small lathe with a panto-
graph, we may find its lead screw irregu-
lar—more irregular than the large-scale
one. We could lap the lead screw against
breakable nuts that you reverse in the
[Continued on page 230]



“I brush his teeth with
my Wen Sander-Polisher”
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It’s a lightweight unit—handy and quiet, but it's
a powerful little fellow. It delivers 14,400 straight-
line-action strokes per minute . perfect for fine
finishing and polishing. The plstol-grip case Is
strong black plastic. Comes complete with 6 as-
sorted abrasives and two polishing pads. The Wen
Model 202 is the perfect sander pohsher$13 95
for fine finishing jobs around the home

YOU CAN ALWAYS DEPEND ON
NEWER AND FINER PRODUCTS FROM

MULTI-PURPOSE Y2 HP “ALL-SAW''—Makes “one-job"” saws
obsolete. Does everything a Pattern Saw will

) do . . . more than a circular saw . . . many
g things normally done by a hand saw or nib-
(ke bler—and many things that, until now, only
\-'.'\:: kw a chain saw could do. UL *‘Industrially
< . Rated,” it cuts anything from a 6” log to

1 "9 intricate patterns in wood, metal, etc. Com-
plete with 7 blades. $44.95
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ALL PURPOSE SOLDER GUN KIT — Feather-light slim gun
with 100 watts power. Heats in 2%2 sec-
onds. Built-in spotlight focused on work.
The kit includes the gun, extra tips for hot-
cutting, smoothing, and rosin core solder

all in @ handy fitted box for neat com-
pact storage. $7.95

38" 2-Speed Power Drill............. $29.95
Lightweight Sabre Saw............u0 $26.95

WEN PRODUCTS, INC., 5810 Northwest Hwy., Chicago 31, IIL.
230 roPULAR SCIENCE NOVEMBER 1950

How to Build an Auto Smaller Than a Dot
[Continued from page 116]

usual way, until this lead screw was, at

its scale, as accurate as our original lead

screws, at our scale.

We can make flats by rubbing urflat
surfaces together in three pairs—and the
flats then become flatter than the thing
you started with. So we improve the
equipment by working awhile down there,
making accurate lead screws, Johansson
blocks, and all the other materials that
we use in accurate machine work at the
higher level.

‘, HEN I make my first set of slave

“hands” at one-fourth scale, I am
going to make 10 sets. I wire them to my
original levers so they each do exactly
the same thing at the same time in par-
allel. Now, when I am making my new
devices one-quarter again as small, T let
each one manufacture 10 copies, so that
I have 100 “hands” at the ; size.

Where am I going to put the million
lathes that I am going to have? There is
nothing to it; the volume is much less
than that of even one full-scale lathe. If I
made a billion little lathes, each 1/4,000
the scale of a regular lathe, there would
be plenty of materials and space avail-
able. In the billion little ones there is
less than two percent of the materials in
one big lathe.

There is the problem that materials
stick together by the molecular attrac-
tions. After you unscrew the nut from a
bolt, it isn’t going to fall down, because
the gravity isn’t appreciable; it would
even be hard to get it off the bolt. It
would be like those old movies of a man
with his hands full of molasses, trying to
get rid of a glass of water.

But ultimately we can arrange atoms,
the very atoms, all the way down!

Up to now, we have dug in the ground
to find minerals. We heat them and we
hope to get a substance with just so much
impurity. But we must always accept
some atomic arrangement that nature
gives us. We haven’t got anything, say,
with a “checkerboard” arrangement.

\; HEN we have some control of ar-

rangement we will get an enormously
greater range of properties that sub-
stances can have, and of things that we
can do.

CONTINUED



Now—Use the Finishing Secret of
World-Famous Furniture Manufacturers

warco DANISH
B oIL FINISH

NEVER BEFORE AVAILABLE TO YOU
=l

PROVED BY
PROFESSIONALS
—YET SO EASY
FOR YOU TO
APPLY ON
FURNITURE,
PANELING,
CABINETS

AND DOORS

For the first time available to you is the original time-
proved WATCO Danish Oil Finish used by international
names in luxury furniture. WATCO is used to produce the
same beautiful, natural wood finish you see in the finest
furniture and paneling—yet, it's so easy to use...in one
simple application you can seal, prime and finish new wood.

Secret is in the polymerizing oils in WATCO that give
you the toughest and richest oil finish of any in existence.
Use it clear to bring out gorgeous color and natural grain,
or use with stains. Save wasted hours spent sealing and
sanding...save money, because you need only WATCO!
Get envied, superior results...the
| remarkable natural wood finish that
resists stains and mars.
American Walnut
Manufacturers
Association l

recommends
WATCO . .. may
be used on all
woods . . . specif-

1 Easy
Application

PRIMES!
SEALS!
FINISHES!

ically walnut, oak,
birch, cherry, teak,
mahogany, knotty
pine and cedar.

FULL QUART—SPECIAL
INTRODUCTORY OFFER—
$2.95

RIGHT NOW

AKE ADVANTAGE

T
OF THIS SPECIAL OFFER

MAIL
TODAY

Name
Addre:
M e " . B Zone

WATCO-DENNIS CORPORATION
1756 - 22nd Street, Santa Monica, Calif,

Rush to me full qt. of WATCO Danish 0il
Finish with Wood Finishing booklet at spe-
cial price of $2.95.

Stata

My local dealer's name is:
10 DAY MONEY EACK GUARANTEE—send check or money order
g for postpaid shipment—or shipped C.0.D. plus postage.
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How to Build an Auto Smaller Than a Dot

Consider, little coils and condensers
(1/30,000 inch or smaller), one right next
to the other, over a large area, with little
antennas sticking out.

Is it possible to get a whole set of
antennas to emit light as an organized
set of antennas emits radio waves to
beam the radio programs to Europe?

If we go down far enough, all our de-
vices can be mass-produced so that they
are absolutely perfect copies of one an-
other. We cannot build two large ma-
chines exactly the same. But if your
machine is only 100 atoms high, you only
have to get it correct to one-half of one
percent to make sure the other machine
is exactly the same size—100 atoms high!

We can do chemical synthesis: A chem-
ist says, “Look, I want a molecule that
has the atoms arranged thus and so;
make me that molecule.” He mixes this
and that, and he shakes it, and he fiddles
around. And, at the end of a difficult
process, he usually does succeed in syn-
thesizing what he wants. By the time I
get my devices working, so that we can
do it by physics, he will have figured out
how to synthesize absolutely anything,
so that my devices will really be useless.

But it would be possible (I think) for
a physicist to synthesize any chemical
substance that the chemist writes down.
Put the atoms down where the chemist
says, and so you make the substance.
The problems of chemistry and biology
can be greatly helped if our ability to
see what we are doing, and to do things,
on an atomic level, is developed.

You might ask, “Who should do this,
and why should they do it?” I pointed
out a few of the economic applications,
but I know that the reason that you
would do it might be just for fun.

Let’s have a competition between lab-
oratories. Let one laboratory make a tiny
motor and send it to another lab which
sends it back with a thing that fits inside
the shaft of the first motor.

To get kids interested, I propose some
| kind of high-school competition. Even the
| kids can write smaller than has ever been
written before. The Los Angeles high
school could send to the Venice high
school a pin which says on it, “How's
this?”

When they get the pin back, in the
| dot of the “i” it says, “Not so hot.”
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