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surely promises to bring about one of the greatest
revolutions in the history of the world.

But we have 1o reckon with nitrogen, the essential
element of the proteid or flesh-forming portions of
all food. As its Greek derivation implies (za wpareia
pre-eminence), prcteid is a vital constituent of ali
food, and it has been said “without proteid we die.”
Is it possible, then, that proteid will eventually be
built up by electrical means in the same way as is
carbohydrate? In such case plant life will no longer
be indispensable to man. Though at present proteid
cannot be constructed directly, yet the production of
nitrate by electricity is a source of stimulus to the
synthesizing process of the plant and therefore elec-
tricity comes again to our aid in the production of
food. As to the mineral salts of food, they again are
essential; but, then, of course, chemistry has long
since furnished us with material for their production.
It seems clear that the chemist and physicist are un-
folding Nature’s ways with a rapidity which is
startling considering that what they have already
achieved amounts to saying that given an abundant
supply of chalk, air, and water the food problem is
solved. The ingredients of the formula are in truth
plentiful enough, but what a dismal world when plant
life is no longer necessary to the human race.—The
Lancet.

THE TETRAHEDRAL PRINCIPLE IN KITE
STRUCTURE.*

By ALEXANDER GRABEAM BELL, President of the Na-
tional Geographic Society.

Copyright, 1903, by the National Geographic Magazine.
Reprinted by special permission.

IN 1899, at the April meeting, I made a communi-
cation to the Academy upon the subject of “Kites
with Radial Wings;” and some of the illustrations
shown to the Academy at that time were afterward
published in the Monthly Weather Review.}

Since then I have been continuously at work upon
experiments relating to kites. Why, I do not know,
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excepting perhaps because of the intimate connec-
tion of the subject with the flying-machine problem.

We are all of us interested in aerial locomotion;
and [ am sure that no one who has observed with
attention the flight of birds can doubt for one mo-
ment the possibility of aerial flight by bodies specifi-
cally heavier than the "air. In the words of an old
writer, “We cannot consider as impossible that which
has already been accomplished.”

I have had the feeling that a properly constructed
flying-machine should be capable of being flown as a
kite; and, conversely, that a properly constructed kite
should be capable of use as a flying-machine when
driven by its own propellers. I am not so sure, how-
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ever, of the truth of the former proposition as I am
of the latter.

Given a kite, so shaped as to be suitable for the
body of a flying-machine, and so efficient that it will
fly well in a good breeze (say 20 miles an hour) when
loaded with a weight equivalent to that of a man and

* A commuuication made to the National Academy of Sciences in
Washinegton, D. C. April 23, 1903, revised for publication in the National
Geographic Magazine.

11 See Monthly Weather Review, April, 1899, vol. xxvii, pp, 154-153, and
plate xi,
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engine; then it seems to me that this same kite, pro-
vided with an actual engine and man in place of the
load, and driven by its own propellers at the rate of
20 miles an hour, should be sustained in calm air as
a flying-machine. So far as the pressure of the air is
concerned, it is surely immaterial whether the air
moves against the kite, or the kite against the air.

Of course in other respects the two cases are not
identical. A kite sustained by a 20-mile breeze pos-
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sesses no momentum, or rather its momentum is equal
to zero, because it is stationary in the air and has no
motion proper of its own; but the momentum of a
heavy body propelled at 20 miles an hour through
still air is very considerable. Momentum certainly
aids flight, and it may even be a source of support
against gravity quite independently of the pressure
of the air. It is perfectly possible, therefore, that an
apparatus may prove to be efficient as a flying-machine
which cannot be flown as a kite on account of the ab-
sence of vis viva.

However this may be, the applicability of kite ex-
periments to the flying-machine problem has for a
long time past been the guiding thought in my re-
searches.

1 have not cared to ascertain how high a kite may
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be flown or to make one fly at any very great altitude.
The point I have had specially in mind is this: That
the equilibrium of the structure in the air should be
perfect; that the kite should fly steadily, and not move
about from side to side or dive suddenly when struck
by a squall, and that when released it should drop
slowly and gently to the ground without material
oscillation. I have also considered it important that
the framework should possess great strength with little
weight.

I believe that in the form of structure now attained
the properties of strength, lightness, and steady flight
have been united in a remarkable degree.

In my younger days the word “kite” suggested a
structure of wood in the form of a cross covered with
paper forming a diamond-shaped surface longer one
way than the other, and provided with a long tail
composed of a string with numerous pieces of paper
tied at intervals upon it. Such a kite is simply a toy.
In BEurope and America, where kites of this type pre-
vailed, kite-flying was pursued only as an amusement
for children, and the improvement of the form of
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has everywhere been stimulated by Hargrave's ex-
periments.

In America, however, the chief stimulus to scien-
tific kite-flying has been the fact developed by the
United States Weather Bureau, that importaut infor-
mation could be obtained concerning weather condi-
tions if kites could be constructed capable of lifting
meteorological instruments to a great elevation in
the free air. Mr. Eddy and others in America have

END VIEW
TRIANGULAR KITE

taken the Malay tailless kite as a basis for their ex-
periments, but Prof. Marvin, of the United States
Weather Bureau; Mr. Rotch, of the Blue Hill Ob-
servatory, and many others have adapted Hargrave’s
box kite for the purpose.

Congress has made appropriations to the Weather
Bureau in aid of its kite experiments, and a number
of meteorological stations throughout the Unitea

States were established a few years ago equipped
with the Marvin kite.

Continuous meteorological observations at a great
elevation have been made at the Blue Hill Observatory
and Mr.

in Massachusetts, Rotch has demonstrated
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FIG. 9—A. A TRIANGULAR CELL
B. A WINGED TETRAHEDRAL CELL,

the possibility of towing Lkites at sea by means of
steam vessels so as to secure a continuous line of ob-
servations all the way across the Atlantic.

HARGRAVE’S BOX KITE.

Hargrave introduced what is known as the *cellu-
lar construction of kites.” He constructed kites com-
pesed of many cells, but found no substantial im-
provement in many cells over two alone; and a Kkite
composSed of two rectangular cells separated by a
considerable space is now universally known as “the
Hargrave box kite.” This represents, in my opinion,
the high-water mark of progress in the nineteenth
century; and this form of kite forms the starting
point for my own researches (Fig. 1).

The front and rear cells are connected together by
a framework, so that a considerable space is left be-
tween them. This space is an essential feature of the
kite; upon it #epends the fore and aft stability of the
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FIG. IO—WINGED TETRAHEDRAL CELLS

structure was hardly considered a suitable subject of
thought for a scientific man.

In Asia kite-flying has been for centuries the amuse-
ment of adults, and the Chinese, Japanese, and Malays
have developed tailless kites very much superior to
any form of kite known to us until quite recently.

It is only within the last few years that improve-
ments in kite structure have been seriously considered,
and the recent developments in the art have been
largely due to the efforts of one man—Mr. Laurence
Hargrave, of Australia.

Hargrave realized that the structure best adapted
for what is called a “good kite” would also be suitable
as the basis for the structure of a flying-machine. His
researches, published by the Royal Society of New
South Wales, have attracted the attention of the world,
and form the starting point for modern researches
upon the subject in Europe and America.

Anything relating to aerial locomotion has an in-
terest to very many minds, and scientific kite-flying
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Kkite. The greater the space, the more stable is the
equilibrium of the kite in a fore and aft direction,
the more it tends to assume a horizontal position in
the air, and the less it tends to dive or pitch like a
vessel in a rough sea. Pitching motions or oscilla-
tions are almost entirely suppressed when the space
between the cells is large.

Each cell is provided with vertical sides; and these
again seem to be essential elements of the kite con-
tributing to lateral stability. The greater the extent
of the vertical sides, the greater is the stability in the
lateral direction, and the less tendency has the kite
to roll, or move from side to side, or turn over in the
air.

In the foregoing drawing I have shown only neces-
sary details of construction, with just sufficient frame-
work to hold the cells together.

It is obvious that a kite constructed as shown in
Fig. 1 is a very flimsy affair. I* requires additions to
the framework of various sorts to give it sufficient
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strength to hold the aeroplane surfaces in their proper
relative positions and prevent distortion, or bending
or twisting of the kite frame under the action of the
wind.

Unfortunately the additions required to give rigid-

FIG. II—ONE-CELLED TETRAHEDRAIL FRAME

FIG. 12—FOUR-CELLED TETRAHEDRAL FRAME

ity to the framework all detract from the efficiency of
the kite: First, by rendering the kite heavier, so that
the ratio of weight to surface is increased; and, second-
ly, by increasing the head resistance of the kite. The
interior bracing advisable in order to preserve the cells
from distortion comes in the way of the wind, thus
adding to the drift of the kite without contributing to
the lift.

A rectangular cell like A (Fig. 2) is structurally
weak, as can readily be demonstrated by the little
force required to distort it into the form shown at B.
In order to remedy this weakness, internal bracing is
advisable of the character shown at C.

This internal bracing, even if made of the finest
wire, so as to be insignificant in weight, all comes
in the way of the wind, increasing the head resistance
without counterbalancing advantages.

TRIANGULAR CELLS IN I{ITE CONSTRUCTION.

In looking back over the line of experiments in my
own laboratory, I recognize that the adoption of a
triangular cell was a step in advance, constituting in-
deed one of the milestones of progress, one of the
points that stand out clearly against the hazy back-
ground of multitudinous details.

Fig. 3 is a drawing of a typical triangular-celled kite
made upon the same general model as the Hargrave
box kite shown in Fig. 1.

A triangle is by its very structure perfectly braced
in its own plane, and in a triangular-celled Kkite like
that shown in Fig. 3, internal bracing of any character
is unnecessary to prevent distortion of a kind analog-
ous to that referred to above in the case of the Har-
grave rectangular cell (Fig. 2).

The lifting power of such a triangular cell is prob-
ably less than that of a rectangular cell, but the enor-
mous gain in structural strength, together with the
reduction of head resistance and weight due to the
omission of internal bracing, counterbalances any pos-
sible deficiency in this respect.

The horizontal surfaces of a kite are those that re-
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The oblique aeroplane A, for example (Fig. 4),
may be considered as equivalent in function to the
two aeroplanes B and €. The material composing the
aeroplane A, however, weighs less than the material
required to form the two aeroplanes B and C, and the

FIG. 13—SIXTEEN-CELLED TETRAHEDRAL
FRAME

framework required to support the aeroplane A weighs
less than the two frameworks required to support B
and C.

In the triangular cell shown in Fig. 5, the oblique
surfaces ab, bc, are equivalent in function to the three
surfaces ad, de, ec, but weigh less. The oblique’sur-
faces are therefore advantageous.

The only disadvantage in the whole arrangement is

FIG. 14—FOUR-CELLED TETRAHEDRAL KITE

that the air has not as free access to the upper aero-
plane ac, in the triangular form of cell as in the quad-
rangular form, so that the aeroplane ac is not as effici-
ent in the former construction as in the latter.

While theoretically the triangular cell is inferior in
lifting power to Hargrave’s four-sided rectangular cell,
practically there is no substantial difference. So far
as I can judge from observation in the field, kites con-
structed on the same general model as the Hargrave
box kite, but with triangular cells instead of quad-
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Triangular cells also are admirably adapted for com-
bination into a compound structure, in which the aero-
plane surfaces do not interfere with one another. For
example, three triangular-celled Kkites, tied together at
the corners, form a compound cellular kite (Fig. 6)
which flies perfectly well.

The weight of the compound Kkite is the sum of the
weights of the three kites of which it is composed, and
the total aeroplane surface is the sum of the surfaces
of the three Kkites. The ratio of weight to surface
therefore is the same in the larger compound Kkite as
in the smaller constituent Kkites, considered individ-
ually.

It is obvious that in compound Kites of this char-
acter the doubling of the longitudinal sticks where
the corners of adjoining Kkites come together is an
unnecessary feature of the combination, for it is easy
to construct the compound kite so that one longitudinal
stick shall be substituted for the duplicated sticks.

For example: The compound Kkites A and B (Fig.
7) may be constructed, as shown at C and D, with ad-
vantage, for the weight of the compound kite is thus
reduced without loss of structural strength. In this
case the weight of the compound Kkite is less than the
sum of the weights of the component kites, while the
surface remains the same.

If kites could only be successfully compounded in
this way indefinitely we would have the curious re-
sult that the ratio of weight to surface would diminish
with each increase in the size of the compound Kkite.
Unfortunately, however, the conditions of stable flight
demand a considerable space between the front and
rear sets of cells (see Fig. 6); and if we increase the
diameter of our compound structure without increas;
ing the length of this space we injure the flying quali-

FIG. I§—SIXTEEN-CELLED TETRAHEDRAL
KITE

ties of our Kkite. But every increase of this space in
the fore and aft direction involves a corresponding
increase in the length of the empty framework re-
quired to span it, thus adding dead load to the Kkite
and increasing- the ratio of weight to surface.

While kites with triangular cells are strong in a
transverse direction (from side to side), they are
structurally weak in the longitudinal direction (fore
and aft), for in this direction the kite frames are
rectangular.
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A, a winged tetrahedral cell. . B, a four-celled tetrahedral Kite.

sist descent under the influence of gravity, and the
vertical surfaces prevent it 'from turning over in the
air. Oblique aeroplanes may therefore conveniently
be resolved into horizontal and vertical equivalents,
t;hat is, into supporting surfaces and steadying sur-
aces,

F1a. 16.—_TETRAHEDRAL KITES.

C, a sixteen-celled tetrahedral kite,

rangular, seem to fly as well as the ordinary Hargrave
form, and at as high an angle.

Such kites are therefore superior, for they fly sub-
stantially as well, while at the same time they are
stronger in construction, lighter in weight, and offer
less head resistance to the wind,
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D, a sixty-four-celled tetrahedral kite,

Each side of the kite A, for example (Fig. 8), re-
quires diagonal bracing of the character shown at B
to prevent distortion under the action of the wind.
The necessary bracing, however, not being in the way
of the wind, does not materially affect the head re-
sistance of the kite, and is only disadvantageous by
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adding dead load, thus increasing th® ratio of weight
to surface,

THE TETRAHEPRAL CONSTRUCTION OF KITES.

Passing over in silence multitudinous experiments in
kite construction carried on in my Nova Scotia labora-
tory, I come to another conspicuous point of advance—
another milestone of progress—the adoption of the tri-
angular construction in every direction (longitudinally
as well as transversely); and the clear realization of
the fundamental importance of the skeleton of a tetra-
hedron, especially the regular tetrahedron, as an ele-
ment of the structure or framework of a Kkite or flying-
machine.

Consider the case of an ordinary triangular cell A
(Fig. 9) whose cross-section is triangular laterally,
but quadrangular longitudinally.

If now we make the longitudinal as well as trans-
verse cross-sections triangular, we arrive at the form
of cell shown at B, in which the framework forms
the outline of a tetrahedron. In this case the aero-
planes are triangular, and the whole arrangement is
strongly suggestive of a pair of bird’s wings raised at
an angle and connected together tip to tip by a cross-
bar (see B, Fig. 9; also drawings of winged tetrahedral
cells in Fig. 10).

A tetrahedron is a form of solid bounded by four
triangular surfaces.

In the regular tetrahedron the boundaries consist
of four equilateral triangles and six equal edges. In
the skeleton form the edges alone are represented,
and the skeleton of a regular tetrahedron is produced
by joining together six equal rods end to end so as to
form four equilateral triangles.

Most of us no doubt are familiar with the common
puzzle—how to make four triangles with six matches.
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When a tetrahedral frame is provided with ae€ro:
surfaces of silk or other material suitably arranged, it
becomes a tetrahedral kite, or kite having the form of
a tetrahedron.

The Kkite shown in Fig. 14 is composed of four
winged cells of the regular tetrahedron variety (see
Fig. 10), connected together at the corners. Four
kites like Fig. 14 are combined in Fig. 15, and four
kites like Fig. 15 in Fig. 16 (at D).

Upon this mode of construction an empty space of
octahedral form is left in the middle of the kite, which
seems to have the same function as the space between
the two cells of the Hargrave box kite. The tetra-
hedral kites that have the largest central spaces pre-
serve their equilibrium best in the air.

The most convenient place for the attachment of the
flying cord is the extreme point of the bow. If the

cord is attached to points successively further back:

on the keel, the flying cord makes a greater and
greater angle with the horizon, and the kite flies more
nearly overhead; but it is not advisable to carry the
point of attachment as far back as the middle of the
keel. A good place for high flights is a point half-way
between the bow and the middle of the keel.

In the tetrahedral kites shown in the plate (Fig. 16)
the compound structure has itself in each case the
form of the regular tetrahedron, and there is no rea-
son why this principle of combination should not be
applied indefinitely so as to form still greater combina-
tions.

The weight relatively to the wing-surface remains
the same, however large the compound kite may be.

The four-celled kite B, for example, weighs four
times as much as one cell and has four times as much
wing-surface, the 16-celled kite C has sixteen times
as much weight and sixteen times as much wing-sur-

Fic. 18.-THE AERODROME KITE JUST RISING
INTO THE AIR WHEN PULLED BY A HORSE.

Copyright, 1903, by the National Geographic Magazine,
F1¢. 17.—THE AERODROME KITE,

@ive six matches to a friend and ask him to arrange
them so as to form four complete equilateral triangles.
The difficulty lies in the unconscious assumption of
the experimenter that the four triangles should all
be in the same plane. The moment he realizes that
they need not be in the same plane the solution of the
problem becomes easy. Place three matches on the
table so as to form a triangle, and stand the other
three up over this like the three.legs of a tripod stand.
The matches then form the skeleton of a regular tetra-
hedron. (See Fig. 11.)

A framework formed upon this model of six equal
rods fastened together at the ends constitutes a tetra-
hedral cell possessing the qualities of strength and
lightness in an extraordinary degree.

It is not simply braced in two directions in space
like a triangle, but in three directions like a solid. If
I may coin a word, it possesses “three-dimensional”
strength; not “two-dimensional” strength like a tri-
angle, or ‘“one-dimensional” strength like a rod. It is
the skeleton of a solid, not of a surface or a line.

It is astonishing how solid such a framework ap-
pears even when composed of very light and fragile
material; and compound structures formed by fasten-
ing these tetrahedral frames together at the corners
so as to form the skeleton of a regular tetrahedron on
a larger scale possess equal solidity.

Fig. 12 shows a structure composed of four frames
like Fig. 11, and Fig. 13 a structure of four frames like
Fig. 12,

face, and the 64-celled kite D has sixty-four times as
much weight and sixty-four times as much wing sur-
face. The ratio of weight to surface, therefore, is the
same for the larger kites as for the smaller.

This, at first sight, appears to be somewhat incon-
sistent with certain mathematical conclusions announc-
ed by Prof. Simon Newcomb in an article entitled ‘“Is
the Air-Ship Coming?”’ published in McClure’s Maga-
zine for September, 1901—conclusions which led him
to believe that “the comstruction of an aerial vehicle
which could carry even a single man from place to
place at pleasure requires the discovery of some new
metal or some new force.”

The process of reasoning by which Prof. Newcomb
arrived at this remarkable: result is undoubtedly cor-
rect. His conclusion, however, is open to question,
because he has drawn a general conclusion from re-
stricted premises. He says:

“Let us make two flying-machines, exactly alike,
only make one on double the scale of the other in all
its dimensions. We all know that the volume, and
therefore the weight, of two similar bodies are pro-
portional to the cubes of their dimensions. The cube
of two is eight; hence the large machine will have
eight times the weight of the other. But surfaces
are as the squares of the dimensions. The square of
two is four. The heavier machine will therefore ex-
pose only four times the wing surface to the air, and
so will have a distinct disadvantage in the ratio of
efficiency to weight.”
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Prof. Newcomb shows that where two flying ma-
chines—or Kkites, for that matter—are exactly alike,
only differing in, the scale of their dimensions, the
ratio of weight to supporting surface is greater in
the larger than the smaller, increasing with each in-
crease of dimensions. From which he concludes that
if we make our structure large enough it will be too
heavy to fly.

This is certainly true, so far as it goes, and it ac-
counts for my failure to make a giant kite that should
lift a man—upon the model of the Hargrave box Kkite.
When the kite was constructed with two cells, each
about the size of a small room, it was found that it
would take a hurricane to raise it into the air. The
kite proved to be not only incompetent to carry a load
equivalent to the weight of a man, but it could not
even raise itself in an ordinary breeze in which smaller
kites upon the same model flew perfectly well. I have
no doubt that other investigators also have fallen into
the error of supposing that large structures would
necessarily be capable of flight, because exact models
of them, made upon a smaller scale, have demonstrated
their ability to sustain themselves in the air. Prof.
Newcomb has certainly conferred a benefit upon in-
vestigators by so clearly pointing out the fallacious
nature of this assumption.

But Prof. Newcomb’s results are probably only
true when restricted to his premises. For models
exactly alike, only differing in the scale of their dimen-
sions, his conclusions are undoubtedly sound; but
where large Kkites are formed by the multiplication
of smaller kites into a cellular structure the results

Fia. 19.—AERODROME KITE IN
THE AIR.

Fia. 20.—FLOATING KITE,

are very different. My own experiments with com-
pound Kites composed of triangular cells connected
corner to corner have amply demonstrated the fact
that the dimensions of such a kite may be increased
to a very considerable extent without materially in-
creasing the ratio of weight to supporting surface;
and upon the tetrahedral plan (Fig. 16) the weight
relatively to. the wing-surface remains the same how-
ever large the compound kite may be.

The indefinite expansion of the triangular construc-
tion is limited by the fact that dead weight in the
form of empty framework is necessary in the central
space between the sets of cells (see Fig. 6), so that
the necessary increase of this space when the dimen-
sions of the compound Kkite are materially increased—
in order to preserve the stability of the Kkite in the air
—adds still more dead weight to the larger structures.
Upon the tetrahedral plan illustrated in Figs. 14, 15,
16, no necessity exists for empty frameworks in the
central spaces, for the mode of construction gives
solidity without it.

Tetrahedral kites combine in a marked degree the
qualities of strength, lightness, and steady flight; but
further experiments are required before deciding that
this form is the best for a kite, or that winged cells
without horizontal aeroplanes constitute the best ar-
rangement of aero-surfaces.

The tetrahedral principle enables us to construct
out of light materials solid frameworks of almost any
desired form, and the resulting structures are admi-
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rably adapted for the support of aero-surfaces of any
desired kind, size, or shape (aeroplanes or aerocurves,
etc., large or small).

In further illustration of the tetrahedral principle
as applied to kite comnstruction, I show in Fig. 17 a
photograph of a kite which is not itself tetrahedral in
form, but the framework of which is built up of tetra-
hedral cells.

This kite, although very different in construction
and appearance from the aerodrome of Prof. Langley,
which I saw in successful flight over the Potomac a
few years ago, has yet a suggestiveness of the aero-
drome about it, and it was indeed Prof. Langley’s appa-
ratus that led me to the conception of this form.

The wing surfaces consist of horizontal aeroplanes,
with oblique steadying surfaces at the extremities.
The body of the machine has the form of a boat, and
the superstructure forming the support for the aero-
planes extends across the boat on either side at two
points near the bow and stern. The aeroplane surfaces
form substantially two pairs of wings, arranged drag-
on-fly fashion.

The whole framework for the boat and wings is
formed of tetrahedral cells having the form of the
regular tetrahedron, with the exception of the diagonal
bracing at the bottom of the superstructure; and the
kite turns out to be strong, light, and a steady flyer.

I have flown this kite in a calm by attaching the
cord—in this case a Manila rope—to a galloping horse.
Fig. 18 shows a photograph of the kite just rising
into the air, with the horse in the foreground, but the
connecting rope does not show. Fig. 19 is a photo-
graph of the kite at its point of greatest elevation, but
the horse does not appear in the picture. Upon releas-
ing the rope the kite descended so gently that no
damage was done to the apparatus by contact with the
ground.

Fig. 20 shows a modified form of the same kite, in
which, in addition to the central boat, there were two
side floats, thus adapting the whole structure to float
upon water without upsetting.

An attempt which almost ended disastrously, was
made to fly this kite in a good sailing breeze, but a
squall struck it before it was let go. The kite went
up, lifting the two men who held it off their feet.
Of course they let go instantly, and the kite rose stead-
ily in the air until the flying cord (a Manila rope
% inch diameter) made an angle with the horizon of
about 45 deg. when the rope snapped under the strain.

Tremendous oscillations of a pitching character en-
sued; but the kite was at such an elevation when
the accident happened, that the oscillations had time
to die down before the kite reached the ground, when
it landed safely upon even keel in an adjoining field
and was found to be quite uninjured by its rough ex-
perience.

Kites of this type have a much greater lifting power
than one would at first sight suppose. The natural
assumption is that the winged superstructure alone
supports the kite in the air, and that the boat body
and floats represent mere dead-load and head resist-
ance. But this is far from being the case. Boat-
shaped bodies having a V-shaped cross-section are
themselves capable of flight and expose considerable
surface to the wind. I have successfully flown a
boat of this kind as a kite without any superstructure
whatever, and although it did not fly well, it certainly
supported itself in the air, thus demonstrating the
fact that the boat surface is an element of support
in compound structures like those shown in Figs. 17
and 20.

Of course the use of a tetrahedral cell is not limited
to the construction of a framework for kites and fly-
ing-machines. It is applicable to any kind of structure
whatever in which it is desirable to combine the quali-
ties of strength and lightness. Just as we can build
houses of all kinds out of bricks, so we can build
structures of all sorts out of tetrahedral frames, and
the structures can be so formed as to possess the same
qualities of strength and lightness which are character-
istic of the individual cells. I have already built a
house, a framework for a giant wind-break, three or
four boats, as well as several forms of kites, out of
these elements.

It is not my object in this communication to de-
scribe the experiments that have been made in my
Nova Scotia laboratory, but simply to bring to your at-
tention the importance of the tetrahedral principle in
kite construction,

[Dr. Bell’'s article is followed by an appendix of
over seventy illustrations of kites and structures used
by Dr. Bell.—E».]

[Continued from SuppLEMENT No. 1431, page 22927.]
ON ELECTRONS.*
By Sir OLivEr I.epce, F.R.S., Vice-President.
PARrT V.
DETERMINATION OF THE MASS OF AN ELECTRON.,

So far, all the measurements quoted have resulted
in a consensus of certainty respecting our knowledge
of e/m for gaseous conduction and radiation; and the
measurements made on the cathode rays in a Crookes
tube, or near a plate leaking in ultra-violet light, have
likewise given us a knowledge of their velocity, and
shown that it is about one-thirtieth of the velocity of
light, more or less, according to circumstances. But
so far no direct estimate has been made of either e or
m separately. The difficulty of making these measure-
ments is great, because we are dealing with an aggre-
gate of an enormous amd unknown number of these
bodies. It would not be difficult to make a determina-
tion of the aggregate mass of a set of projectiles, say
N m, where N is the number falling on a target in a
given time, by means of the heat which the blow gen-
erates; or better, perhaps, by the momentum which
they would impart to a moving arm after the fashion
of a ballistic pendulum, provided their velocity, wu.
were known, as in this case it is. The aggregate en-
ergy, ¥ N m 42 or the aggregate momentum, N m u,
could thus be found; but how is m to be separated
from N?

Again, if the particles are coliected in a hollow ves-

* Excerpt from a paper read before the Ingtitution of Electrical Engi-
neers and published in the Journal of Proceedings of the Institution,
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sel attached to an electrometer of known capacity, it
is not difficult to estimate the total quantity of electri-
city which enters the vessel in a given time, that is to
say, to determine N e; but, again, how are we to dis-
criminate e from N?

We may consider the following quantities experi-
mentally determined, by researches carried on at the
Cavendish laboratory and elsewhere and so far already
described or indicated:

e/m
u

Nee
N m

See ante, Part 111, for measurements of these quan-
tities for the case of cathode rays.*

Another thing that is comparatively easy to deter-

F14. 4.—THIS FIGURE CORRESPONDS CLOSELY
WITH Fia. 2, PArT 111, ONLY THAT A LAYER
OF WATER REPLACES THE WIRE GAUZE.
THE VESSEL WAS ATTACHED TO THE
EXPANSION APPARATUS Fie. 3.

mine, especially in such cases as leak from a negative
surface under the action of ultra-violet light, or the
conductivity of air induced by the impact of Rontgen
rays, is the total current transmitted, viz., the quantity
N ew the quantity of electricity conveyed per second.
Measurements of this quantity have been made not
only by Lenard{ and Righii and Thomson,§ but in
various gases by Rutherford,|| now professor at Mont-:
real; by Beattie] and de Smolan at Glasgow, by Zel-
eny,** of Minnesota, by McClelland{{ on hot gases
from flames, and by McLennan,{i of Toronto.

Prof. Zeleny in particular measured the velocity by
a safe and direct method of making the particles fly
against a wind down a tube, and observing the rate of
the current of air which was just able to withstand
their progress, these measurements constituting a

Fi1a. 3.

A is the vessel in which the fog is formed whose rate of fall is to be meas-
ured by Mr. Wilson's method as uged by him for the ienization pro-
duced by X.ravs. The vessel A4, containing some water, is in com-
munication with a vessel C through the tube B. Inside C is a thin
walled test-tube P, which serves as a piston. D is an India-rubber
stopper closing the end of tube C.. A glass tube cennects the inside of
the test-tube P with a space B. This space may be put in connection
with an exhausted space F through the tube H. The end of the tube
H. inside the space B, is ground flat, and is closed by an India-rubber
stopper I, which is kept pressed against the tube H by meaas of a
spiral spring. The stopper I is fixed to a rod K ; by pulling the rod

lown smartly the pressure inside:the test-tube Is lowered, and the
piston P falls rapidly until it strikes against the India-rubber stopper
D. The falling of the piston causes the gas in A4 to expand ; the
tubes R and 8 are for the purpose of resulating the initial pressure,
Before an expansion the piston P is raised by a trifling ameant of air
introduced through T, and the clip S is closed. Then, when every-
tbing is ready, K is pulled, and the cloud forme in 4.

satisfactory confirmation ¢f Thomson’s and Ruther-
ford’s more indirectly inferred results.

If only it were now possible to count the corpuscles
or electrons, to determine the number N which are
started into existence, or which enter the hollow ves-
sel, or which take part in conveying the current in
the case of a leak by ultra-violet light, we should no
longer have to guess at the actual value of ¢ and of m
separately, but should have really determined them.

*J. J. Thomson, Phil. Mag., October, 1897.
+ Wied. Ann., vol. 63, p. 253.
1 Rend. della R. Accad. dei Lincei, May, 1896.
§ Phil. Mag., November, 1896.
| Ibid., November, 1896, and April, 1897.
9 Ibid., June, 1897.
** Tbid.. July, 1898.
++ Ibid., July, 1898.
1} Phil, Trans., vol. 195, p. 49, 1899.
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This brilliant research has actually been carried out
by Prof. J. J. Thomson, sy means of a method partly
due to Mr. C. T. R. Wilson, supplementing a fact dis-
covered by Mr. Aitken, and interpreted in the light of a
hydrodynamic theorem arrived at long ago by Sir
George Stokes.

I must be excused for waxing somewhat enthusi-
astic over this matter; it seems to me one of the most
brilliant things that has recently beem done in experi-
mental physics. Indeed I should not take much urging
to cancel the “recently” from this sentence; save that
it is never safe for a contemporary to usurp the func-
tion of a future historian of science, who can regard
matters from a proper perspective.

The matter is rather long to explain from the be-
ginning, and I must take it in sections.

Aitken and Cloud Nuclei.

First of all, Mr. John Aitken, of Edinburgh, dis-
covered in 1880 that cloud or mist globules could not
form without solid nuclei, so that in perfectly clear and
dust-free air aqueous vapor did not condense, and
mist did not form.

Without solid surfaces, in clear space, vapors could
become supersaturated; but the introduction of a nu-
cleus would immediately start condensation, and ac-
cording to the number of nuclei, or condensation cent-
ers, so will be the number of cloud globules formed.

Every cloud or mist globule is essentially a minute
raindrop, not floating in the least, but falling through
the air—falling slowly because it is of such insignifi-
cant weight and is moving in a resisting medium—
but falling always relatively to the air. A cloud may
readily be carried up by a current of air, but that is
only because the air is moving up faster than the
drops are trickling down through it. No motion of
the air disturbs the relative falling motion; the abso-
lute motion with reference to the earth’s surface is the
resultant of the two.

The fact that nuclei are required for mist precipita-
tion can be proved by filtering them out with cotton
wool, and £nding that as the nuclei get fewer the mist
condensation differs in character becoming ultimately
what is called a Scotch mist, such as forms in fairly
clean air; where since the dust particles are compara-
tively few, the centers of condensation are few also,
and accordingly each has to condense a considerable
amount, so that the drops are bigger, and not nearly so
close together; wherefore they fall quicker like very
fine rain. In perfectly clean elaborately-filtered air
the dew point may be passed without any vapor cem-
densing, and the space will remain quite transparent
in spite of its being supersaturated with vapor.

The reason for this effect’ of, and necessity for, nuclei,
is well known in the light of IL.ord Kelvin’s theory con-
cerning the effect of curvature on surface tension, be-
cause the more a“liquid surface is curved the more it
tends to evaporate, and an indefinitely convex surface
would immediately flash off into vapor. Consequently
an infinitesimal globule of liquid cannot exist; vapor
can only condense on a surface of finite curvature, such
as is afforded by a dust particle or other body con-
sisting of a large aggregate of atoms. For it must be
remembered that a single grain of lycopodium powder
contains about a trillion atoms, and a dust particle
big enough to condense vapor need not consist of more
than a billion, or perhaps not more than a million,
atoms, and need by no means be big enough to be vis-
ible. It is, however, material enough to be stopped by
a properly packed cotton-wool filter.

J. J. Thomson and Electrical Nuclei.

In 1888 it was shown by J. J. Thomson, in his book
“Applications of Dynamics to Physics and Chemistry,”
p. 164, that electrification of:-a body would partially
neutralize the effect of curvature, and so assist the
condensation of vapor on a convex surface.

Consider a drop of liquid, or a soap-bubble; the effect
of the convexity of the surface is to give a radial com-
ponent of surface tension inward, causing an increased
pressure internally. The effect of electrification is
just the opposite; it causes a direct pressure outward,
which goes by the name of the electric tension.

They are differently affected by the size of the glob-
ule; hence at some size or other they must balance,
and such an electrified convex surface will behave as
if it were unelectrified but flat. Accordingly vapor
which would refuse to condense on an ordinary convex
surface, until far below the dew point, will begin to
condense on it, if sufficiently electrified, the instant
the dew point is reached.

The critical size at which the ionic charge enables
a sphere of water to act, as regards condensation, as
if it were flat, can be reckoned by equating the pres-
sure to the tension.

This is proved to- be of atomic magnitude, so that
ions can condense vapor; and anything smaller which
possesses the same charge can condense it still more
easily.

In moist air, therefore, it would appear (parentheti-
cally) as if electrons could hardly exist isolated, but
must be associated with at least an atomic mass of
matter.

Accordingly an electric charge assists vapor to con-
dense; and a sufficient electric charge might cause it
to condense on quite .a small body—as small even as
an atom, or smaller. Hence in the presence of electri-
fied ions or electrons, dust particles are not necessary
for condensation. Vapor may condense on these elec:
trical nuclei without the need for solids of finite curva-
ture. The electrical nuclei cannot be filtered out by
cotton wool; they will exist or can be produced in
dust-free air. No doubt if they are passed through a
great amount of metal gauze they may be diminished
in number, but they are not easy to get rid of excent
by their own diffusion, which does ultimately enable
them to pair off or to migrate to the sides of the ves-
sel. They can be got rid of, most easily, however, by
electrolyzing the air, that is to say, by supplying elec-
trodes maintained at a few volts difference of potential.
They will then immediately make a procession, as in
electrolysis, only with much greater speed, because
their motion is much less resisted or interfered with
by chance collisions; so they will soon reach and cling
to their respective electrodes, and in that case again
no true mist can form. '

While ions or electrons are present in considerable
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