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MOVEMENT

one of the phases of reduplicated footsteps. The
third is that of a runner. The periods of contact
are short, and separated from one another by intervals

Fig. 5, —Chronographic record of the periods of contact of the feet of o man executing
VATIOUS paces.

during which neither

foot is in contact with the ground

—a period of suspension. The fourth tracing is one
of a man running at a greater speed, the periods of
contact are shorter and the intervals longer.

Record of the Rise

—

|

Fia. 6.— Special apparatus for
recording the contacts of a
horse'as feet with the ground ;
a transmitting tube effects a
communication between the
air chamber and the chrono-
graphic tambour,

and Fall of the Four Feet of a
Horse in its Various Paces.—For
some time past specialists gifted
with immense powers of observa-
tion have set themselves the task
of determining the real character
of the various paces of a horse
from observations on the se-
quence of the beat of the feet.
The use of the word beat 1m-
plies an attempt to recognize
from the sound of the footfalls
the sequence of the moment of
contact, the question of dura-
tion being neglected. Moreover,
the sense of hearing is above
all others capable of appreci-

ating intervals of time. The effect has been tried









TIME 11

same time as the posterior left leg, the horse is
trotting (third record). It is thus seen with what
simplicity the ordinary paces of a horse may be
recorded both as regard sequence and duration.* Paces
that involve a springing movement, ¢.e. the various
forms of galloping, can be analyzed with equal facility
in spite of their greater {*erlrluun
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F1a. 8, —Three records of the paces of a horse : amble, walk, and trot,

FFig. 9 1s the record of the ordinary triple-beat
E’ﬂ;]lnp, w.e. that in which the combined fall of the
hoofs produces three sounds appreciable to the ear.
The diagram shows how the three sounds are produced.

The simple interpretation of this written record is
that, in A, the first sound is made by the left hind
foot. The second by the simultaneous fall of the left
fore, and of the rlght hind foot. The record demon-
strates still another fact, for, in B, it can be seen by
what feet the body is at any moment supported. Tt
is clear that at first the weight falls only on one leg,
then on three, and then successively on two, three,

* In this record we have represented the trot as a walking pace,
this is an exceptional eage. The ordinary trot is a form of running,
and its graphie record shows a moment of *suspension,” as in the
ense of a man running.
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and one. In the final stage, the horse is momentarily
poised in the air before it again comes down on the
left hind foot.

The Record of the Fingering of a Pianist.— The
facility with which chronography can be applied to
the most complicated movements of irregular sequence
and duration has encouraged an attempt to record
movements so complex as to defy the observation of
the most practised, namely, the movements of the
fingers of a pianist on the keyboard of his instrument.

Under each note on the keyboard of a harmonium
is placed a tiny pair of bellows, and each of the latter
is in communication by means of a special tube with

3 TEMPS
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Fig. 9.—Triple-beal gallop. A indicates the exact position of the three beals.
B indicates the number of feet by which the horse is supported at any particunlar

moment during a triple-heat gallop.

a corresponding pair, which in turn are connected
with a tracing needle. The series of needles are placed
in a row, and are arranged in the order in which the
different notes suceeed one another in ordinary musie,
namely, in an ascending scale of musical pitch. All
these needles trace their record on a strip of smoked
paper which is moved by clockwork. Finally, a comb
with five teeth inseribes the stave on which the various
notes are written and recognized by their respective
positions in relation to it. The duration of the sound
is expressed by the length of the stroke. Semitones
are distingunished by two tiny parallel strokes, instead
of a single broad one.*

* This method of notation has been made use of by M. V. Tatin in
a very able manner.
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At one of the scientific soirées at the Sorbonne,
during a conference on animal movement,” one of our
associates, a celebrated organist, kindly played some
pieces of music which recorded themselves before the
eves of the audience, and of which we here ju_l'i".'{_i two
L‘*:\;atm]nlm (Fi 10, A and B). Every one who is

=

Fic. 10, —Record of two airs played on the keyboard of a harmonium.

accustomed to read ordinary music will easily decipher
these examples; they only differ from the ordinary
score by the way in which the duration of the note
is expressed. Instead of the conventional method of
expressing the duration of different sounds by minims,
crotchets, and quavers, and the duration of silence
by rests and crotchet-rests, the graphic method conveys

* See La Nature, 5th October, 1878,
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occupied by a particular part of a bird’s wing during
the act of flight, and that this particular part is the
tip of one of the quills, called “remiges.” Now, such
a quill, by reason of its flexibility, would be incapable
of giving the necessary motive power to an apparatus
for recording the trajectory of flight; and, further, this
point is inaccessible because birds only fly freely at
a certaln distance from the observer. A black crow
may be used in the experiment, and a small piece of
white paper may be fixed to the exfremity of one of its

Fig. 13.—Trajectory of the tip of a crow's wing. A brilliant spangle attached to the
gecond of the remiges follows the path indicated by the small arrows. In the lower
part of the fipure a straight and horizontal arrow shows the direction of flight.

longest “remiges.” The bird is then allowed to fly
in front of a dark background, towards which a photo-
graphic camera is directed. Since the entire field of
the object-glass is dark, that is to say, the bird and its
background, the sensitized plate can receive no light
except that which is reflected by the small piece of
white paper, which is illuminated by the sun. The
image of this white spot will leave a record of its
track on the sensitized plate. In this way Iig. 13 was
obtained, the arrows indicating the direction of flight.

Stereoscopic Trajectories.—1The trajectory of the
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Movements of a Straight Line in Space. Photography
of the Solid Figures formed thereby: Cylinders, Hyper-
boloids, Cones, ete.—A straight line, which 1s moved
i various ways on a plane surface, covers the latter
with a variety of configurations, or else, if attention
1s paid only to the various positions which 1t oceupies
at certain moments, these positions can be expressed

( ;J HHrSE " .J":-:‘ﬂ J.F £

FiG. 14.—Stereoscoplc trajectory of a brilliant point placed at the level of the lumbar
vertebrae of a man walking away from the photographic camera.
as geometrical figures, which can be transferred to
paper ; but if this straight line moves in the three
directions of space it describes surfaces, the projec-
tions of which can only be represented by perspective
drawing. In such cases recourse must be had to
diagrams in relief, which have the advantage of giving
beginners a clearer notion of solid forms. By means
of threads stretched between metal armatures, one can
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placed still more obliquely—in fact, if it touches the
axls at one point—the figure deseribed will be a
cone.

Photography, with a dark background, is especially
adapted for demonstrating the construetion of cones
and hyperboloids; and, further, it clearly shows the
relations which these two kinds of figures bear to
one another.

An indefinite number of images can be taken on

W
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Fig. 15.—Cylinder engendered by the Fia. 16.—Hyperboloid by revolution :
digplagement of a white thread mov- a single web engendered by the
ing round a central axis. revolution of a thread set obliquely

to the axis.

the same plate. No sooner has one image been taken
than another can be superimposed; the second im-
pression is just as good as the first. This method was
employed in the production of Fig. 17. After having
taken a photograph of a hyperboloid by revolution,
the dark slide was closed, and the thread arranged so
as to describe a cone: the slide was then opened again,
and the image of the cone obtained. The two pictures
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thus superimposed show the hyperboloid on the out-
side and its asymptotic cone inside.

Conoids.—If the white thread, instead of revolv-
ing round the axis,
as in the experiment
which we have just
been reading, has im-
parted to it at one
extremity a rotatory
motion, while the other
extremity moves in a
straight line, one ob-
tains, according to the
relationship of the two
movements, different
sorts of conoids, of F16. 17.—Hyperboluid by revolution with its
which Fig. 18 is one FAREMILeTIR <
example.

Movements of a Curve in Space. Photography of the
Figures which it forms: Spheres, Ellipsoids, etc.—Among

3 Fic. 19,—Sphere engendered by
Fig. 18,—Cunoid engendered by the move. the rotation of a semi-annular
ment of a white thread. white thread.

the forms arising from the movements of a curve, the
most easy to produce is a sphere ; it is obtained when
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a semicircular wire of white metal rotates round a
vertical axis, which is also its diameter. Fig. 19 is
the projection of such a sphere on a plane surface.
(The immperfections of the figure are due to the fact
that it is impossible to impart perfect regularity of
curvature to the wire which constitutes the semicirele.)
It i1s unnecessary to multiply examples of figures

Fig. 20.—Sphere engendered by the rotation of a semi-annular thread.
{Stercoscopic images.)

Fig. 21.—Hyperboloid and its asymptotic cone. (Stereoscopic images.)

generated by the movement of curves, such as ellip-
soids, paraboloids by revolution, ete.

In order that these ficures of three dimensions may
be rendered more intelligible, we have reproduced
them in the form of stereoscopic pictures by the
following proceeding.

Stereoscopic Pictures of Figures of Three Dimensions.—
We must provide ourselves with a stereoscopic camera
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with two objeet-glasses of equal foecal lengths. The
mountings of these objectives must be cleft by a deep
slot, perpendicular to their axes; and within this slot
there must rotate a diaphragm perforated by two
openings, which are diametrically opposite to one
another. This diaphragm rotates at a uniform rate,
and simultaneously uncovers the two objectives; during
each complete revolution of the diaphragm the
objectives are twice uncovered. A mechanical motor
turns the cirenlar diaphragm, and, by means of a pulley

F1a. 22.—Sphere engendered by the rotation of a semi-annular band, white on the
outer surface and black on the inner side,

and continuous band, the same motor serves to turn
the axis and the white threads. The latter, by their
movements, describe the desired figures.

Figures formed by the Movement of Solid Bodies;
Effects of Light and Shade.—Instead of the fine thread,
which has just served our purpose for describing the
surface of a sphere in space, let us take a solid body;
the appearance of the figure described will be quite
different. A band of Bristol board is arched length-
wise, its convex surface blackened, and its concave
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[n reality we are dealing with a hypothetical figure,
which finds no counterpart in Nature. Such hypo-
thetical figures are still more strange, when, instead

(Stereoscopic images.)

F16. 23.—Sphere engendered by a semi-annular band, white on both surfaces.

of dull substances being f*ml:]u'-.'(‘*l in thewr construe-
tion, a lirr]h]lf*ﬂ material is made nse of which tr'uh
reflects the sun’s rays from certain points of its surlace.
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Fig. 24 was obtained by allowing a semicircular are of
polished brass to rotate round a vertical axis. There
1s for each position of rotation only one particular
spot on the polished
metal arc from which the
incidental rays of the sun
can be reflected into
the body of the camera.
Now, as this bright spot
changes 1its position, it
1s sometimes on the con-
vex side and sometimes
on the concave side of
the metal arc. It is the

Fra. 24.—DParadoxical appearance of a . 4 s -
gphere engendered by the rotation of 11131}13{3{3[11@11{, Df t]_ug ]unn_

a brilliant metallic thread. -
nous spot which traces the

complete rings on the opposite portions of the sphere.
In order more clearly to understand the causation of this
peculiar appearance, we must have recourse to stereo-
scopic figures, with an intermittent series of images,
Such figures show that in each position certain portions
of the surface of the semicircular arc are dark, that
is to say, do not transmit light in the direction of the
photographic apparatus; on the contrary, other points
are brilliantly illuminated, because in this position
they are “set,” so to speak, so as to reflect the sun’s
rays. These curious effects can never be caused by a
real body. The form and position of the illuminated
spots on the sphere can be varied at will by changing
the direction of incidence of the luminous rays.

The mathematical study of these diverse effects
would be, perhaps, rather complicated ; in any case, it
would afford a very limited amount of interest. It
was necessary, however, to mention them, because in
the course of our studies, we shall meet with analogous
forms, produced by the movement of certain hodies.
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their extremities. It is in this way that the arterial
pulse, as it alternately raises and lowers the lever,
demonstrates in different patients the condition ot the
circulation.* When a movement is on too large a
scale to be recorded in its actual size, it must be

SRR
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F1g. 28, —Enlarged tracings of the pulse in different diseases.

reduced before transmission to the recording needle.
There are several ways of doing this, the following are
the most usual methods. The movement can be
reduced by allowing it to act on the longer arm of a
lever, while the writing needle is placed on the shorter.

* See The Cireulation. Paris, G. Masson, 1881,
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tume-curve of the distance traversed results from
the combination of these two movements. Figs. 81
and 32 show the details of the apparatus. A strip of
paper, the length of which is about one metre, passes
between cylindrical rollers which advance it a distance
proportional to the space traversed by the moving

Fic. 31.—Details of the odograph. The strip of paper, which has already received
a tracing of progression and rest, can be clearly seen in position. One needle has
completed its journey, and a second, in its turn, is just about to commence.
The needles, to the number of five, are arranged at a distance of six centimetres
from one another, along a steel band which passes round the two rollers G by
means of clockwork., At B can Le seen the extremity of the shaft which imparts

the movement to the rollera.

body. Each revolution of the wheel, representing a
distance of three metres, will advance the wheel of the
cylindrical rollers through a distance of one cog. This
is effected by means of a crank which runs along one
of the handles of the wheelbarrow. During this time
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the strip of paper will have progressed a very short dis-
tance, -1 millimetre for mstance. It will have com-
pletely passed through the rollers at the end of a run of
iy o m » =

30 kilometres. The needle, which writes on the paper,
is made of brass, and the paper itself is coated with a
layer of white zine, and called “ papier couché,” in the

Fia. 32, —The instrument is seen obliquely from behind. The dial of the clock is
visible. The strip of paper is in position between the rollers, and the needle is in
the act of tracing. The tecth of the comb bave already imprinted hourly sub-
divisions on the yaper. At B the end of the shaft acts by means of a clapper on
a ratchet-wheel, which in its turn controls the movement of the rollers by means

of an endless gcrew.

trade. On this latter the brass leaves a very fine and
clearly defined track. It never wears ont like a pencil,
neither does it require ink like a pen. To obtain a
curve of the movement, the needle must have imparted
to it a imiform motion by means of elockwork, and it
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laws of motion.” In order to make it more easy
to take measurements from this photograph, the
original plate is enlarged, and the different positions
of the falling body are obtained on a convenient scale.
Let us.draw a horizontal tangent to the ball in each
" of its positions. The distances fallen during the various
periods since the
‘commencement of
the fall will then
be seen 1in series,
and it will be ob-
served that these
distances 1increase
as the square of the
time. For instance,
the distance tra-
versed during the
second period of
fall, that is to say,
after the second
exposure, 1s four
times as much as
‘that which was tra-
versed in the first
period.

If one wishes to :
construct a time- Fi6 34.—FPhotography t{:;it:lr:e movement of a falling
curve of the dis-
tance traversed, the sheet of paper should be divided
by vertical lines at equal distances. At the inter-
sections of each of these lines with the horizontal
tangents a mark is made (a dot in the centre of a
circle). The curve E, which joins all of these marks,
is & parabola, and represents the time-curve of a body
moving at an uniformly accelerated rate.

The curve of velocity can be constructed by marking
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at regular intervals of time, an interrupted trajectory
will be obtained (lower curve, Fig. 36). 'This repre-
sents the successive positions assumed by the moving
object at each moment when light is admitted. This
is the chronophotographic trajectory. In this method
the intervals of time separating two images are of
constant and known duration.

To obtain the best possible results, the object must
be brightly illuminated and the background absolutely
dark. The duration of the exposure must be very
brief, in order that the object may not move an ap-
preciable distance during a single admission of light.

e PR RS gy,

Fic. 36, —Simple trajectory and chronophotographic trajectory of a bright ball

moving in front of a dark background.

The original form of the chronophotographic appa-
ratus was very simple. It consisted of an ordinary
camera and lens. Within the body of the camera, m
front of the plate, a fenestrated diaphragm was fixed.
This rotated at a perfectly uniform rate by means of
a crank and regulator. The sensitized plate was held
in a frame and fixed in a position so that the object
was focussed accurately upon it. As each slit in the
diaphragm came into position, the plate received an
impression of the illuminated object, representing the
actual form and position of the object at that particular
moment. Now, as the object became displaced between
successive exposures, a series of impressions was ob-
tained exactly corresponding to the shape and position
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measured. Such chronophotographic pictures contain
the two necessary elements for understanding a move-
ment, namely, a notion of space as well as that of
time ; nevertheless, as we shall see, it is often difficult
to harmonize two such incompatible notions without
having recourse to certain expedients.

Influence of the Extent of Surface covered by the
Moving Object.—If the object under observation covers
only a small surface in the direction of movement, a
large number of images may be obtained without super-
position or confusion, as, indeed, we noticed n the case

Fig. 37.—A man walking, Chronophotography on a fixed plate.

of the moving ball. As far, then, as time is concerned
we have a very complete picture, whereas that of space
is very restricted.

Now, if we take a series of images of a man walking,
the question of space becomes a most complicated one.
Each image must be spread over a considerable surface
if it is to show the various positions assumed by the
head, arms and legs. Now, the larger the space covered
by the image, the smaller must be the number that
can be taken on one plate without superposition and
confusion. With a large animal, a horse for instance,
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the number of images has to be very limited, for the
length of each, measured in the direction of movement,
1s 80 great that they readily overlap, as in Fig. 38.

Fic. 38.—Arab horse at a gallop. The large surfuce covered by each image canses
almopst complete superposition.

Influence of the Rate of Movement.—In different
speeds of translation, the number of images which can
be taken in a given time without producing confusion,
increases as the former become greater. This may
be proved by comparing a series of images of a runner
(Fig. 39) with those of a man merely walking (Fig. 37).

Fig. 39.— A man running. Chronoplistography on a fixed plate.

The figures of the runner are much further apart,
although the frequency of exposure is the same in both
cases. If the runner were to come to a standstill, the
images would become superimposed. Sometimes such
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His photograph showed two particular attitudes clearly
defined, and from them Fig. 40 was produced; the
latter shows the boxer preparing for a movement, and
his position immediately after completing it. The
intermediate phases of movement were so rapid that
they left no appreciable impression on the plate.

Fig. 41.—Man dressed in black, with white lines and points for the chronophotographic
study of the movement of the important parts of the body.

Geometrical Chronophotography.—This confusion from
the superposition of images sets a limit to the applica-
tion of chronophotography on fixed plates, yet in
many cases, by means of certain appliances, this
difficulty may be overcome. The most obvious method
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consists in artificially reducing the surface of -the
object under observation. Such parts of the object
as are not wanted in the photograph are blackened
and thus rendered invisible ; on the other hand, those
portions, the movements of which are to be studied,
are picked out in white. Thus a man dressed in black
velvet (Fig. 41), with bright stripes and spots on his
limbs, is reproduced in the photograph as a system ot
white lines, which indicates the various positions
assumed by the limbs. In the diagram thus obtained

P & & & ® § & . @
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FiG, 42.—Images of a runner reduced to a system of bright lines for representing the
position of his limbs, (Geometrical chronophotography.)

(Fig. 42), the number of images may be considerable,
and the notion of time very mmlﬂete, while that of
space has been voluntarily limited to what was strictly
necessary.

Stereoscopic Chronophotography. — In Chapter I11.
we discussed the method of obtaining stereoscopic
pictures of figures described by straight or curved
lines moving in space. A series of separate images
was thus obtained, that 1s to say, they were produced
by intermittent exposure of the objective. This was
done with the double n:ﬂuert of explaining the method
of producing figures in velief, and of showing the
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Only five different positions can be represented in a
single series without confusion. Now, thanks to the two
series, which are the complements of each other, the
number of images is doubled, and the succession of
movements represented by them can be followed by
lrﬂ-‘Hi]l”‘ alternately from the odd to the even number
m the natural uulm*. as 1s indicated by the small arrows
in the diagram.

Fig, 43, —Alternating images for multiplying the number of positions afforded by
C]Iri_r]tl'lllllr)tl.:gl'i.l||h}'-

It is almost unnecessary to add that these images do
not constitute a stereoscopic series, for they are taken
suceessively, and the single slit of the {hfl]rhi'ﬂ:rm never
exposes more than one of the two photographie plates.

Separation of the Images on the Photographic Plate.—
When the object, of which successive images are to be
taken, confines its movements to one particular spot,
confusion and superposition are bound to occur. This
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them. These diaphragms rotate in opposite directions,
and as two foramina pass each other an exposure
occurs, and the plate is illuminated. By this arrange-
ment we can employ dises of small size, and conse-
quently greatly reduce the total dimensions of the
apparatus. In fact, the dimensions need not exceed
the size of an ordinary (24 x 30) camera. The shaft,
which determines the revolution of the diaphragms,
receives its own motion from wheels, which are worked

F1g, 48, —Dark slide for negative,

by a crank. At present, however, we have no space
for a detailed description.

Now, in focussing, the position of the slide must
vary considerably, and the two parts of the apparatus
must be more or less separated from one another.
The shaft must therefore be able to accommodate
itself to these changes in distance, and for this reason
is composed of square tubes, which slide one within
the other with what is techmically called a telescopie
action.

Erection of a Dark Background for Chronophoto-
graphy.—The principles of chronophotography on
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In front of the opening there is a track paved with
blackened wood, along which, when it is necessary
to analyze any particular kind of movement, the man
or animal is made to walk. Theoretically, an indefinite
number of images may be taken in front of a dark
background without any impressions of outside objects
appearing on the plate. Practically, when several
hundred successive images of a luminous object have

s = S L g S e, e e e L e T W R
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Fra. 49.—Arrangement of the dark background at the Physiological Station. In front
of it there is a small chamber running on rails for keeping the apparatns, Above
the dark hackgronnd a framework is arranged for holding the camera at a distance
of 12 metres, when it is necessary to photograph from above,

been taken, the plate sometimes appears “fogged”
in the areas which correspond to the dark background.
This proves that a small quantity of light emanates
from this source. The appearance of “fogging ™
curtails the duration of development, and diminishes
the intensity of the image. The slightest reflection
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mirror so set that it reflects the sunlight vertically
upwards through the tank. Thus illuminated, all
objects floating in the water appear bright, but the
water itself, if quite clear, is perfectly invisible. It
only now remains to form a dark background by
placing a black velvet curtain behind the transparent
portion, and to prevent the enfrance of any outside
light. This is done by means of a light rectangular

e '!
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Fia. 60.—Dark background for the study of movements occurring in liguids.

framework, pyramidal in form, and covered with a
black material. The base of the frame envelopes the
glass tank, and the other end receives the object-glass.
An opening made near the top allows the experimenter
to watch what is going on in the water, and to seize an
opportune moment for taking the photograph (Fig. 51).

Photography of Light Objects in Darkness or in a Red
Light.—No dark background is needed at night-time,
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Ballistic EK]JEI‘imEHts.—[_lhlw|1m}r]]u’['-:r;;‘]'u]Jh1.' can re-
cord the path taken by projectiles which travel slowly,
and can show that the behaviour of such bodies is in

FiG. 55.—T1he successive positions of a projectile in respect to two axes, one vertical,
the other horizontal.

accordance with the shape and the character of the
propelling force. When a round projectile is thrown
in a horizontal direction, the course taken is obviously
parabolie ; it is, however, affected by the resistance of
the air, as will soon be shown. If the projectile de-
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Fig. 56.— Stick thrown horizontally with a rotatory movement in a vertical plaue.

parts from the circular form; if, for instance, it 1s a
stick which is thrown in a vertical plane with a rota-
tory motion, the images of the stick will be found to
lie in all directions, but the centre of gravity, i.e. the
middle of the stick, will follow a parabolic course (Iig.
o6 ).
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in such a way that the eylinder itself did not appear
in the photograph. The eylinder was lifted out and
somewhat sharply plunged again into the liquid, and
meanwhile a series of photographs was taken, repre-
senting the phenomenon at the commencement of the
operation. At first there was a progressive series of

Fig. 60.—Chopping waves of very short period.

depressions visible along the surface of the water,
corresponding to the moment at which the eylinder
was lifted up, and then a marked upheaval at the
moment the ecylinder was again plunged into the
water. This uinhpmul travelled along with diminish-
ing amplitude, more or less 111’[0111113&(1 by smaller

FiG, 61.—Advancing wava,

secondary waves, which advanced with the primary
one. The velocity of the wave could be estimated
by measuring with a scale the distance travelled by
the summit uf the wave during the period of one-tenth
of a second, which 1ep1esentml the duration of the
interval between each successive exposure. Progres-
sive waves showed incomplete contours when the
chronophotographic method was adopted, and that
was because the hinder surface of the wave was the
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best marked, and sometimes indeed the only portion
visible.* .
Intrinsic Movements of Fluid Waves—A number of
the bright beads previously spoken of should be
thrown into the tank and the water disturbed, so as
to create either waves or a chopping condition. The
trajectory of these beads in different parts of the

FiG. 62.—Molecular movements within a simple chopping wave.

waves can then be seen in the photographs, and
consequently the intrinsic or molecular movements
which oceur in the same situations. In Fig. 62 is
represented the appearance of a simple ﬂhnpphfg wave
as viewed from the side. Within this wave the mole-
cules are seen oscillating, vertically in the ventral seg-
ments, horizontally at the nodes, and obliquely in the

Fia. 63.—Molecular movements within a series of chopping waves of short period.

imtermediate positions. To follow the phases of this
movement with greater facility the waves should possess
a very short period, for there the molecules may be
seen describing curves, the centres of which are at the
nodal points. These facts confirm the analytical
studies of my colleague Boussinesq.

* It seems that, owing to the advance of the wave, the meniscus
disappears from the advancing surface of the wave, that is to say,
from the anterior side.
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discovered that the various currents reached the obstacle
in a more or less oblique direction, and that near the
lower edge of the inclined plane the currents divided
in conformity with Avanzini’s theory. At the back
of the obstacle the behaviour of the currents was
variable. The velocity of the molecules in the different

Fia. 64.—Changes in velocity and io direction which occur in the liguid molecules of
a current which meets an inclined plane.

parts of the basin must be deduced from the distance

which separates any two consecutive images.

The latter are sometimes fused together in the form
of a continuous trajectory, and thus demonstrate the
sluggishness of the current. On the other hand, when
widely separated, the intervening distances can be
measured with a scale. Iach interval represents /1
of a second in time, and hence the absolute velocity

Fra. 65.—Effects produced on a eurrent by the immersion of a solid rectangular box

of the stream can be calenlated. It is equally easy
to determine the behaviour of the currents when they
meet obstacles of different shape. For instance, if a
rectangular box is placed in the stream (Fig. 65), of the
same width as the tank, and provided with a glass top
and bottom, the currents which meet it become deflected
from their course, and pass with increasing rapidity
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above and below. DBehind the obstacle they form a
number of eddies. We have also investigated the
effect of a current of water coming in contact with
a body of pisciform shape, that is to say, a solid body,
the section of which tapers off unequally at the two
extremities.®

Fic. 88.—A current meeting a pisciform body at its thick end.

Experiments of this kind demonstrate in the case of
fish the mechanism of swimming. "They might also be
useful for ascertaining experimentally the shapes which
offer least resistance, either in the case of bodies 1m-
mersed in flowing water or of those moving in still

Fia, 67.—A current meeting a pisciform body at its small end.

water. The conditions, according to most authorities,
are reversible,

The extent to which eddies oceunr, or, in other words,
the loss of energy, may be regarded as a measure of
the resistance offered to bodies immersed in a current.

* In order that the light might pass up through such a body, the
sides were made of ebony, and the superior and inferior surfaces of
celluloid—the contour of a fish being preserved throughout. 'The
light which passed through the layers of celluleid was sufficient to
illnominate the bright beads which happened to pass above the
obstacle, and consequently their images appeared in the chrono-
plll:i}mgmphit: negatives, and showed the paths taken by the various
eadales.

H
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Now, it can be seen that if a fish-shaped body
presents its thick end to the moving water the
currents track along the sides, thus minimizing the
deviation of the stream (Fig. 66); but if the direction
of the current is reversed, so that the water comes in
contact with the pointed end, the water having passed
the midship-frame, falls into strong eddies (Fig. 67).
This experiment confirms the opinion already held, that
a “pisciform ™ shape is the most favourable one that
a fish could possess, since the water offers very little

Fia. 68.—Flnid wave surmounting an obstacle.

resistance to such forms as have the pointed end at
the posterior extremity.*

When a strean: rushes violently against an opposing
obstacle situated near the surface, the water rises up
in a heap, and falls down on the other side in a cascade.
This transient phenomenon, the details of which are
not visible to the eye, can be registered in all its
phases by chronophotography, and in a photograph
the successive phases of the heaping up of the water,
as it comes in contact with the obstacle, are shown by
the variations in the water-level, while the bright beads
serve as an index of the molecular movements in the
depth of the basin. This brief enumeration of the
applications of chronophotography for the analysis of

* Chronophotography might, it appears to us, be applied to the
study of movements in air when one wanted to find the resistance
offered by a body of particular shape to a current of greater or less
velocity. ~ For this purpose a number of light and luminous objects

would have to be get floating in the air.
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happens in the case of jointed pendulums. The alter-
nating swing of our lower extremities in running and
walking is also of this nature, for while the thigh
swings from the hip joint, the leg swings from the
knees, and the foot from the ankle. The movements
which act and react upon one another produce very
complicated results. Fig. 69 shows how echronophoto-
oraphy can reproduce all the details.

The Vibration of Flexible Reds.—A distinguished
officer in the French army occupied in studying pro-
blems in ballistics, was anxious to discover whether
the transverse vibrations of the barrel of a gun were

Fia. T0.—VYibrations of an elastic and wooden rod.

transmitted to the extremity of the weapon. He was
under the impression that, in vibrations of this kind
occurring in flexible rods, they were equally felt along
the entire length, and that even in the last segments
the vibrations still oceurred in the form of curves.
The experiment, made by means of chronophotography,
showed that this was not the case. Transverse vibra-
tions imparted to a rod were represented at the terminal
segments as rectilinear discursions (Fig. 70).

The Rolling of Ships.—The so-called “rolling ™ of
ships presents a very complicated series of problems,
involving, as it does, not only the oscillations of the
boat itself, but also the movements imparted to it by
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the planet Venus as it passed across the sun’s dise,
and for this purpose our learned colleague constructe
his astronomical revolver. This instrument contained
a circular sensitized plate, which at stated intervals
rotated through a small angle, and at each turn

Fic. 71.—Facsimile of the print of a photographic plate obtained with the astrono-
mical revolver of the transit of the planet Venus across the sun, Dec. 8, 1874 (by
M. Jangsen),

received a new impression on a fresh portion of the

plate.

The phuh_sgrﬂlrh (F1g. 71) which was obtained by this

means consisted of a series of images arranged in a

circular fashion ; each image represented a new position
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Fi1a. 74.—The photographic gun,
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The gelatine plates, sensitized with bromide of silver,

Fia. 76.—Details of the interior of the photographic gun.

on which the photographs were taken, were cut with a
diamond to a circular or octagonal shape, as is shown

at the butt end, is a large eylindrical breech which contains the clock-
work mechanism. The axis of the breech is seen projecting at B.
When the trigger is pulled the wheels begin to rotate and transmit
the necessary movement to the different parts of the instrument. A
central axis, which revolves 12 times in a second, controls the move-
ment of all the individual parts of the apparatus. In the first place
(Fig. 76), there is an opaque metal dise provided with one small
opening. This disc constitutes the shutter, and only allows the light,

which passes throngh the objective, to gnin an entrance 12 times in a
ﬂemnd and then only for a period of )5 part of a second. Behind
the first disc there is another provided with 12 openings which
rotates freely on the same axis as the first, and behind thege, again,
there is room for the sensitized plate, which may be circular or
octagonal in shape. This fenestrated disc should rotate inter-
mittently go as to come to rest 12 times in the second just opposite the
beam of light which penetrates the instrument.
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by the resistance of the air, as is shown in Fig. 79:
but in the majority of cases the images are too small
to stand enlargement.

To obtain larger images, certain authors, among
others, M. Londe and General Sébhert, have constructed
an apparatus furnished with multiple objectives, the
shutters of which open in succession, But such a

F16. 78,—Photograph of a gull during fiight. Reproduction by means of Heliogravure
of a cliché obtained by means of the photographic gun,

multiplication of objectives is productive of serious
difficulties. DBesides making the instrument very
costly, especially if objectives of good quality are
used, photographs are produced which, taken from
different points of view, are incapable of comparison,
This is not the case with photographs of small

dimensions taken at a short distance. These cameras
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period of exposure, and again advance with a jerk. A
series of photographs of fair size can be taken in this
way.

The size we chose was 9 centimetres square, exactly
the right size to fit the enlarging camera, and by
which they could be magnified to convenient propor-
tions. Now, as the continuouns film might be several
metres in length, the number of photographs that
could be taken was practically unlimited.

Arrangement of the Chronophotographic Apparatus.—

Fig. 80.—Internal structure of the photographic chamber.

The necessary elements for taking successive images
on a continuous film are united, as we have said, in the
apparatus already known to the reader. The back
part of this apparatus has a special compartment, the
photographic chamber (Fig. 80), in which the sensitized
film is carried. To admit light, all that is necessary is
to substitute for the frame which carries the fixed plate
another frame provided (Fig. 81) with an aperture, the
size of which can be varied at pleasure. This is the
admission shutter. At each illumination the light

1
£
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the different parts acquire a uniform speed, but the
film remains stationary until the moment when the
observed phenomenon takes place. At this juncture
the operator presses the trigger, the film begins to
move, and the photographs are taken as long as the
pressure is maintained on the trigger; as soon as the
pressure is remitted the progress of the film is arrested.
The employment of this trigger makes it possible to

FrEa———

F1a. 85.—Two successive photographs taken on a sensitized film. The image on the
left is taken without arresting the onward movement of the film at the moment of
exposure; that on the right is taken with the film at rest.

continue taking photographs until the bobbin is
exhausted.

Shape and Size of the Photographs.—The shape and
size of the photographs should be in conformity with
the character of the subject, so as to utilize to the
best advantage the surface of the film. For this
purpose the opening of the admission shutter should
be regulated to meet the requirements of the case, and
the position of the apparatus correspondingly altered.
Thus the photograph of a man in an upright position
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Fia, 86.—8word-stroke. The geries must be read from below upwards.
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Fi16, 88.— Arrangement of the odograph and of the track at the Physiological Station.
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(Chironophotography on a fixed plate.)

F1G. 92 —Spccessive phases of a long-jump.
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Fig, 85.—Fencing. Read from below upwards,
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is no doubt about the decision. Fig. 111, for instance,
shows that a man in running assumes at certain
moments lmﬂitimvs mc-n-ﬂ}' like those represented i
the old masterpieces.®

FiG. 111,—Instantaneous photograph of a ronner: the position of the legs is the same
as that of the man on the extreme left of the foregoing illustration.

[t is quite easy to prove that runners never appear
in the positions adopted by certain modern artists,

* One sometimes sees on a Greek vase a group of runners in the
most curious positions. It is a perfectly familiar fact that a man in
running or walking always swings the corresponding arms and legs in
-:-pp{:mtp direetions. The wrrvs[mnﬁmg‘ arm and leg move, go to prn,L
in diagonal association. Now, on the Greek vase the arm and leg
hulnuging to the same side are represented ag moving in the same
directions. Now, was this style of running, which is somewhat
suggestive of the ambling of quadrupeds, really practised on the
ancient race-course? or is it a mistake on the part of the decorator
of the vase? This is a question we are unable to answer. Such
a style of running is quite different from that now practised; yet
at the same time it does not appear physiologically impossible. It is
certainly a question worth considering.
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who seem to forget that ene of the characteristics of
running, and even of walking, is to maintain a
continuous position of unstable equilibrium. We
must not, however, spend time on these reflect 1018,
for by ecriticizing the details of works, which are
excellent in other respects, we may expose ourselves to
the warning, “Ne sutor, ultra crepidam.” We will
only remark that among the infinite variety of
attitudes shown by chronophotography in 1'Egist;::rin;:
all the phases of a movement, there are {:ertﬂinl}:

Fi16. 112.—A man walking ; successive positions afforded by chronophotography on
fixed plates.

some which might be accepted by artists without
transgressing the laws of eesthetics, and an interesting
variety might be given to such representations. Thus,
in Fig. 112, in which a nude figure is represented as
walking, a series of attitudes is shown, amongst which
several could be introduced into a work of art; and so
with many other series of the same kind.

In these pictures artists would also find a faithful
expression of the action of the muscles, which show the
conditions of contraction or relaxation by the degree
of prominence. Now, these two opposite conditions
of the museles are closelv associated with each
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phase of the movement in which they take part. The
standing out of muscles in action has, so to speak,
an individual expression, just as is the case with the
facial muscles, and if most subtle physiological know-
ledege could be applied in all cases, it might be said
that the modelling of a limb could not only express
the action of the time being, but could suggest to
a certain extent its immediate successor.

Some interesting experiments of M. Demeny show

Fig. 113.—Chronophotographic illustration of a ronner.

that the extension of an arm in striking, if it is to be
complete, must be accompanied by the total relaxation
of the flexor muscles. The latter muscles, however,
come into play, if the movement of extension is to be
arrested. As, for instance, in the case of a man
preparing to strike, without the actual intention of
delivering the blow.

In the four following figures, the expression of the
outstanding muscles varies according to the nature of
the preceding movement, although the final attitude
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by the aid of such photographs, to the representation

FiG. 119. —Statuette made from chronophotograplis.

of men in the act of running just at the moment when
the feet come in contact with the ground.
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(From a chronophotograph on a fixed plate.)

A sword throst.
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dance. Iig. 122 shows the same woman draped 1n
a cloak, and twning round in a sort of valse. M.
Maurice Emmanuel, who is bringing out an important
work on the dances of antiquity, asked us to take
mstantaneous photographs of certain attitudes, such
as he moticed on some of his bas-reliefs and Greek
vases. On looking at these photographs one cannot
help recognizing a sort of general suggestiveness of

Fic. 122.—Imitation of the attitudes of a Greek dance, and of the fall of the drapery.

the particular movement of the dance by the fall of
the drapery.

TEven the successive phases of a dance may be
followed in a series of chronophotographs, but the
narrow limits of this book only allow us to offer a
few examples (Fig. 121).

It is easy to see what a variety of attitudes could
be obtained on a long film. And these could show
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of the two men \‘.'H]']ciu;_[' one behind the other. The

K ]

_:i':-:'-'?'.-f-':"l'?ﬂ'f.ff'..-"ff?ﬁ'rif e R

Ly s By

- i)
L mmmmm

FigG, 123 —5ynopiic chart of & horse’s paces according to different autborities.

No. 1. Ordluary amble according to all No. 5. Hnli:!:u'}']m-::m:uw:n:wl_iﬂj:ini‘i-'-u]t-':-',
authorities. Vincent and Goiffon, Solleyscl,

Amble rompis (racking :lml]]n-::-, Colin.

No. 2 { according to Merche, No. 6. Ordinary pace, according to Haabe,
Pas relevé, according to Bouley. No. 7. Loose trot.

Ordinary going pace of a horse, No. 8. Ordinary trot. (In the figure, it is
according to Mazure, supposed that the animal trots
No. 3. { Racking amble, according to without ever leaving the ground,
=i Louley. which only rarely happens. The
‘ Traguenard [racking pace), ac- notatiom only takes into com-
cording to Lecoq, sideration the rhythm of the

No. 4. Ordinary pace, according to Lecodq. beats.)

steps more or less alternate or correspond, and the
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united movements reproduce the gait of a quadruped.
Now, if one of these men for a moment slackens or
hurries up his rate of walking, and then continues as
before, the relationship will be changed, and the net
result will be an alteration in the quadrupedal pace.

Fic. 124,—Transition from walking to trotting. Chronographic record, read from
left to right.

This is why a soldier, who in marching has got out of
step, gives a little hop to regain the time.

We have recorded some of these transitions by
means of chronography. Thus Fig. 124 represents such
a transition from walking to frotting.

Independently of the general acceleration of beat,

PR - P

R it A
== =]

Fi16, 125, —Transition from trotting to walking.

this transition is effected by an anticipatory movement
on the part of the hind feet, thus the fall of the left
hind foot PG, which in walking occurred practically
during the mid phase of rest of the right fore foot AT,

"‘ PEAT
T PRI D o S}
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(= e 2

Fra, 126.—Transition from trotting to gallop (three-time).

gradually assumes a position less and less in advance
of the fore foot, and finally the two coincide. At
this movement a trotting step is established. That the
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are not superimposed, and the hind foot does not reach
the impression of the fore foot.®

Representations of the Attitudes assumed by a Horse
in its Different Paces as shown by Chronography and the
Footprints.—It ought to be possible, by combining
the two ideas of time and space which we already

Frg. 129.—Representation of a walking horse, designed from a chronographic chart
and from the footprints.

know, to represent with accuracy the attitude of a horse
at any given moment during one of its paces. Vincent
and Goiffon were also of this opinion ; their remarkable
book on the subject was designed as much for artists

* These tables are taken from a treatise on the subject by Vincent
and Goiffon; those of galloping are borrowed from Curnien, the latter
are reduced to a smaller scale, so that one line may contain three
complete steps of a gallop. To make the sequence in beat intel-
ligible, the impressions of the feet which strike the ground simul-
taneously are united by a diagonal and dotted line.

0
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as for horsemen. With
the aceurate know-
ledge afforded Dby
chronography, which
revealsthe exact phases

of rest or motion of

each of the legs of a
horse, combined with
the knowledgeafforded
by the hoof-marks, we
possess all the data
necessary for construct-
mg a perfectly aceu-
rate representation.

An artist familiar
with equine pacescould
easily give a fairly
correct attitude of an
animal, but very often
the representation de-
viates  considerably
from the reality. This
1s what has been
proved by instan-
taneous photography
of equine paces.

To prove satisfac-
torily  that chrono-
oraphy combined with

the measurement of

the hoof-marks is not
sufficient for the deter-
mination of the real
attitudes of the horse,
we will give an ex-
ample in the form of

QUADRUPEDS
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foot reaches the I!'I'HH]III till the same foot r--nu|1||l.-tt-.-
another step.

These images, when enlarged (Figs. 133 and 134),
cain in clearness what they lose in detail. This is one
of the disadvantages of this method of reproduction
which is required in typography, but in impressions

F1G. 133. —Horse walking (enlarged).

with thick ink the enlarged images still retain the
detail.* Only three characteristic photographs of a
ealloping horse are represented in one series, and
these correspond to the three beats of the movement,
namely, the first, second, and third. The transitions
and the changes of foot produce very elegant attitudes

* We propose, in I Atlas de Ihysiologie artislique, to give a few
series of photographs of the horse in its various paces.
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(Figs. 136 and 137), among which, no doubt, artists
will find some of which they can make good use.

The Uses of Photography in showing Marked Charac-
teristics in the Forms of Animals.—In artistic repre-
sentations, correctness of attitude is not all that is
required. To this must be added correctness of form,

Fie, 134.—Horse walking (enlarged).

without which a movement cannot be successfully
represented. Artists of remote antiquity appear to
have acquired a knowledge of some of the paces, if not
of the most complicated one, namely, that of walking.
On looking at Figs. 138 and 139, examples of an ambling
pace will be seen accurately represented.* Tt is of all

* These and most of the following figures have been borrowed from
the Duhousset collection. They appeared in La Nature.
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paces the easiest to observe on account of the

Fia. 135.—Horse at a canter, The series must be read from below upwards.

symmetry of movement; it i1s what i1s observed in
the case of the ordinary gait of large animals, such as
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camels and elephants; but beyond the accuracy with
which the attitudes of the limbs are rendered, the execu-
tion otherwise is heavy, and the perfect synchronism of
movement on the part of the two horses in the bas-
relief of Medynet-Abou looks very ridiculous.

Yet more massive and unnatural is the horse repre-
sented at a walking pace in Fig. 140, but it shows that

Lis
L
-
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Fig. 136.—Transition from trot to gallop.

in Assyrian art there was even in those days a con-
siderable knowledge of the movements of a horse, for
the walk is, as we said, the most difficult pace to un-
derstand, and the one most often incorrectly drawn.

In ancient art, however, we sometimes meet with
very correct ideas regarding this pace. First we have
(Fig. 141) a bas-relief of the Volscian period ; then two
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ionres on 'l rajan s column, a horse and rider (Fie, 142) -

and a pack-mule (Fig. 143). -
Irotting, which is so often represented in modern

works, seems rarely to figure in that of the ancients
Albert Durer sometimes gave an example of it

s el

Fra, 1287.—Changing step in a gallop.

shown in Fig. 144. Then there is the classical horse
of Henry IV. on the Pont-Neuf (Fig. 145).

As for galloping, it is, perhaps, the most familiar
pace in Greek art. The Parthenon frieze offers
numerous examples of it. DBut there is little variety
in the particular phase chosen by the school of Phidias
to represent the movement. It is nearly always the
first beat of the gallop which is represented, that is to
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the skeletal bones. This was a troublesome task, on
account of the number of joints, and because the images
of the hind-quarters were superimposed in thrmv of the
fore-quarters. "With the assistance of Dr. Pagds, we
have constructed diagrams of the movement of horses
at different paces, although the individual trajectories
of the various parts are occasionally rather complicated
(Fig. 148).

In galloping, chronophotography demonstrates very

F1a. 147.—Horse prepared for experiments wilh geometrical chronophotographs.

strikingly the part played by the elastic flexor tendon
in breaking the shock of the hind foot as it strikes the
ground, for at this moment the foot supports the entire
weight of the body.

One of our figures shows that the fetlock executes an
alternating movement. The extent of this retrograde
movement at the moment of contact is very consider-
able in long-limbed horses. This explains the easiness
of their action. All this shows the advantages of
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a flower by its stem, and there 1t executes movements
which are so slow that they almost escape observation.
But if separated from its attachment, and irritated by
means of a rod, it soon begins to throw its arms about
in a rapid manner—movements which result in its
removal from the unwelcome object. As in the case
of the jelly-fish, the direction of movement corresponds
to the long axis of the body; by inclining its cup

Fic. 150.—Movements of the bell of a medusa, The first position is the first of the
upper series on the right; the last position is the one on the extreme left of the
lower series.

obliquely, it can alter the direction of progress. In
the case here represented (Fig. 151), the animal was
trying to rise from the bottom of the aquarium.

The following is the method of propulsion. The
arms of a comatula are ten in number, five invariably
move upwards, and five downwards; two neighbour-
ing arms never move in the same direction. Those
which rise upwards approach the axis of the body,
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those which descend recede from it. Sometimes in the
phase of npward
movement, the fine
processeson the arm
canbe seen flattened
down against it by
the resistance of the
water. In the phase
of downward move-
ment, the same pro-
cesses are separated
out, become visible.
and meet with re-
sistance from the
water, which thus
acts, as i1t were, as
a fulerum to assist
the animal in its

locomotion.
Locomotion by
means of Undulatory

, and Lateral Move-
ments : Eels.— Eels,
and fishes of a simi-
lar shape, progress
m a horizontal
direction by means
of an undulatory
motion of their
bodies. To observe
thismovement satis-
factorily, the ob-

== server should place
Fig. 151.—Comatula executing movements at the

bottom of the agquarium. The series must be read ]11[:1"15-36“ ﬂbﬂ"n‘& f}lf‘
from below upwards, H,HID]EL]. S SpEC‘-lﬂ]

kind of aguarium is required for taking chrono-
photographs.
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Fig. 157.—I'hases of the movements of a star-fish in turning itsclf over. Series of
images to be read from below upwards,
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I]izll this bhone 4]4*:-:1-1'111[-11 round the shoulder .:]'liH[ il
cone with an U”i[rlit':i] base, and that the |;n|.—41|‘l"l||]' F'i|,’,{+‘
of the wing was raised as the wing was depressed.
This was due to the resistance of the air. After the
phase of depression was over, the feathers, by reason
of their resiliency, returned to their natural position,
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Fic. 160, —Myographic curves taken from different birds in flight. Line I, chrono-
graphic curve 100 vibrations to the second. Iine IT, tracing of a pigeon’s muscle.
Line III, duck’s muscle. Line LY, buzzard’s muscle. Line ¥V, hawk's muscle,
In all the tracing the undulations & correspond to the elevation of the wing, and
the undulations b to the descent.

so that during the period of the rise the under surface
of the wing was turned slightly forwards.
Chronophotography applied to the Study of Flight.—
It might be urged that the apparatus which was fitted
to the bird could modify the character of its flight.
So no sooner had we devised the chronophotographie
method than we made use of it to control the results
obtained by purely mechanical means. The results



PUOoas A1) 03 saSvm] 01) SFPITMNOU] PUAl 3 JENTL 83113 ~ +1omo0] L[PATSE30INS SaUI00aq J Ul 813 118] : =
v} A1 moxy Supeas uy Ay Jjo Lyprdel 91 AVUIIED 03 BUO I[N ‘yrede o119l auo oI OTIAL ‘SJUJ[ [WOIMAA-AG], “onp ¥ JO Iq3J—"Z91 917

i
—
—_
=

ianp (nd v jo uoneaysnyl omdeadojogdoaoigg—







AERIAL LOCOMOTION

.t_.u._ﬂ._..“: .f_:__._:.L S} a3nmijss oy ..p:n__w...h__.__m 1 Samin UOTIRIISILT 213 JO pand MO 2] U1 ]88 Sljaml § "oaarn v o u;w_.___.__|.m.5_. I |




284 MOVEMENT

Photographs of Birds taken from Different Aspects.—
If one is dealing with a movement which is quite
mvisible to the unaided eye, a single series of photo-
graphs taken only from one point of view is usually
quite insufficient ; it does not give an accurate idea of
the movement at any particular moment. Therefore,
it is desirable to take photographs from one or two

different angles. For instance, one photograph should
be taken as the bird is flying towards the camera ;
another as it flies across it; and a third should be
taken from above, with the camera looking down-

l"rr:*li.l*'light of a pigeon. The plmmgrﬂh is taken from above (chronophoto-
graph on a fixed plate, 25 images to the second).

wards. Fig. 164 shows a photograph of a pigeon
taken from above. The camera was directed vertically
downwards at a distance of 12 metres from the bird.
In spite of the confusion resulting from so many
images (25 to the second), the curious positions of the
wings at different moments are clearly shown. The
various positions can easily be distinguished after a
little practice in interpreting the meaning of this kind
of photography.

Chronophotography on Moving Films.—To take a
large number of images per second without confusion,
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noticed that the character of the sonnd continually
changes. By close attention, the sound can be dis-
tinguished as of a higher pitch when the fly approaches
the observer, and of lower pitch as it recedes. This
suggests that there must be an alteration in the
frequency of the wing vibrations. The phenomenon
may, however, fairly be compared to the apparent
variations in shrillness of the whistle of a moving train.
As the train rushes along, the whistle seems to become
shriller when it approaches, and deeper when it recedes.
This acoustic phenomenon has long ago been ex-
plaimed. However, if we hold an insect lightly in a
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FFra. 168.—The two top lines are produced by the contacts of a drone's wing on a
smoked cylinder. In the middle are recorded the vibrations of a tuning-furk
(250 vibrations per second) for comparison with the frequency of the wing move-
ments,  Below are seen the movements of the wing of a bee.

pair of forceps it may be shown that when its wings
vibrate the sound produced is practically uniform.
Mechanical Registration of the Movements of Wings
in Insects.—The movements of the wings of a captive
insect may be recorded directly on a revolving cylinder.
If the eylinder previously be blackened with smoke
the slightest touch will remove the black and expose
the white paper beneath. Fig. 168 was obtained in this
way, and shows several interrupted lines traced by the
wing of a drone. The tracing was obtained as follows :
The insect was held between a pair of forceps in such
a way that the extremity of its wing only just came in
contact with the surface of the cylinder, and mn so
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Now, in moving to and fro, the w ing struck the cylinder
alternately with the hairy and smooth surface, which
proved that the wing underwent a change in inclina-
tion. This fact is important to bear in mind, for it
materially elucidates the mechanism of fli ght. Such
is the information derived from recording insect move-
ment by means of mechanical methods.

The attempt might be made to obtain the trajectory
of the extremity of the wing by a similar means. .

But the wing, moving as 1t does in all sorts of
directions round its thoracic articulation, deseribes a
spherical figure, the whole of which could not possibly

FiG. 169.—Movements of the wing of Macroglossus of cheese rennet on the surface
of a smoked cylinder.

be traced on anything else than the inner surface of a
sphere. The contact of the wing with the surface of
the cylinder could only take place to a very small
extent. Consequently another method must be em-
PI{'}}EE] for obtaining the tm]LLtur deseribed in the
air by the extremity of the wing.

Trajectory of the Extremity of the Wing.— Remember-
ing the fiery tracks left upon the retina when a
luminous object was waved in front of the eyes, we
fastened a spangle of gold-leaf to the extremity of a
wasp’s wing.. The insect was then seized with a pair
of forceps and held in the sun in front of a dark back-
ground. We then watched the luminous trajectory
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which shaped itself in the form of a lemniscate, [Fig. 170,
The ficure 8 would exactly express what we saw, and
the resemblance was the more complete because, in the
trajectory thus described, one of the limbs seemed

Fig. 170.—Appearance of a wasp flying in the sun. The exiremity of the wing is
gilded.

larger and brighter than the other. In describing this
appearance we ignored, or omitted to mention the fact,
that Mr. Pettigrew, in England, had noticed the same
appearance in a flying insect, which gave rise on his
part to claims of priority of discovery. Nevertheless,
we may remark that the method of formation of the
figure described by
the wing of an insect,
according to Mr.
Pettigrew, 1s quite
different from our Fig. 171.—The trajectory of the anterior and pos-
{:unf:eptiun. A ﬂﬂDl‘d- :f:n:;?; 11?;'::3:1 Fﬁettl':?g:?-:fj%. of an insect during balf
ing to the English

authority, the anterior border of the wing deseribes one
limb of the lemniscate while the inferior border de-
scribes the other. In Fig. 171, which is borrowed from
his work, the arrows indicate a complete reversal of the
wing surface in a simple movement from left to right.

-
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According to our view, on the contrary, the extremity
of the wing describes each limb of the lemniscate in
succession, in a dual motion from left to right, and
then from right to left. Meanwhile the surface of the
wing is variously distorted by the resistance of the
air. In Fig. 172 dotted lines indicate the direction
of this distortion which eould never amount to a com-
plete reversal. Now,
the mechanical theory
which can be deduced
from this optical figure
depends entirely on the
manner in which the

wing 1is supposed to
Fig. 172.—Trajectory of the anterior order of

the wing during a complete oscillation llﬂ"fE fIESGr“JGd it. .ﬂ.ﬂ‘-

(Marey)., The small lines which are set iyl : .
obliguely in various directions represent the Gﬂldlng to Mr. Petti-

inclinations of the surface of the wing. gl‘Eﬁ"S t]]EUI‘}T, the Tevo:
lution of the wing is active and due to the contraction
of muscles. According to our theory, the change in
inclination of the wing is passive and brought about by
the resistance of the air, for it is only the posterior
part of the wing that is distorted, the anterior part
being kept straight and stiff by a rigid nervure. The
importance of a correct interpretation of the figure
described by an insect’s wing is very great, because the
explanation of the mechanism of flight depends upon
it. We have, however, no desire to weigh the respective
merits of the two theories, we only wish to enumerate
the experiments by which we have demonstrated our
OWIL Views.

Experiments -for determining the Direction taken by
the Wing in course of Movement, and Explanation of the
Mechanism by which the Alteration in Inelination is
effected.—The optical method, namely, that of deter-
mining the movements of the wing by the impression
left on our organs of sight by the gold spangle fastened
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We succeeded in obtaining a photograph of the
gilded wing of an insect, uhuil though not absolutely
at liberty, could fly at a comparatively In;,;ln rate of speed.

Photography of the Trajectory of the Wing.—The
following is the arrangement we adopted for our experi-
ments. A wooden box one metre square and 0:25
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F16. 174.—Insect flying round and round in front of a dark background.

metre deep, was lined throughout with black velvet.
At the bottom of the box a central dise, supported by
a footpiece, was placed in position: the periphery of
the space was covered with a white material, leaving
between it and the central dise an annular track covered
with black velvet (Fig. 174). It was round this annular






250 MOVEMEN'T

But althoueh our 1i][‘n]‘}.’ may be generally true,
there are still certain details which remain to be
elucidated. TFor instance, in what way does the flicht
of one insect differ from that of another, and what
function do the balancers subserve? Those singular
organs which from the point of view of mlu}ull‘a&‘[iﬁ'r
anatomy would seem to be undeveloped wings, appear
to be indispensable for the flight of dipterous insects.
[t occurred to us that these and many problems
could be solved by chronophotography, if it only
enabled us to catch a momentary view of the insect’s
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F16,176.—Schematic arrangement for illuminating insects when studying their flight.

wing during its flight. DBut one can imagine that
the exposure would have to be very short to procure
a well-defined photograph of an insect’s wing, when
an exposure of 5\ of & second is too long in the
case of a bird’s, although in the latter instance the
movement is much less rapid.

Further, it 1s not improbable that with such a short
exposure, the time would be insufficient to imprint a
definite image on the plate. In order, then, to diminish
the period of exposure the fenestrations of the rotary
diaphragms must be made very small, and the light
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that is thrown on the insect very concentrated. Iig.
176 is a general scheme of the arrangement we
adopted. In the first place, it will be noticed that
there is a parallel beam of light travelling from right
to left, and directed by a heliostat towards the prineipal
optical axis of the object-glass. This beam of light is
condensed by a lens* (¢) behind which the insect

LY b

Y b,

Fig, 177.—Chronophotographic n]ipnrntil:ls%:::ril;nnged for studying the natural flight of
can be seen between the points of a forceps. The
condensed beam of light traverses the first lens of the
object-glass, and the rays are brought to a focus at
the circular diaphragms ; at the moment two fenestra-
tions coincide the rays can pass through and illuminate
the field of the movable film, in the middle of which
a silhouetted image of the insect stands out in bold

* The foeal length of this lens should be at least double that of
the objective.
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of the aorta, and curves round, so as to pour its
contents into the veinous reservoir.

In following the chronophotographic images which
correspond to the successive phases of the cardiac cycle,
the series must be read from left to right. It will be
noticed at once that in the first position no blood is
passing into the veinous reservoir through the arterial
tube, the ventricle is consequently relaxed (diastole).

The positions, 2, 3, 4, and 5, show a jet of blood
flowing into the reservoir, the ventricle is therefore

Fie, 197. —Seven successive photographs of a tortoise’s heart with artificial circula-
tion. The serfes must be read from left to right. They are taken at intervals
of 7y of a second, In each member of the series the auricle is on the left and the
ventricle on the right. From the 2nd to the 5th image the ventricular systole may
be recognized by the stream of blood which pours into the venous reservoir.

contracted (systole). Finally, positions 6 and 7,
in which the jet of blood can no longer be seen,
represents a fresh diastolic period. The same phe-
nomena continue indefinitely, and pursue the same
sequence of events as already described.

The series of positions might, therefore, be transposed,
with No. 1 immediately following No. 7.

As for the heart, nothing but the contour can be
seen, and this indicates the alternate dilatations and
contractions of the auricle and ventricle.
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is the first to be arranged, and this is carried out by
means of the knob B, which controls a rack, and finally
by the long rod v, which turns a micrometer serew.
The microscopic object-glass O is then brought to
bear upon the preparation.
The rays from the object then cross a square metallic

p -
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i

Fra. 200.—Special apparatus adapted to chronopholography for studying the move-
ments of microscopic specimens,

box behind the lens, and finally traversing the wooden

box, and the bellows attached, reach the ground glass

of the image chamber.*

From the side of the metallic box the tube of a
microscope runs obliquely, and is provided with an
ordinary eye-piece. By an arrangement invented by
M. Nachet, the image can be projected either on to

* For the deseripticn of this chamber refer back to p. 116, Fig. 80,
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mgenious toy invented by Platean at the beginning of
the present century, and to which he gave the name of
“ Phenakistoscope.”

The original form of this instrument was a play-
thing which delighted us as children ; it was destined.

Fie:. 202.—Disc of a phenakistoscope, showing the different phases of movement of a
gull's wing.

however, one day, to be used for more interesting
purposes. The phenakistoscope consists of the follow-
ing parts, a cardboard dise perforated at equal distances
round the periphery by small slits. One side of the
dise is blackened, and on the other a series of images
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in all the successive phases of its wing movement,
The illusion was complete, and a flying bird could be
seen flying round and round the apparatus; sometimes
flying away from the observer, sometimes across, and
sometimes towards him.*

Scientific Applications of Plateau’'s Method.— All these
applications would be simply childish if they were

Fig. 203 —Zootrope, with figures of a gull in relief, and in the successive attitudes
of Aight.

limited to the reproduction of phenomena which could
be observed by the eye in the case of living creatures.
They would be attended, in fact, by all the uncertainties
and difficulties which embarrass the observation of the
actual movement. In a bird, for instance, the wings
could only be distinguished as an indistinet mass, just

* This zootrope with solid figures is still preseived at the Physio-
logical Station.
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for brief intervals by an arrangement of fenestrated
tlia,pln':igms, as used in chronophotography. The short-
ness of the exposures, and the perfect working of this
apparatus, represented the images as nmmovable, and

-
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Fia, 204.—Demeny's pliotophone,

they appeared exactly at the same spot, in spite of the
rotation of the disc upon which they were placed.*

These photographs give such a perfect representation
of speech that deaf mutes accustomed to read the
movements of the lips have been able to recognize
the words spoken by the person photographed.

* This instrument was deuisg-[l&d by M. Domeny, and ecalled the
“ Photophone " (C. R. de I' Academ/ie des Seiences, July 27, 1891).










































