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TaEe paper published in the last Annual Report, con-
taining extracts - from * Lectures on the Phenomena of
Flight in the Animal Kingdom,” by M. Marey, of the College
of France, was translated and contributed to the Society by
Mzr. T. J. Bennett.

A more detailed franslation has been called for, in
compliance with which we must almost absorb, if not exceed,
the space allotted to the Annual Report for 1872 ;—

TrE MOVEMENTS OF THE WING OF INSEQTS.
#* ** #* #* * +

We have begun to study the motions of the wings, and the first
question which presents itself is the frequency of these motions. On
this point direct observation is of little assistance ; the acoustic method,
which consists in determining the frequency of the strokes of the wing
by the pitch of the buzzing of the insect is more efficient, but we have
seen that even the principle of this method has been contested, and thab
its application presents difficulties. The graphic method yemains to be
considered, This method consists in making the wings themselves
record the strokes which they execute. When an insect is held in
captivity by force which it cannot overcome, after trial it ceases
a useless resistance ; it resigns itself and abstains from all efforts to
escape, its wings remain immovable, and in this way the observer who
hopes to study. their motions finds himself disappointed. But there are
diigereuti methods of awakening the iusect o its original activiby ; ib
ig sometimes sufficient to pinch the antenn lightly ; this irritation of a
very sensitive organ succeeds with the Macroglossa, Among tie wasps
the end may be attained by titillating the feet, or by holding them all
together with a pair of forceps, and then releasing them suddenly, excopt
one, by which the animal is held. The captive supposes that it is af
liberty, and makes an effort at flight, which lagts about thirty seconds,
or long enough to be observed. There is, however, another difficulty.
The captive insect, when willing, cannot fly like an insect at liberty,
because the external conditions are mot the same, It experiences &
greater resistance in proportion to the traction which it exerts upon the
bond which holds it ; to & free insect the relation is such as a boat held
by an obstruction bears to one sailing freely, or as a horse which drags
a load to one relieved from harness, 'TChis resistance modifies its
behaviour considerably, and obliges us to distinguish between the two
different conditions of free flight and flight in captivity. Ifis indispens-
able to establish these distinctions, in order to appreciate at their frue
value the results to which we are conducted by the graphic as well as
the other methods which we may employ.

The apparatus on which the wings record their motions is the

1 registering apparatus, consisting of a metal cylinder, covered
with smolked paper, to which a uniform rate of motion is imparted by
olockwork, t us suppose that, instead of the motions of the wings,

The movements of the wing of insects - page 1 sur 50


http://www.bium.univ-paris5.fr/histmed/medica/page?marey198&p=1

EBITh

o5 AERONAUTIOAL BOOIETY

we would simply register the oscillations of a vibrating-rod. For this
purpose the extremity of the rod is furnished with a little style, which
touches the blackened paper with its point, and, as the different parts
of the movable cylinder pass successively before the point, the soot is
detached from the Planea which it touches, and a trace produced. If
the rod is not in vibration, it makes a long white rectilinear trace
without sinuosities, a straight line which, rolled upon the cylinder,
constitutes a circumference, If it is in vibratory motion, its trajectory
will be a curved line, of which the sinuosities indicate all the
cireumstances of the motion, its phases of elevation, its depressions—
in a word, all its movements—and consequently all the oscillations
which the vibrating rod executes in space will be faithfully reproduced
on the paper. If we would ascertain the frequency of the oscillations,
it is sufficient to know the rate at which the cylinder revolves.
Ordinarily a tuning-fork is employed, of which the number of
vibrations ig previously known, as, for example, one hundred vibrations
per second. This is made to write its vibrations upon the registering
oylinder below the line traced by the vibrating rod, of which the number
of vibrotions are desired. The comparison of the two tracings shows at
once the number of the motions of the tuning-fork back and forth, that
is to say how many hundredths of a second correspond to one ogcillation
of the rod; the number of motions of the vibrating body during a
given time is thus known with great exactness.

Tt is not, however, as easy to obtain the tracing from the wing of
an insect as from a vibrating rod, and this for several reaons. In the
first place, it is very difficult to fix ab the extremity of the wing a
writing style ; however light it may be, the rapidity of the motion to
which it is submitted is sufficient in most cases to throw it off, If,
however, after many trials and much precaution we are able to retain it
in its place, a permanent cause of perturbation still exists from its very

resence, Under the influence of this incumbrance the extent and

equency of the strokes of the wing are evidently diminighed. 1t is
easy to convince ourselves of this, by taking a Macroglossa and ﬁﬁn%ii;
in the manner which we have previously desoribed, that is, immovably
between two strips of cork, by means of a pin. Looking down upon if,
we perceive the extreme limits traversed by the wing above and below,
which we have called the dead-points, 1f some substance is applied to
the surface of the wing, we see by the effect of this burden, in diminigh-
ing the play of the organ, the two limits of oscillation approach one
another, and the extreme upper position, which just now was almosh
vertioal, inclines towards the horizontal. We may finally remark that
it is only at the cost of considerable chafing against the surface of the
moving oylinder that we can obtain n complete tracing of the movement
of the wing. The wing cannot touch the cylinder, except during a very
short instant of ils stroke ; that is, the instant when the wing reaches
precisely the distance from the hody of the animal to the cylindrical
surface, The spherical figure which the margin of the wing describes
in spnee, cannot have more than one point in common with the blackened
oylinder, 'We can therefore only obtain, as the whole impression, a
series of points at more or less regular infervals; and, if a more
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prolonged contact is desired, it can only be by curving the wing and
folding it upon itself, and consequently the natural curve which the
organisation of the insect obliges it to traverse will be falsified and
altered. In any ecasc the friction against the blackened surface will
retard the motion, and although the retardation which it canses may be
neglected when it is opposed to bodies of large size, such as a tuning-
fork or a vibrating-rod, it cannot be when the vibrating object is the
delicate membrane which constitutes the wing of an insect. Again, the
friction, although exceedingly small, is found fully comparable with the
forces which come in play in the motion of the wing, and its intervention
notably alters the action of the latter. Experiment has confirmed these
views. In one ense an insect exccufing the motioms of flight, and
vitbbing its wings somewhat roughly agninst the paper, furnished 240
movements per seeond ; by diminishing more and more the contact of
the wing with the cylinder, there have heen obtained 282, 305, and 321.
[f, thercfore, we would have a faithful representation, it is necessary to
yenounce the idea of obtaining those heauntiful, regular, and continuous
lines which are produced by the tuning-fork or vibrating-rod, and content
ourselves with interrupted lines, half-strokes, represented hy fragments,
or even ouly isuluted dots, the periodical return in these incomplete
markings of definite forms permits uvs to infer the repetition of similax
oscillations, and hence to determine their frequency. The operation is as
follows : with o delicate pair of forceps we hold the insect by the lower
portion of its abdomnen, in such a position that one of its wings at each
movement shall lichtly touch the blackened paper. Each of these
touches takes off a povtion of the oot which covers the paper, and, as
the cylinder tmrns, new points incessautly present themselves to the
contact of the wing. A figure is thus obtained formed of a series of
points or short strokes of perfect regularity if the insect has been
maintained in a fixed position, '
We have obtsined o large number of these tracings in which the
wing has only touched the surface of the ragiat.erin% cylinder, and has
left only a point as a mark in each of its vibrations. I exhibit & number
of these, and trust as soon as the return of Spring permits us to
procure insects to show yon the experiments by which these tracings have
been produced. Those which you are now examining have enabled me

to determine the frequency of the strokes of the winge of the following
ingects :—

Strokes
per Second.
Comwmon fly G e o 330
Humble-bhee w240
Honey-bee ws " 5" 150
Wasp ... wr S8
Sphinx moth ( Maerogiosse ) (ot iy oo
Dragon fly ( Libelluln) ki w28
Cabbage butterfly e 9

Clertain authors have estimated this number of vibrations by the
acoustic method, but there is s notable discrepancy between the above
fignres and those which they have deduced from the pitch of the sound
that these insecte produce in flying, In the case of the common fly,
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T, Lacordaire has computed the number of the vibrations of its wings
at 600 per second, that is to say, twice as many 28 our figures exhibit.
Has there not been a misunderstanding here, as is frequently the case, in
the use of the word  vibration?"” Some persons wrongly consider the
raising and depressing of the wing as two vibrations, and reserve the

term. of “simple vibrations” for one or the other of these isolated

motions. On the contrary, if we follow the usage most generally
adopted, the two motions together, by which the body is again in its
original position, should be considered a8 a single vibration.

The previous observations which we have made on free flight, and
on flicht under restraing, somewhat curtail the range which we are
tempted to accord to these numbers. The animal, according as it
desires to move with a greater or less rapidity, can change, at will, not
only the extent of ita wing-strokes, but also, to a certain extent, their
frequency. Fatigue may exercise an analagous influence to that of the
will ; affer very rapid motions, the exhausted animal diminishes the
number of its strekes, which sometimes falls to a fourth or & fitth of its
normal value. It continues to relax them more and more until a period
of repose and reparation permits it to resume its usual flight; neverthe-
less, the examination of these numbers suggests some general
considerations. We have reason to think that each of the muscular
contractions which determine the drawing down of the wind is the
result of & single impulse ( Zuckung of the Germans), although in man
contraction is due to successive impulses, which are merged in one
another when they are produced more frequently than 30 times in a
pecond. Among insects thelimit of fusion of impulses iz infinitely more
remote, snd ends with leaving the wing immovable, in & sort of
permanent tetanic contraction. It is easy to assure ourselves of thia
by means of living insects, or better, by means of the artificial insect
which I have constructed. When the impulses become too rapid, their
extent diminishes; at this moment they no longer serve for the
propulsion of the animal, whose wings appear quite immovable or
merely agitated by a light tremor. N evertheless, the number of
muscular waves which the fibres of insects will ndmit without inter-
mingling, & number which in the fly amounts to 300 per gecond, forms o
physiological fact very inferesting to note. Among other animals the
limit is not so remiote ; among birds fusion is produced after 75 impulses ;
among mammals after 30, and among reptilia after only 4. These
differences correspond, in virtue of the relations which I have long ginoce
explained to you, to analagous differences in the rapidity with which the
elementary impulse traverses the muscular fibre of these different
animals. ‘The muscular fibre of the insect will then be characterised,
physiologically, by the .property which it possesses of furnishing a
considerable number of distinct impulses, as well as it is anatomically
characterized by its relative gize and its striation,

The graphic process which enables us to judge of the frequency of
the strokes, also permits us to show the perfect synchronism of the play
of the wings, For this purpose it is necessary to choose an insect of
which the amplitude of the wing-vibrations is large, so that in their
moment of greatest elevation they may nearly meet above the dorsal
region of the animal, If the insect is placed near enough bo the regis-
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tering oylinder, the dorsal region turned toward the blackened surface,
it is clear that at the moment when the wings approax:h each other they
will leave their traces on the paper, thus describing & series of loops and

curves, of which the perfect correspondence proves the synchromism of
the motions from which they originate.

Fig. 8,

Bimultancous tracings of the wings of a wasp in short flight. The perfect
gynchronism of the two wings will he observed.

Furthermore, we con convince ourselves that a sort of necessary
connection exists between the motions of the two wings. If we throw
an insect violently upon the ground, so that it is stunned and can no
longer execute volunbary.motions, we observe that, by producing
motions in one of the wings, the other follows, to a certain extent, the
injuries inflicted on its fellow, TIf ome of the wings of an insect is
depressed, the other also bends down ; if one be raigsed, the other elevates
itself. Certain species, capecially the wasp, lend themselves very readily
to this experiment. A.ccording to Chabrier, the author of an extensive
work on the mechanism of the flight of insects, synchronism cannot
fail to exist, 'This anthor considers the depression of the wing as the
only effective portion of the stroke; its elevation ia a passive
phenomenon due to the action of physical forces. In fact, after the
depression each dorsal arc of the thorax is deflected like & bent bow, and
when the musoular contraction ceases the bow springs back in virtne of
ita elasticity, and the wing is raised. Now, if the pressure did not act
simultaneously on the two extremities of the bow, it could not be flexad
as it is, and the mechanism, which we suppose, would be imposaible.
The reality of this synchronism is, then, & strong proof in favour of
this manner of understanding the motion of the wing.

After having determined, in a general manner, the frequency of the
vibrations of the wing, we seek to lnow the variation produced in the
number of these vibrations by agents capable of influencing the sotivity
of the animal, In the first rank of such agents must be placed heat
and cold. We know that warm dry weather is essential fo insects,
especially coleoptera, to enable them to fly well ; special observation
has confirmed this fact. We arve able to state that, within cerfain
limits, the frequency of the strokes is augmented with an_ increase of
tl;a t??pemture, and that they become slower under a gradual inorense
of cold.

- Fory OF THE MOTIONS OF THE WINGS.

After having studied the frequency of the vibrations of the wings,
it is necessary to study their form, For the end which we desive to
obtain—that is, to arrive at a theory of the flight of ineects—the most
important element to comprehend is that which we now proceed to
investigate, namely, the form of the trajeoto which the wing
describes in space, instead of the rapidity with which this trajectory
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is described. In order to arrive at this determination we shall have
recnurse to two processes, which will reciprocally correct each other—
the optic method, and the ordinary graphic method.

Optic determination of the movements of the wing.— When a brilliang
body moves with rapidity, it leaves npon the retina -a kind of luminous
train, which acquaints us with the frajectory through which the body
has passed. Children sometimes amuse themselves’ in producing the
most varied figures by brandishing in $he air a stick having one end on
fire. It is on this principle that the apparatus, known in physice under
the name of Wheatstone's calidroplione, iz founded. This iz a rod,
fastened upright on a heavy foot, to which complex vibrations may he
given, and to the ends of which a brilliant metallic bead has been
nffixed, If the rod is put into vibration the brilliant bead describes in
wpace luminous figures, which vary with the different eombinationa of
the vibratory motions. If a brilliant spangle can be attached fo the
extremity of the wing of an insect, this spangle, traversing without
cessation the smane points in space, leaves a continunous luminous figure
exempt from the imperfection which is caused by friction in the case of
the graphic eylinder. The extremity of an insect’s wing can thus be
rendered brilliant without mutilating it in any way ; it is sufficient to
place upon it a drop of varnish, to which a small piece of gold-lenf is
applics.  The varnish dries so vapidly that the insect cannot throw off
thiv little reflecsor of light, and nothing more is necessary than to hold
the unimal in o fixed position to observe the play of light upon the
small brillinnt surface.  Under these conditions the bee and the wasp
furnish a wellmarked  figure of eight,”

Fig, 4,

Aspect of 11 wasy, the extremity of wiwse primsry wiggs has been gilded,
The animal is suppused to be placed in nray ufjiight. 4 : s
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The figures of eight are more or less widened or compressed,
according to circumstances. Sometimes the poiné of the wing seems to
move almost in one plane. In the dragon-fly (Zibelluly ) a figure of
eight is also observed, but much more elongated ; the loops are narrow
and laterally compressed. With the Macroglossa galium it somebimes
geems as if the preceding form had disappeared, and is replaced by a
sort of ellipge. However, in exmnining it closely, it is soon pereeived
that this ellipse is surmounted by a little loop, very slightly developed
relatively to the curve which supports it. It seems that one of the loops
iz enlarged at the expense of the other, but this last has not entirely
disappeared, and the vestige what remains testifies to the persistence of
the figure of eight which is encountered in most other cases, and which
may serve as the general type.

Changes of the plane of the wing.—The luminous figure which the
gilded wing of an insect gives in its motions also shows that, during
the alternate motions of flight, the plane of the wing chauges its
position in relation to the axis of the body of the insect. During the
period of elevation the upper face of the wingis direeted backward,
while it turns a little forward during its descent. In fact, if we gild a
large extent of the upper face of the wing of a wasp, taking care that
the gilding shall be limited to this face, it is seen that the inseeb, placed
in a ray of light, yives the figure of cight with a very unequal intensity
on the two sides of the image, as is seen in the preceding figure, It is
evident that the cause of this phenomenon is found in & change of the
plane of the wing, a change in consequence of which the angle of
incidence of the solar tays, while favourable during the ascent of the
wing, is unfavourable during the descent. If the animal is turned so
thet the luminous figure is observed inversely, the figure of eignt
presents, in an inverse position, the striling inequality -of ita two
halves, catching the light in o portion which was just before without it;
and losing it where it had previously shone, We further find, in the
employment of the graphic method, new proofs of the changes of plane .
in the wings of insects during flight, This change of plane is of ygreat .
importance, for in this rests, as we shall see, the immediate cause of the
propulsion of the body of the animal by the application of the motive
force, : ' '

Method of contact,—Does the extremity of the wing really describe |

‘this double Ivop which we perceive, or is this form the result of an

optical illusion—a play of flight? Thongh such an objection is hardly
probable, if is necessary to refute it. To assure myself more entirely of
the reality of the displacement of the wing than the optic methol
rendered perceptible, I have introduced, while the wing was in motion,
the extremity of a little bodkin into the interior of the loops of the
figure of eight, and T have established that in the interior of these
curves fres spaces really exist of a funnel shape, in which the
bodkin penetrated without encountering the wing, while if I atbewptod
to touch the intersection where the lines cross, the wing immeliately
struck againgt the bodkin, and flight was interrupted, Still greater
precision can be brought to bear on the appreciation of these wntions,
and, knowing that the wing dedcribes a double loop, it muy also be
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known in what manner it transverses the branches, It is sufficient to
bring near to the wing in motion a leaf of paper blackened on both
sides ; the wing, in pursuing its course, striles against one of the sides
of the paper, and the trace which it leaves testifier to the manner in
which the motion ig accomplished.

Graphic method.—This method iz not applicable to our problem
without important modifications. We have just seen that it is difficult to
obtain tracinge of any extent, becauge the wing cennot remain long in
contact with the blackened cylinder, which it leaves and approaches
successively. Under these special conditions it is necessary to have
recourse to an artifice, and since it is impossible to obtain a satisfacto
trace at a single stroke, we rnould try to divide the difficulty and
separate the operation into several periods, The preceding experiments
simplify the interpretation of the tracings very much, and we can
reconstrnot the figures which the optic method has indicated from the
slender elements which they afford. I have considered in the complete
course of the wing of an insect, such as is represented in Fig. 4, three
distinot zones, of which I have obtained the tracings separately ; an
inferior zone, corresponding to the lower portion of the figure of eight;
a median zone; and a superior zone corresponding to the middle and
upper parts of this figure. Bringing together the tracings obtained in
these three zones, I have been able to reconstruct the entire curve. In
registering the traci of the median zone, figures much resembling
each other are obtained, presenting the two crossed lines shown in Fig, 5.

Fig. b.

Trace of the median course of the wing of the Macroglossa galivm (Bedstraw
sphynx moth}.

The multiple tracings of the figure are formed by the fringed
extremity of the wing, which presents many small points. The upper
portion is in the form of a loop, as well as the part which corresponds to
the lower course of the wing, and these three parts successively obtained
give, when united together, the complete representation of a figure of
eight, such as is obtained in acounstics in registering by Keenig’s method
the vibrations of a Wheatstone's octave rod ; that is, a rod which
vibrates twice transversely for each longitudinal vibration. The slower

motion of the cylinder produces the condensation of the end of the.
tracing,
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Tig, 6.

Trace of a Wheatstone’s occtave rod,

The experiments can also be varied by obtaining, not the tracing of
the point of the wing, but that of the anterior border of this membrane
striking laterally against the cylinder. It is clear that in deseribing the
upper loop, this edge will approach the cylinder, then devisting; in a-
gimilar manner it will describe the lower loop, so that in‘ifs ‘complets
course it will rub twice against the blackened surface, and leave two

“white traces separated by an interval. This is observed in Tig.'T.

Fig. 7.

This figure shows from the tracing of the wing of a wasp the upper
loop and the whole extent of one of the branches of the figure of eight.
The median portion of this branch is only dotted on ‘account of the
feeble friction of the wing. - We may, therefore, be permitiéd .to con-
clude that if the trace of an insect's wing could be obtained entire at
one operation, the same figure would be presented which we have seen
described in space by the gilded spot on the wing of the wasp, namely,

“a ﬁgtlnrs of eight, which our ingenious acoustitian, Keenig, was the first
too

tain with a spiral Wheatstone's rad, making two horizental to"one
vertical oscillation. O

It now appears to me sufficiently established that in the muore
extended motions of flight the wings of insects desecribe a figure' of eight
in space. Furthermore, that the luminous figure which a speck of gold
on a wing presents in its motions, has shown vs that the periods of
ascent and descent of the wing are accompanied by a change of plane
in that organ. It is this fact which will shortly enable us to explain
the mechanism of flight in insects, ' -

C
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MEoHARTEM OoF THE Frieur or Ixseers—How Tary PRoPEL
THEMSELVES,

The preceding lessons have heen devotedl to the study of the
frequency and the form of the strokes of the wings of insects. You
have seen that the frequency varied in different species, and in passing
from the butterfly, for example, to the houre fly, or the gnat, the
variations may he congiderable, The flight of the butterfly is slow, the
strokes of its wings succeed each other at consideralle intervals,
propelling it by bounds and jerks, and producing an irregular and
capricious flight. The gnat darts with rapidity straight at ifs object,
emitting along its path a clear, sharp, strident sound, Between these
two exfremes we find all infermediate stages. Furthermore, the same
ingect, under different conditions, varies the rapidity of its motions
within extensive limits ; when free from all restraint its movements are
rapid and precipitous, but when captured they are immediately relaxed,
and although the frequency of the movements of the wing varies, the
form of the motion does not change. It ia in all cases the same, always
a double loop, o figure of eight. Whether this figure be more or less
apparent, whether its branches be more or less equal, matters little ; it
exigts, and an attentive examination does not fail to reveal it,

Before drawing from this fact the conclusions which it warrants ;
before extracting fram it the solution of the problem with which we
are occupied —that is to say, the mechanism of flight—let us rapidly
review the history of the question, and see how far previous authors
have advanced in its solution. Without going further back, we find in
the work of Borelli a chapter devoted to this subject, in which he
considers the force which the bird or' insect must employ to sustain or
mave itself in space. e estimates that this force is enormous ; that it
is, in the case of the bird, more than ten thousand times greater than
the weight of its body. We still find this exaggeration in recent works,
The academicinn, Navier, falls into an analogous error, and after him
M. Babinet accowils, in his turn, a power to the inhabitants of the ajr
far superior to that with which they ave gifted by nature, However,
by the side of these errors we find a grent number of correct ideas,
since confirmed by cbservation, Bovelli knew that the principal motion
of the wings was an elevation and depression, executed in a vertical
plane, and lie asked himself how it was pogsible that this motion, which,
it seemed to him, could nuly serve to clevate the anitaal or to depress it
should nevertheless coutribute to onward motion. For this, 1t was
necessary that the vevtical foree should be changed into a horizomtal
force, Examples of t'is trausformation are frequent. If a wind
blowing horizontally strikes against a flat hoard inclined forward at an
angls of, say, forty-five degrees with the horizon, the action of the wind
will tend to throw it backward and vpwaxd ; or, if the hoard is mo ving
forward with a momentun, it will tend to elevate it. We have here an
illustration of a well-known principle of mechanies—the resolution of a
single force iy an inclined plane into two forces—which gives in part an
explanation of the flight of ingects and of water birds, But insects
have four wings instead of two, Is the office of these four organs the
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same ; and if not, in what do they differ ! Borelli does not treat of this
question, It is discussed, however, in a particular case, by an
anonymous author, who has left us an interesting manuscript on the
habits of bees. This work, intended to complete and to correct the
work of Réaumur, came from the Condamine Library, and helongs to
M. Harnet. The author has observed bees at the moment when the
hum at the mouth of the hive, trying to enter it and deposit their
treagure. In examining the play of light on their trembling wings, he
thinks that he saw the upper pair alone alternately raised and depressed,
while the lower pair were animated only with a. feeble horizontal
motion. Here the question seems to have been abandoned, although
the interest with which it is now regarded is far from inconsiderable.
Beside the interest which it offers from the purely soientific point of
view, in the mechanism of a function es widely employed as aBrinl
locomotion, still another interest is attached to this study. The insect
and the bird realize one of the oldest and most unsuccessful aspirations
of the ambition of man, All space belongs to them ; they go and come
in the aérial ocean, while he is chained by his weight to the earth, Man
has sought by various methods to escape from thia confinement. The
knowledge of the processes by which Nature abbains the end to which
he aspires, would perhaps have spared him many fruitless attempts and
losg of much fime and great waste of invention. In 1823 a work
appeared in which this question of aérial locomotion is treated ex
professo, and no longer in an incidental manner. The author, the
Chevalier de Chabrier, studied the conditions of mobility of the wing,
and arrived at the solution of an important question : how muscular
action is transmitted to this movable organ., Is it Jirectly, or by some
intervention ? The muscle, responds Chabrier, is not directly attached
to the wing ; it acts upon the arch of the back. When it contracts, the
ctirvature of this arch is augmented ; when it relaxes, the back returns
to its original curve, like an unbent bow, In the motion of the wing,
therefore, there is only one active period, the moment of depression ;
the period of elevation iz passive. [IElasticity, therefore, plays an
important part in this function. Here, as in all mechanical organs, it
absorbs and then gives out power; it regulates speed and produces
continuity of motion.

But Chabrier was soon carried away by an exaggeration similar to
that of Borelli and of Navier, though in a contrary direction.
According to him, an insect needed an insignificant force for its
propulsion in space. No effort was necessary fo sustain it in the
atmosphere ; the animal floated there like an inflated balloon. In order
to fly it filled its multitude of respiratory canals with air, and this,
becoming heated, raised the animal as it elevates a hot-air balloon; It
is not necessary to say that this mncagtion of an aérosiatic insect is an
exrror. Without doubt an insect, before attempting a flight, lays in a
quantity of air by a sudden respiration, but this provision of air
contributes only an insignificant part toward the end which Chabrier
aseigned it.

The greater portion serves to prepare the organs of flight for the
operation of their function. Jurine, of Geneva, in particular has
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ghown that the nervures of the wing membranes are small tubeg which
only pequire the rigidity and extension necessary to flight by inflation
with air. We must refer to another contemporary, Strauss Durckeim,
to find the elements of the theory to which my observations have
condueted me.. In his hook on the Theology of Nature, a vast chaos of
ingenious igleas,.in which some profound, among many puerile, thoughts
are to be found, there are many facts essential to the solution of our
problem. Strauss Durckeim has conceived the ideal type of the. insect-
wing, the diagrammatic wing ; that is to say, has reduced the organ ta
its .essontial parts. It consists of o rigid nervation or frame-work in
front, a flexible web behind ; this is all the apparatus. An apparatus
thns .constituted possesses the essential requisites for flight ; otherwise
constituted it will not serve this purpose, as is the case with the false-
wing. of .the Phryganide, which has its principal nervation behind. It
is enongh that such a structuve should be made to rise and fall
successively : the forward border being rigid and the other flexible, it
naturally disposes itself in an inclined position, receiving the reaction of
the air obliquely, and thus transforms s part of the vertical impulse into
a horizontal force, The two parts of the wing above menfioned are
both indispensable in the same degres their respective oftices complement
ench other in producing a single result. Ingenious experiments, due to
M, Girard, throw light upon these facts, Destroy the anterior
nervation, without rewoving the thin membrane, and the insect cannot
fly ; destroy the flexibility of the membrane by covering it with gum,
and flight also becomes impossible. Here we cannot urge the objection
that the superincumbent matter interferes by its weight like a burden
which weigha down the animal; for, following out the experiment, we
see that as soon ns the eoating becomes dry, small fissures are produced,
flexibility: reappears, and with it the possibility of flight retwrns,
These observations assist us in comprehending the part which the
anterior portion of the wings of the Phryganide play ; which constitute
the analogue of the stiff .nervure, while the hinder winge represent
the flexible membrane. The two wings of an insect thus complement
each other,

I ghall not further prolong this retrospect. I have limited it:fo the
essential idens entertained by our predecessors, and to. thoae which will
perve us in the future. The preceding experiments, joined to those
which you have seen perforined under your own eyes, seem to me to
establish the following facts, namely: the motions executed by an
ingsect during flight are limited to an elevation and a depression of the
wings. It is true that other motions take place in the wings of insects,
They are seen to move backward, snd in repose to extend parallel to the
axis of the body. We also see insects moving their wings backward and
forward in preparation for flight. But these motions are not directly
connected with aérial locomotion. The dragon-fly { Libellula ), which
propels itself so rapidly, exhibits none of these lateral movements ; its
wings move exclusively in a vertical plane as if they turned on a hinge.
But we have seen, in the optic method, that the oourse of the wing in
space can be followed by gilding its extremity, and placing it in a ray of
sunlight. Now this arrangement furnishes us with a figure of eight,
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and we further know that during each complete vibration the win
changes its inclination twice, These movements are not controlle
directly by the muscles. They are the mechanical effecta of the
resistance of the air acting alternately on the upper and lower surfaces
of the wing in its alternate movements, When the wing leaves the
yppsr limit of its position it inclines neither to one side nor to the
other, its plane being parallel to the length of the animal. But when
the impulse of the air is exercised, or as soon as the wing begins to be
depreassed, the rigid portion, the anterior nervation resista flexure while
the flexible membrane which follows it gives way ; drawn down by the
narvation which lowers it, elevated by the air which uplifts it, this
membrane takes an infermediate position ; it inclines abont 45 degrees,
more or less, ,u.ccording to circumstances. The wing continues its
downward motion thus inclined toward the horizon. Thus the reaction
of the air, which combines its effect and acts perpendicularly upon the
surface which it sfrikes, can be decomposed into two forces, a vertieal
and @ horizontal force ; one serving to elevate and the second to propel
the animal,  After this first period the wing ‘membrane will have arrived
at the end of its course ; the direction of its motion is changed, its action
is reversed. A moment of repose, infinitely short, separates these two
phases during .which the wing resumes its normal position parallel to
the axis of the body. The nervure draws it up again, the air resists as
before, and from this conflict results a position between the horizontal
and the vertical—an inclination of 45 degrees, This second period
contributes as did the first, to locomotion. How remarkable is the
eimplicity of apparatus by which the desired end is attained |

. The horizontal force which is gencrated by the inclination of the
plane of the wing is transmitted to the body of the animal and helps to
push it forward. But as the body of the insect does not instantaneousl
take up the motion which is imparted fo it, a part of this force 1s
expended in curving the nervure of the wing which, at the same time
that it is lowered, is pushed forward, Here is an artifical wing of large
size constructed in accordance with the type which we have geaurihad :
an anterior nervation represented by a stiff rod, with a membrane behind
formed of paper pasted upon its edge, Try to strike down an object
immediately Il))afora you, and you will not succeed. Tf you strike at an
object before you with a downward blow the wing will be resisted by
the air, and it will deviate greatly from the point at which you are
aiming. From this deviating mofion of the wing from the change of
plane which it effects, the looped figure which it describes evidently
results, It is the combination of these motions which generates the
figure of eight previously desoribed, We can now safely say that the
two experimental faots are now interpreted by our theory.

A very slight difference has been observed between the two sides of

the wing in certain insects ; the lower surface is lesa polished than the

-upper ; it is furnished with rugosities, hairs, or points, which accordin

to Chabrier, give more hold on the air and reduce the loss of force by
sliding, This disposition may contribute to insure the predominance of
the useful effect of the lowering over the elevating motion. Further-
more, this predominance of the depressing action of the wing does not
exist in a.]f' insects, These find that force as well in the period of
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alevation of the wing as in the.period of its depression, turning almost
horizontally the plane in which their wings move. The numerous
varietios which the mechanism of flight presents among the speciea of
inscots which we have observed will be studied later; they do mnot
conflict with the fundamental principles which I have just announced,

The mechanical conditions which we have just passed in review
I have realized in a theoretical apparatus, from which I have obtained
the same results ps afforded by living insects. This artificial insect is
represented by Fig. 8.

An air-pump, moved by a rotary apparatus, alternately compresses
and relaxes the air in & tube which traverses the central pivot of the
apparatus, where a sort of mercurial gasometer hermeticnlly seals it
while permitting the free rotation of the arms. The horizontal branch
is hollow, and conducts the air into the apparatus, which is closed by a
hollow metallic drum, of which the two circular faces are closed by two
cheets of rubber. By the play of the air-pump these two eheets are
inflated or contracted both together. They communicate the rapid
motions of elevation or depression to the wings by two angular levers.
The wings presenting, like those of an insect, conditions of unequal
flexibility, decompose the resistance of the air, and impart to the apparatus
& rapid rotary motion around the eentral pivot.

Tmagine two artificial wings, os nearly ulike as possible, both inserted
on one of these little drume, which I have frequently described. They
receive through this drum absolutely synchronous motions of elavation
and depression, This apparatus is fixed ab the extremity of an arm
balanced by a counterpoise, and turning upon a pivot. This arm is
hollow, furnishing a canal by which the effect of inflation can be trans-
mitted to the movable drum of the wings. We may consider the drum
as yepresenting the body of the insect, end nothing prevents us from
really giving it the shape of this animal. The rigid nervures, furnighed
with flexible membranes disposed to the right and left, will be the two
wings, and the animal, instead of being free, will e fixed ab the extremity
of & movable rod; there is, therefore, only & single motion possible,
which is that of furning around the pivot, carrying the atbached rod with
it. 1n effect,if I put the air-pump in motion, the artificinl insect moves,
flaps its wingg, and really fies. At each stroke thers is a change of
plane of the alar membrane; ab each stroke the point of the wing
describes = figure of eight ; and in a general way this theoretical animal, .
this artificial insect, reproduces all the particulars which the observation
of real insects has revealed to as.

This apparatus affords many other advantages besides those of
verifying theorctic ideas. It enables us to make new experiments, to
which living beings will not lend themselves. We can change one of the
conditions, for example, the form of the wings, their extent, or the
rapidity of the stroke, or any other of the circumatances, while all the
others remain constant ; we may thus discover the influence which each
of them singly may have on the mechanism of flight. It is by such
experiments that we can nssure ourselves of the following fact, In the
course traversed by the wing there is only one region useful in the
propulsion of the insect ; that is the median region. the two extreme
portions the wing has not experienced that change of plane which renders
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its action effective. Thus we gee if we diminish the extent of the motions
of the wing, the tractile power produced by the apparatus diminishes
considerably, and finally censes altogether. If the membrane of the
wing ig too broad, another phenomenon results. The hinder edge of the
wing remains almost immovable in space, especially during motions of
small amplitude ; the nervure only is animated with rapid motion. The
air, therefore, is struck by planes inclined inversely to those which act
upon it in normal flight, so that the apparatus retrogrades and turns
around it8 pivot in a direetion contrary to its usual motion.
Experimental flight also shows the adaptation of certain forms of
wings to obtain the most rapid translation of motive force. These are
precisely the forms which we find in nature, The nervure of insects
does not carry the wing membrane back to its point of insertion. Those
parts near the articulation have little vitality ; they contribute very little
‘toward a useful result, embarassing the nsighbouring parts, without
‘compensation of any kind, The membrane should not exist except when
vitality itself exists in & corresponding degree. Finally, the extent which
the alar membrane should have, to best utilize the disposable force, can
he determined experimentally, M, dé Lucy has compared, in the case
of a certain number of animals, the surfaces of the wings to the total
weight of the body. He finds an extent of 30 Bﬁrﬁ millimetres in a
gnat weighing 8 milligrammes ; 1,603 square millimetres in a butterfly
weighing 20 centigrammes; 760 wsquare centimetres in a pigeon
weighing 200 grammes ; 4,606 square centimetres in a stork weighing
9,265 grammes; 8,548 Bquare centimetres in an Aunstralian crane,
weighing 9,500 grammes, But to facilitate the comparison it is necessary
to reduce these figures to o comumon mensure; and in spite of the
barbarous phrases to which they lead us, we abtain :
Square metres,
The kilogramme of the gnat represents :

The kilogramme of the butterfly represents ... e 80
The kilogramme of the pigeon represents ... o 2°686
The kilogramme of the sfork represents ... ... 1088

The kilogramme of the Australian crane represents.., 0'898

The extent of the winEs, therefore, is not proportionate to the size
of the animal. A wing being given, a maximum rapidity of stroke
corresponds to it. To augment the rapidity of the stroke, in hope of
indefinitely accelerating the rate of flight, would be illusory ; it is possible
to accelerate it up to a certain point, but beyond this maximum limit
additions become useless. Increasing progressively the aotion of the
air-pump, the strokes of the wings are more rapid, and at first the
rapidity of flight will be augmented. Continuve the increase, and the
rate of flight diminishes. The amplitude of the motion also experiences
a considerable reduction, 8o that at the limit the wings appear motionleas,
or animated only by a slight quivering. Passing this extreme limit, the
apparatus retrogrades. A given wing then corrcsponds to a fixed rate of
progressive strokes; for, by the effect of inertia, the frequency of the
strokes is increased only at the expense of their extent, and, when the
extent diminighed, the propelling force diminishes with it, I leave fo
yourselves the task of explaining these facts, which are the simple
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consequences of the principles T have previonsly explained, I also leave
to you the comparison of the mode of progression of ingects with the
other modes which are seen in other animals or in yarious mechanical

_ , hanigm of
the revolution of forces on the principle of the inclined plane. You wﬁl
find jt in the motion of the tail of 1 B, the pringipal organ of its
locomotion ; in the sculling motion of a waterman’'s oar, and even in the
gerew of a steam propeller.

Frigar orF BIRDA.

By the simple inspection of a bird's wing it iz easily seen that its
\nechanism for flight is not the same as that of an insect, Let the
manner in which the feathers of birds are laid, one over anather, be
observed, and it will be evident that the air resists the motion of the
wing only from below, so that in an inverse direction it finds an easy
passage between the long beards of the feathers, which, in this motion,
are no longer presaed together. This well-known arrangement, the effect
of which Prechlt* has clearly pointed out, has led to the belief that to
sustain the bird against gravitation the wing needs only o oscillate in a
vertical plane, in consequence of the predominance of the resistance of
the air acting from below over that acting conversely.

* * kL * * -

All thin enrved bodies tend o slide upon the air in the direction of
the radins of their special ourve, If we bend the anterior or posterior
edge of our little apparatus at a certain point in"its oblique ,course, we
ahiall see it rise, notwithstanding the force of gravity, though ite yiotion
goon ceases, What has happened in this case?

Fig.-18.

contrivances. You will discover almost everywhere the meo
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re to the left Pline’s & tus placed in equilibrium by meana of
tw%@n un._!]ﬂ‘r;gllmg at the extremities pfﬂﬁe;roﬁ wghh HH.a.ﬁha hot:tbmlgﬁhahugla
of the t paper. 'This, a8 is indic ated by thelower.rg rega:_n,mﬂons;pf,fﬁ]
l]ll;gr. To the Tight the same apparatus, with c.gl*y a single ball, |
represented. It descéhds in a parabolic curve, represe the dof Berl line.
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When there has been but little rapidity in the fall of the object, the
eurve of its surface remains motionless, because the air offers resistance
only in proportion to the rapidity with which they move. Therefore,
when this rapicdity has been sufficiently great a steering effect is produced,
which elevates the anterior extremity of the object and imparts an
ascending motion to it. But very soon the weight, which was the motive

;vjai)_

- {

Fig. 14,

The posterior corners of the two planes of the apparatus have been bent upward
il_innﬁ ;ngp.rd, so that after a descending curve the apparatue rises, ns the dotted
o indicates,

power of the apparatus, becomes a retarding force, and in proportion as
the object ascends ite motion becomes slower, and finally ceases, After
this, retrogradation begins, to be followed by another rise, and so on,
until by successive oscillations the apparatus finally reaches the earth,
I may add that if a slight concavity is given to the object below, the
reverse takes place, and we see at a certain moment the trajectory
sharply deflected downward, and the object strikes the earth with great
violence. In the second case, at the moment when the steering effect is
produced, the weight is in a favourable position for a precipitate descent,
and opposed to the ascending reaction. -

emphasize these effects because they are frequently produced in
the flight of birde. The old treatises on falconry describe the interesting
evolutions of the birds employed in hunting. Without going back
further, we find in Huber (octavo, published at Geneva in 1784) a des-
cription of the curvilinear movements of the faleon, to which they gave
the name of passades, and which coneisted in an obligue descent of the
bird, followed by a rise in its course. *The bird,” says Huber, “when
about to girike the earth, carried away by its own rapidity, would be
dashed to pieces if it did not call into action a certain faculty, which it
poesesdes, stronger than ite descending motion, to rise even high enough
to make a second swoop. This motion is sufficient, not only to arrest

ite descent, but even to carry it without effort 2s high as the elevati
from which it came,” 3 A
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Fig. 15,

The ﬂnaterior corners of the paper have been bent downward. After passing
through a parabolie curve the object fakes a very rapid descending course,

Thera is certainly exaggeration in the statement that the bird
yemounts as high as the elevation from which it descended without
further effort. %’.’he resistance of the air must overcome part of the force
acquired during the descent, and which is transformed into ascending
force. We see, however, that the phenomena above desoribed is
contirmed by observation, and that it has been considered in some sort
ag a passive act in which the bird expends no muscular power, The act
of hovering in some cases presents a great analogy with the phenomena
just described. 'When some birds, pigeons for instance, have used their
wings during a certain distance, the wings are seen to be perfectly quiet
during & few seconds gliding through the air, either horizontally or rising
or falling. The descending motion has the lnngfel: duration ; in fact, it
ia only an extremely prolonged descent in which motion is maintained
by the force of gravity, which diminishes it in the horizontal or ascending
plane. In these latter forms the wing, more or less obliquely directed,
takes hold on the air like the toy kite, with this difference, that motion
is imparted to this by pulling the string when the air is calm, while the
bird vtilizes momentum previously acquired by an oblique descent or
previous strokes of the wings. ;

I have already said that observers have admitted that certain birds,
which they call sailors, can sustain and direct themselves in the air by
means of the wind alone, This theory appears doxical, It isincom-
prehensible that'a bird, motionless in the wind, should not yield to the
resigtance of the air through which it glides, If the passades or swoops
which the falcon executes can sometimes carry it against the wind, this
can only be a tranasient effect, compensated for Ly being carried away by
the wind more rapidly in another moment. However, this theory has
been sustained with great talent by some observers, especislly the
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Count d'Esterno, the author of a renuarkable memoir on the flight of
birds. ‘“Every one,” he says, ‘“can see some birds practising this
method of flight; to deny it is to deny self-evident facts.” I myself
bhave noticed this mode of flying, but it has seemed to me that it is
executed in general under the following epecial conditions: Along the
cliffs of the coast of Normandy I have seen the gulls and sea-mews
performing their evolutions witﬁuut moving their wings. 1 have seen
the daws and rooks flying in the same manner around old cathedrals,
But the same birds, when they left these Eecia.l stations, have always
appeased to me to use the rowing method of flight ; that is to say, making
vegular strokes of their wings, sometimes inferrupted in the daws by
awoops of short duration. I then sought to determine the direction of
the wind, and this is what seemed to me to vceur: When a bird finds
itself in the neighbourhood of a cliff, where the air is cdlm or agitated by
eddies in a contrary direction to the prevailing wind, it can pass
successively from the calm to the agitated air, and conversely. A. sea-
mew surrendering itself to the force of the wind, receives an impulse
which carries it with a certain rapidity, and if, by simply turning, the
bird enters a region of calm air, it can utilize the impulse whici the
wind has given it in returning to the height which it had left. Plungin
again into the zone of agitated air, it récommences the evolution wﬂcg
I have just desoribed, without moving its wings, except to give them
différent inolinations, The daws and rooks appear to me to find the
same conditions around the omthedral towers, The authors who have
reported the most curious cases of sailing flight have observed them in
mountainous regions, It is a condor in the Cordilleras, or an eagle in
the Pyrenees. The sailing flight has often been desoribed of certain
birds of prey, who, in the middle of a plain, rise and turn without moving
their wings I myself have often seen harriérs fly in this manner, but I
have always determined, also, that in this case the splral which they
describe is altered by the wind, and that the birds are definitely carried
to leeward with & more or less rapid motion,

__ Even when reduced to these limits the influenié of the wind on the
flight of birds is very difficult to explain. It is complicated by very
different conditions in which the motion acquired by the bird, opposed
from various directions by the forcs of the wind, gives rise to the most
varied combinations of motion, It is also known that in the upper
regions of the air various currents exist, sometimes even in a contrary
d?_treutiun to those which obtain near the surface of the earth, so that the
bird, passing from one to another, finds forcea which oarry it in opposite
directions,*

... Finally, the question of sailing flight soems o me one of the most
difficult to solve. It would be temeritous to absulutely condemn the
opinion of observers upon such vague theories and ideas as we possess
upon the subject,

One of the most interesting points in the conformation of birds

* U'he la i ; : pran ;
s daght!g m ﬁugﬁm’tgﬁgki %Tgnomnnnn of sailing in the flight of

h take place in warm weather, or

beneath elouds, and ially v : 5 )
it Dlowing g g0 eepecially up the side of a mountain sgaist which the wind
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consists in the détermination of the relations of the extent of the alar
surfaces to the weight of the animal. s there a constant relation between
the weight and these surfaces? This question has been the cause of
numerous controversies. It has been already shown thab if birds of
very different kinds, yet of the same weight, be compared, the wings of
some spectes are found to have four or five times the extent of others,
The birds which have large wings are usually those which have been
called “*sailors,” while those which have the wing short and narrow are
generally classed a8 ** rowers,” But if we compare two “ rowing ' birds
with two “sailing” birds ; if, for still closer comparison, we taks them
from the same family, in okdsr that the only differences shall be those of
form, a somewhat constant relation will be found besween the weight of
the bird and the surface of its wings. But the determination of this
rélation should be based upon certain considerations, which have long
égoaped the attention of naturalists, Mr. de Luocy sought fo measure
the surface of the wings and the weight of the body in all flyin
gnitmals. Now, to establisi & common unit among animals of auuﬁ
different kinds and forms, he reduced all the measures to an ideal type,
of which the weight should always be one kilogramme, Thus, after
having proved that the %tlin.t, which weighs three milligrammes, possessed
wings with a surface thirty millimetres square, he concluded, in the
types represented by the gnat, the kilogramme of animal was supported
by an alar surface of ten square millimetres. By making & comparative
table of the measures taken from a great number of animals of different
kinds and various forms, he arrived at the following figures ;—

Species. Woight. | Wing surface. i
B i Smﬂhqm" mmes...| 30 sq. millimetres ...| 10 Bq: millimetres
Butterfly ......... 20 centigrammes | 1,668 sq, millimetres., Eiﬂﬁa millimetres
Pigeon ............| 200 grammes ......| 750 8q. centigrammes| 2,686 sq. céntimetrod
imrk,.u.....‘.._!..., 2,285 grpmmes .| 4,500 sq, centimefres | 1,098 aq. centimetres

ustralinn crane| 9,500 grammes ...| 8,543 8q, centimetres Pa_ﬂ'ilsq. centimetres

From these measurements, in epite of variations ji detail, the
evident result is obtained, that animals of large size and great weight
sustain themselves with & much smaller proportional alar surfacé than
smaller animals. A similar result already showy that the office of the
wing in flight is not merely passive, for a sail or parachute should always
have a surface proportioned to the welght whioh scts upon it ; considered,
on wthe contrary, from its true point of view, that is to say, as an
instrument for striking the air, the wing of the bird should, as we ghall
see, present a relatively smaller surface in birds of large size and great
weight. The astonishment exhibited at the result of the determinafjons
made by Mr, de Lucy disappeared when it was remembered that there
was 8 geometrical reason why the alar surface could not increase in
proportion to the weight of the bird, In fact, if we take two objeécts of
the same shape, two cubes, for éxample, of which one shall be twice. as
large in diameter as the other, each oneof the faces of the larger cube
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will be four times as large as the corresponding face of the smaller, whila

‘the weight of the greater cube will be eight times that of the lesser one,

For all similar geomstrical solids, the linear dimeusions having a stated
relation to each other, the surfaces are ns the square and the weight as
the cube of their similar linear dimensions. Two birds of similar form,
but having, one of them, the spread of the wings from tip o tip twice as
grent as in the other, will have ra?e.ctive wing surfaces in the proportion
of 1:4,and weight as 1 : 8, M, P, Demondésir, who applied these
principles before me, thought that he had found in them a reason for the
smaller size of birds being capable of flight, while those of a larger kind,
such as ostriches and cassowaries, do not fly ; he ohserves that if these
birds had as large wings as the heron in proportion to their weight, they
could not fold them completely, and would drap them ns long and
embarrassing appendages. These observations would be correct according
to the theory of ‘‘sailing ” flight, but, in “rowing ™ flight, the smplitude
of the stroke of the wing, increasing in proportion to the size of the bird,
mudtiplies the resistance which the wing meets from the air, and the
renction bears a similar proportion to the weight of the birds themselves,
Dr: Hureau de Villeneuve, upon the same principle, has sought to
determine the alar extent which would ensable a bat of the same weioht
a8 o man to fly, He found that each of its wings would be less than
three metres in length. '

. A remarkable work by Hastings* has appeared this year on the
relative extent of the wings and the weight of the pectoral muscles in the
different species of flying vertebrate animals. The author first shows
that among birds the existence can be established of a cerfain relation

- between the surface of the wings and the weight of the body. But we

should be careful to compare only comparable elements : that is to BaY,
the length of the wings, the square root of the alar surfaces, and the
cube roots of the weight among different birds, Let Z be the length of
the wing, @ ite area, and w the weight of the body, we can compare
among themselvex &, 1/a. V/ e,

Examining different types of birde, Hastings made weights and
measurements, from which the following. table is extracted :—

Weight. Surface. hatmht%am
Bpecies, R e >
w. a, Ve Vw + /.
Laurug argenfatus ........,......oooneen.|  585°0 541 282
ATIBE DYTO0R .....ocvrvrievsesransssorsnsenns]  BOB'D 321 226
Euu@-nm iR bbhakernry lll-*li.nl--oollllitilll-lli‘ Mﬁ.ﬂ 262 2‘05
NetbioN BN ...oviererereessleeseesinne.s. 955 144 184
ﬁmiﬁtﬂhundm R e I %g;l‘ %‘g
aohne 'p ax T o T T T T T T L | laﬂ'*n : ;

Eﬂ]luﬂ llnutﬂlﬂ il..“lll""'-"l‘lll‘l]"lli 17{}75 lﬂl 1.31
Turdus PUAKIS........covviinreennnrrinend  108% 101 14
T'l‘u'dm mﬁru-]ﬁ_..---unuu-u--"—.-unnn E-E‘E lm 2.31
Bturnus VUlBRris .....oeeerseenioseinn, 864 85 200
Bombrﬁilh Enm]-a LA R AR L S E N T T, ] 'Bﬂ.u ﬁ 1‘69
Mﬁudﬂ ar“rﬁ‘nuiaq--dru-tllaltocil-rlnn-i-n.rlot 52‘2 75 Eﬁﬂ
P’“‘F‘-!a mﬂga‘r. AL LEL LR R L LD DY N T T oy ey 14"5 3‘1 E‘gﬂ
Fringilla 8pinus..,.....coueiueee vnoossonn, 1011 25 ' 2:33
Parus cserulens ,............ 1 24 : 2'84

* Archives Nedrlandaises, t, iv, 1860,
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The weight of the pectoral muscles is, on the contrary, in simple
proportion to the total weight of the bird, and in spite of the differences
which correspond to the different degrees of aptitude to flight with which
each species is endowed, we perceive that the proportion of the weight of
the pectoral to the tofal weight is about one-sixth in the greater number
of birds.

Each animal capable of sustaining itself in the air must develope a
force proportional to its own weight, and should possess an amount of
muscle proportioned to this weight ; for, as we have seen, if the chemical
nction which takes place in the wings of birds be always of the same
nature, this chemical action and the power which it generates will be
proportionate to the size of the muscular masses. Now, how is it that
the wings of birds in which the surface varies as the square of the linear
dimensions suffice to move bodies of which the variation is in proportion
to the cubes of these dimensions? = Here it is necessary to bring in the
theory of power ; that is to say, of resistance multiplied by the square of
the distance through which it acts in a given time, admitting a uniform
rate for the downward stroke of the extremity of the wing in two
birds to be compared, and which have the proportion of 1 : 2 in their
linear dimensions, The surface of the wings of the hﬁar bird will be,
a8 we have already said, four times as great as that of the smaller one;
now, as the resistance of the air against surfaces moving at the same rate
is proportionate to their extent, if we call the resistance experienced b
the wing of the small bird #, that for the large bird will be 4r, But
these birds, in the downward stroke of their wings do not execute motions
of equal amplitude. In the large bird each point of the wing will travel
twice as far ag the similar part of the smaller bird. If we call the space
traversed g, the resistance r, which the wing of the small bird encounters,
we shall have ry for the work done by the wing, and 4» 2g or 8rg for
the work dona by the bird, We see, then, that this work increases in
the same proportion as the weight of the animals we are comparing,

Another conclusion results from the precgding considerations. If
we admit that the wing possesses the same velocity in both. birds, the
duration of the stroke will inorease with the space traversed by the wing ;
that is, it will be proportioned to the linear dimensions of the bird.
Observation confirms this view by showing that large birds make fewer
strokes than small ones do. We have not yet been able to determine
exactly the number 6f strokes of the wings of birds to ascertain if their
frequency presents an exact inverse ratio to the size of the animal, but it
is easy to see that it is in this manner that the frequency of the wing-
strokes of birds varies.

The graphic method, which is easily employed in detarmining the
frequency of the wing-strokes of insects, cannot he similarly employed
with birds. Tt is necessary to adopt some method of tranemitting signals
from the fiying bird to the registering apparatus, For this purpose I
have firat used the electric telegraph, which furnishes the means of golving
the following questions :—1. What is the frequency of the dtrokes of the
wings of a bird? 2. What are the relative durations of the periods of
elevation and depression of the wings! The experiment consists in
placing al the extremity of the wing an apparatus which breaks or closes
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an electric circuit at each of the allernate motions, while at the further

pirt of the circuit is placed an electro-magnetic apparatus, which makes
a trace upon a turning cylinder, Fig. 16 shows this method of studying

Fig. 16.

Apparatus for registering the motion of the wing of a pigeon by double asignals.
In ome case & small Indin-rubber tube transmits-the record of the muscular
metion ; in the other the periods of elevation and depression of the wing, with
$hejr relative durdtions, are nofed by an electric signal,
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‘-ﬁ_ié flight of & pigeon, together with another method of trausmit:l;ing

Agnals. In this figure the two wires are separated from each other.
The writing style traces a crenulated line, of which the changes of
ﬁrmpdﬁim‘ correspond to a change in the direction of the motion o ‘the

gl'.n order that the flight may be as free as possible, & fine, flexible
cord, containing two wires, eatablishes the communication between the
bird and the writing telegraph, The two ends of the two wires are
attdched to a very small light apparatus which, from the resistance of
the air, executes a kind of valvular motion, When the wing is elevated
the valve opens, the circuit is broken, and the line traced by the telegraph-
rises, ‘When the wing descends the valve closes, the circuit is als
closed, and the line is depressed,

Applied to different kinde of birds, this apparatus registers the
frequenoy of the strokes of the wing in each. e number of epecies
which T have as yet been able to study is very small; I have, however,
obtained the following results i

Number of Vibrations of the Wing per second,

BOBIPOW  coccveiiirnniiiareiernsrsiois BT | .
A AN e nmnmssmantns asssiin seabi usunsireminne 9
PUROOIL (civsisivavossysssrsrsnsannsnacassnsavses smaresen B
‘Hen:-hawk, Biteo vulgaris,a hawk called in England
and France the ‘“ buzzard” or “‘busard™ ...... b§
Sersech-owl ........ b

e e T Wt
BDuse of Framnce. . .c.covserrascossssrsascnesesinsnsnss

aukd

The frequency of the strokes varies according ds the bird is starting,
is in full motion, or at the end of its flight, Some birds, as we know,

have periods when the wing is motionless, and when they move by means

of the momentum aequired.

Tt ia interesting to observe the relative duration of the periods of
asoent and descent of the wings. Contrary to the olainion expressed_by
some observers, the deseending period is generally longer then that of
elevation. -The Inequality of the two periods is especially evident in
birds which have large wings and make few strokes. Thus, while the
periods are almost equal in the duk, which has very narrow wings, they
are unequal in the pigeon, and much more 80 in the harrier,

The following figures exhibit the results obtained from several
species of birds:—

. Proportional
Species Total distance 't-ru.verﬂad during one | - distance.
' complete oscillation of the wing, | 4. ont | Descent.
Duck ........ | 6'66 centimetres per second ..... ... 30 3+68
Pigeon.........| 7'0 centimetres per second ,...........} 80 46
Harrier ......| 21'5 centimetres per second............| 895 13:0
D
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It is more difficult than might be supposed to determine the precige
insbant of the change of direction in the line traced by the telegraph,
The attraction of the magnet and the relaxation have an appreciable
duration, if the blackened cylinder turns with sufficient velocity to
messure the rapid motions which we seek to analyze. The inflections
of the line traced by the telegraph then become curves, of which it is
somewhsat difficult to determine the precise origin, There is therefore
2 limit to the precision of the measurements which can be made by the
electric method. I think that we cannot approximate by this method
neaver than 1bs of & second to the duration of a motion,

Another kind of signal allows the estimation of the frequency of the
gtroke at the same time that it furnishes indications of the successive
action of the principal motive muscles of the wing.

Myagrap?nic method.—In 1867 1 indicated a..myogra.phic method
which might be applied without mutilating the animal upon which the
experiment was performed. It consists in employing the swelling of a
muscle to afford evidence of its changes in length—that is to say, by its
contraction or relaxation. Muscles, not being sensibly compressible,
oannot change their length without at the same time changing their
transverse diameter. A rapid or short, feeble or energetic contraction of
a muscle, hence, is accompanied by an increase in diameter, affording
the same features of rate or intensity. At each descent of the bird’s
wing the great j:eutoral muscle thus exhibits an increase of size, which
can be indioated by the registering apparatus,

I have made use of flexible air tubes of India-rubberin transmitting
these effects, a method which has enabled me &t times to register at some
diztance the beating of the heart, the pulse, and the motions of respiration.

The bird flies in an enclosure fifteen metres square and eight metres
high. The registering a.pgara.tua being placed in the centre of this
enclosure, twelve metres of rubber tubing are emough to establish a
constant communication between it and the bird. A sort of corget is
applied to a pigeon (se¢ Fig, 16). TUnder this corset, between it and the
pectoral muscle, is placed a little contrivance intended to exhibit the
awelling of the muscle, Tt consists of & small shallow metal basin
containing s spiral spring, and oclosed over by a thin sheet of rubber,
This basin, thus closed, communicates with the transmitting tube.

Apparatus for exhibiting the contraction of the thoracic muscles of birds, The
upper convex face is formed of a sheet of rubber, held up by & spiral spring, and
is applied to the muscles. The lower face, in contact wiih the corset, carries
four little hooks which are caught in the cloth and hold the apparatus in its place.
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Any pressure applied to the face of the apparatus depresses the
rubber. The airis forced out of the barin and escapes by the tube. If
the pressure ceases, the air re-enters the basin in consequence of the
elastioity of the spring which raises the rubber. An alternate inspiration
and aspiration is by this means established in the tube, and the motion
of the air transmits to the registering apparatus a signal of the more or
less intense pressure which has been exerted upon the rubber cover of the
bagin. The registering apparatus I have used in all my experiments is
also coraposed of a basin, covered by & rubber membrane communicating
with the transmitting tube., The motion imparted to the first basin is
transmitted by the air to the rubber cover of the second. The motions
of the membrane of the receiving apparatus, amplified by a lever, are
written on the smoked eylinder. Ifig. 16 represents the general arrange-
ment of the experiment in which the electric telegraph and transmission
by air are exhibited together, We see the pigeon under experiment
furnished with its oorset and apparatus for showing the movements of
its pecioral muscles, The transmitting air-tube ends at the registering
apparatus, which writes on & revolving cylinder. At the extremity
of the pigeon's wing is an arrangement which opens or closes an
electric cirouit as the wing rises or falls, The two wires of the
cirouit are represented separately, and two cells of Bunsen's battery are
geen in their connection with the helix, which, furnished with a lever,
registers the telegraphic signals of the motions of the wings. One

recaution is indispensable——the rubber tube which conneots the bird and
fha apparatus must be prevented from stretching. When the bird flies
it raises more or less of the tube, and if this is elastic it will become
elongated by its own weight, producing a ravefaction of the air contained
in the two receptacles, and the registering lever will trace muscular
eurves on. & descending line. To prevent this inconvenience, the tube
may be tied here and there to the telegraphic cord by means of ligatures,
taking care that the tube is a little longer than the ocord, and that it is
not subjected to traction. These precautions being taken, nothing
prevents the successful transmission of signals. No trouble need be
taken in regard to the elasticity of the tube in a transverse direction ;
its walls are so thick that their elasticity is not brought into p]ay:g the
feeble changes of pressure to which the air they contain is subjected,

The bird is let loose at one end of the enclosure, the dove-cote in
which it is ordinarily kept being placed at the opposite énd. The bird
naturally flies toward the latter. Duving its flight the tracings repre
sented by Fig. 18 are obtained. o

The trace is seen to differ according to the kind of bird experimented
upon. However, in all the traces we perceive the periodiesl return of
two motions, a and b, which are produced in each vibration of the wing,

What is the signification of these two muscular actiona? It is mudilﬁ
seen that the undulation « corresponds to the action of the muscle whic
elevates the wing, and b to that of the muscle which depresses if.
This can readily be proved by comparing the trace of the muscular
aation in the eleotric trace of the elevation and depression of the wing,
These two tracings, placed one under the other, show that the period of
elevation of the wing agrees with the extent of the undulation a, and the
period of devression with the undulation &.
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But to establish this agreement we must take the unequal rapidity
of the transmission of the electric and aérial signals into account. We
may consider the electric transmission as instantaneous, while the aérial
transmission is at the same rate ss the rapidity of sound through the
air, that is, 334 metres per recond. If the points of the two styles are
placed vertically one above another, the tracings will not be exactly
superposed, but the electric signal will precede the other by a distance
corresponding to.a certain fraction of a second, according to the length
of the tube which has been employed. We can even compute, from the
length of the air-tube, the amount of retardation, but it is more certainl
sscertained by a special determination for the particular tube whicg
may be in use. In a previous experiment, motions were simultaneously
transmitted by the tube and by electricity, and the disecrepancy deter-
mined. In the apparatus which I am using, the constant discrepancy is
‘04 of a second. I should therefore set back the electric siynals by a
corresponding distance, in order that they may agree with the signals
transniitted by the air-tube. Fig. 19 shows the superposed #racing from
a harrier after correction.

It is eagy fo understand how the undulations a and b are praduced
in all the tracings of the muscles of birds, In fact there oxist two
distinet planes of muscles in the upper part of the region investigated
near the end of ihe sternum. The most superficial is formed by the
great pectoral which lowers the wing, the deeper by the median pectoral
or elevator of the wing, the tendon of which passes behind the bifurcation
of the sternum to attach itself to the head of the humerns. The two
superposed muscles act by their swelling upon the apparatus applied to
them. The wedian pectoral swells when it contracts, signalizing the
undulation a by its action ; the great pectoral signalizes the lowering of
the. wing in the undulation & in a similar manner.

We can verify the correctness of this explanation by a very simple
experiment, Anatomy shows us that the median pectoral is narrow, and
only covers the inner portion of the great pectoral along the keel of the
sternum. So if we displace the little apparatvus which reveals the motion
of these muscles, and oarry it further outward, it will occupy a region
where the median pectoral does not cover the great pectoral, and the
tracing only presents a simple undulntion which corresponds to b in the

©s,

. It is, therefore, sufficiently demonstated that the unduolations ¢ and
b, in the musoular fracings of the birds upon which I have experimented,

‘correspund exactly to the principal elevating and depressing muacles of

the wing ; but we .cannot attach much importance to the form of these
tracings for deducing the precise nature of the motion effected by the
muscle. In fact, these motions appear to override one another, So the
relaxation of the median pectoral is probably incomplete when the great
pectoral commences to act, We aguuld expect no more from these
tracings than they mnafurally furnish, that is to eay, the number of
vibrations of the wing, the greater or less regularity of its movements,
the equality, inequality, and energy of each of them, Restricting the
enquiry within these limits, the experiments show that the strokes of the
wings of birde differ in frequency and amplitude in the different moments
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of flight. Af starting the strokes are fewer but more energetic ; they
attain, after the first two or three, o regular rhythm, which they lose at
the moment when the animal is about to alight.

We shall find in other experiments more complete indications of the
variation of the movements of the wing during the different periods of

ight. :

s Such are the certain indications which can he derived from the
method of signalizing established between the flying bird and the
registering apparatus. But if it is wise to guard our conclusions by more
rigorous experiments, it may at least be permitted vs to attempt to
discover whether the tracings of these muscles cannot furnish na with
further information in regard to the motions fram which they are derived,
I have elsewhere demonstrated that the form of the motion produced by
a muscle ‘when it is excited varies according to the resistance which this
motion encounters, Thus, in applying the myograph to the muscle of a
frog, I have seen that if contraction be impeded by an obsiacle the
duration of the muscular shock becomes greater on accourt of that
obstacle. Theory, algo, would foretell us, that if the musele presents
certain modifications in the different phases of its confraction, the result
of mnequal resistance overcome at different periods, the swelling of the
muscle should also present the same phases. If the frucing is the exact
impression of the motions produced by the muscle, it can inform us of the
nature of the resistance which the wing of the bird encounters in the
different phases of one of ifa vibrations.

Let us take the most aimple example. As the median pectoral and
great, pectoral are very unequal in size, we may suppose that if the
resistance iz equal in the two periods of elevation and depression, the
duration of the former would much exceed that of the latter; and, as
exactly the contrary is the case, we may conclude that the rising wing
does not strike the air but cuts it apparently with its edge, so that the
resistance to the elevation is very feeble, and is very strong to the
depression of the wing. Now, if we examine the tracing of the
depression of the wing we shall find there, within cerbain limits, the
expression of the different amount of resistance which. the wing encounters
in the different phases of its depression. It is necessary by previous
experiments to determine the effect of certain special kinds of resistance,
which we may call elastic resistance, in order to better understand the
signification of different forms of muscular motion,

Let us take the muscle of a frog, apply it to the myograph, and
exoite contraction -in it by means of electricity. The foxm of this
contraction varies in the following manner under - the influence of
different kinds of resistance opposed to the action of the muscle: If a
weight be suspended to the muscle it gives the tracing «, Fig, 21, Ifit
encounter an absolute obstacle to all further diminution of length, after
a few instants of contraction it gives the trace d. Finally, if it encounters
an elastic obstacle, as a rubber thread, which presents a surmountable
resistance, the muscle gives the curve ¢, It seems as if these different
forms were sufficient to characterize the nature of the resistance that the
contraction of the muscle hag had to overcome. :

In the first cage it is the inertia of a body ; now this body submitted

The movements of the wing of insects - page 31 sur 50


http://www.bium.univ-paris5.fr/histmed/medica/page?marey198&p=31

EEITh

B8 ABRONATYIOAR 'SOUTETY

o Fhe thuscular force during a limited period, should have an accélerated
motion at first and then a diminighing motion. This is precigely what
the form of the curve @ indicates, In the second case it is not necessary
to explain how the horizontal line which forms the summit of the curve §,
expreeses the cessation of all contraction in thé presence of an absolute
obstacle, Lnstly, in the curve ¢, the presence of an obstacle i betrayed
by & deflection of the eurve ; that is, by a change in the rapidity of the
motion which produces it; but the contraction does not cease because
the obstacle is not insurmountable, but it becomes slower on aeccount of
the greater resistance presented,

I have been able to convince myself that in the above-mentioned
experiments the swelling of the muscle presents the same phases as ita
change of length. In fact, I have transmitted to the myograph the
motion produced by the swelling of the muscle, and have obtained
tracings identical with the preceding. Finally, wishing to know if the
apparstus which I have used would faithfullyy transmit the different

hases of the swelling of muscle, I made the following experiment :
applied the little drum which had served to obtain the tracings from
the birds (Fig. 18) to my own biceps muscle, fixing it exactly in place by
means of & bandsge, and put it in communication with the registering
apparatus, 1 then made sudden voluntery motions, as similar as I could
make them to each other, but applied to overcome various forms of
resistance. In one case I lifted a weight; in snother my hand was
ahsolutely arrested in upward motion by being placed beneath a heavy
table ; in still another, Iptied my hand to a fixed object with a rubber
band which, by a short flexure of my fore-aim, required the utmost
efforts of the muscle to Btreteh it.

Now the tracings which express the swelling of the bia%':s in these

three experiments reproduce the three types represented in Fig. 21, and

Fig. 21.

show very clearly that voluntary exertions had been subjected to
different forms of resistance. I tried to force upon the muscles identical
motions in each case, which was always s short vigorous flexure, but the
nature of the resistance modified these muscular actions which were
intended to be similar to each other, and imparted to them the various
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phases and durations which are exhibited in the fizure. 'This being
settled, let ug reburn to the muscular tracing of the great pectoral of the
bird. 1 have said that the exact commencement of this motion is
undetermined, the elevator of the wing not having fallen into repose
hefore the depressor commences to act, and if we would represent the
probable curve of the action of these two muscles from that ‘which
the myograph obtains for us, it will be necessary for us to complete the
tracing by means of dotted lines ag in Fig, 22.

Fig. 22.

Trage of the action of a harriér during flight: a, action of the elevating muscle;
b, of the depressing muscle. The dotted lines which descend to the axis of the
enrve compiote the probable form of tha motions of the two muscles of the wing.

Thus reconstructed, the form of the curves of the elevator and
depressor reveals the nature of the resistance which each of these muscles
hay encountered. The curve @ of the median pectoral i that of a
muscle acting on a weight ; it seems to indicate that the inertis of the
wing is the only obstacle which the elavator muscle has to overcome,
The curve b shows ug a deflection, during part of which the’ contraction
of the muscle takes a alower motion; itis here that the resistance of
the air is interposed, These things Liappen, then, exactly as in the
experimenta which I have made upon my own muscles and those of the
frog. But you may sask why the deflectioh of the curve is not produced
sooner ; and if the depressor muscle ¢ax rapidly contrach for a certain
period before encountering gufficienit resistarice from the.air to impede
its motion. This ie just what happens; we hiave the proof of it in the
anatomical disposition of the attachments of the great peetoral muscle.
We shall see herenfter how the motion of the humerns around its
articulation is prodnced ; at present I will only say that in the first part
of its action the great pectoral in contracting produces & pivot-like motion
of the wing upon the head of the humerus, and that in this first motion
the musele does not experience the resistance of the air which retards it
contraction an instant later,
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The reader will perhaps consider that an inordinate number of
deductions are made from the forms of the eurves of the museles ; but
those who will familiarize themselves with the nse of the registering
apparatus, and in particular with the myograph, will soon be convinced
that ¢hance does not enter into the formation of the curves, but that the
details should find their explanation in the dynamic conditions of the
production of muscular power,

Motions executed by the wing of o bird during flight.—We have seen,
in regard to the mechanism of the flight of insects, that the fundamental
exporiment has been that which has shown the trajectory of the point of
the wing in each of its evolutions. The knowledge of the mechanism of
fiight flows, a0 to speak, naturally from this first idea. The rame
determination is rqually indispensable for the flight of birds, but the optic
method is here inapplicable ; the motion of a bird’s wing, while too rapid
to be followed by the eye, is not sufficiently rapid to form a persistent
impression of its entire trajectory upon the retina. The graphic method,
which I have hitherto employed, only furnishes impressions of motions
which happen to follow o straight line, and it is only by combining this
rectilinear movement with the revolving cylinder with a smoked surface
that the expression of the rapidity with which the motion is effected at
each instant is obtained,

e problem is to find the means of registering on an immovable
plane all the motions which the point of a bird’s wing makes in space,
ag if a style had been placed at the end of the wingr, and this style
traced or rubbed on a piece of paper by it side. It is still further
necesiary to have a figure of the same nature as the luminous figure of
the gilded win% of an insect, that the piece of paper on which the trace
is tu be made shall reinain motionless in regard to the centre of motion
of the wing of the flying bird, or in effect that it shall follow the bird in
all ita phases of impulsion’ through space.

Now, physics teach us that all motion susceptible of registration in
one plane can be genevated by the rectangular combhination of two
rectilinear motions, The tracings obtained by Keenig by arming a
vibrating Wheatstone's rod with a style, the luminous figures of musioal
chorde which M. Lissajous has produced by the reflection of ray of
light from. two vibrating mirrors perpendicular to one another, are well
known examples of the formation of a plane figure by means of two
vectilinear movments, Thus, admitting that the motions of elevation
nnd depression of the wing can be transmitted at one time, as well ag
the back and forwarl motions of this organ, by su posing that a writing
style can simultanevusly receive the impulse n? these two motions,
perpendicular to each other, this point will write on the cylinder the
exaot figure of the motions of the bird’s wing, 1 tried at first to construct
an apparatus which would thus transmit such a motion to a distance and
reginter it, without concerning myself with the way in which I might
apply this rather waighty mechanism to the bird.

Fig. 23 represents this provisional apparatus, the description of
which is indispensable for the comprehension of the second mechanism,
which I ghall describe hereafter. Upon two solid feet, carrying vertical
supporis, are seen two horizontal arms parallel to each other. These are
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two aluminium levers which, by the transmitting apparatus to be
deseribed, shouid both exeoute the same motions. Hach of thess levers
is mounted on u# ball-and-socket joint, or double articulation, which

lFiEI 23;

Apparnins intended lo transmit to a lever at a distance all the motions
axecuted by another lever avound one of its extremiiies.
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permits all kinds of motion ; thus each lever can be carried above, below,
to the right, or to the left. It can by its point describe the hase of a
cone of which the joint will be the apex. In fact, it will execute any
kind of motion which the experimentor may choose to impart to it. It
is also necessary to establish the transmission of motion from one lever
to the other at a distance of ten or fifteen metres. This is done by
means of a process with which the reader is already familiar—the use of
drums and air tubes,

The Jever, which is seen at the left in the figure, is fastened by a
metallic arm articulated at one of its extremities to the membrane of a
drum placed below it. In the vertical motions of the lever the membrane
of the drum riges or falls by turns, producing & throbbing motion of the
air in another drum through & long tube, which establishes a communica.
tion between them, In the apparatus to the right in the figure,
the second drum is placed above the corresponding lever articulated
with it, and faithfully transmits all the motions which have been
imparted to the first drum to the left, These movements will be in the
same direction in both lsvers on account of the inversion of the pusition
of the drums. If we depress the first lever it presses down the membrane
of the drum below it, inducing a pressure which lifts the membrane of
the seeond drum and consequently lowers the second lever ; conversely
the elsvation of the first lever prucgmau an influx of air, which raises the
membrane of the second lever,

‘Proceeding in the same manner to transmit motions in & horizontal
plane, T have placed at the right of one of the levers and at the left of
the other a drum with the membrane in a vertical plane, which imparts
lateral motions to these levers; these motions are transmitted by a
special air-tube, as hefore, In the apparatus thus constructed, if we
move the end of one of the levers with the finger, the other lever will be
seen to execube the same.movements with perfect lidelity. The only
ditference consjsts in a slight diminution of amplitude. This happens
because the air contained in the tubes and drums is alightly compressed,
and in consequence docs not transmit the whole of the motion which it
receives. It is easy to remedy this defect, if it be one, by placing the
ball-and-socket joint a little nearer the point whence the motion is
transmitted to the second lever. But it is better not to attempt too
great amplificution, because the friction is thus augmented and the force
which should overcome it is diminished.

After having determined that the transmission of such motion can
be effected in a satisfactory manner hy means of this apparatus, I have
sought for the means of tracing these movements upon a plain surface.
The difficulty which before prevented itself when I endeavoured to apply
the graphic method to the study of the wing-strokes of insects, again
appeared, but this time there was no mesns of eluding it, and T contented
myself with partial tracings. The point of the second lever described a
spherical figure in space which could not be tangent, except as a point,
to the smoked surface, which should receive the trace. In consequence,
I should have to register the projection of this figure on the plane,
Helmholtz has also encountered the sgme difficulty in the construction
of his myograph, and had solved it by eauging the point of the writing
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style to rub continually on the gmoked purface by means of a weight.
But as I could not atpach a weight to the extremmty of my lever,
I resorted to the following expedient, shown at the end of the isver in
Fig. 24. 1Itis large ab the base in order to regist all latgral deviasiona

Fig. 24,

Elastic point tracing upon smoked glass.

from friction ; this base is fixed on a vertical piece of aluminium which
is attached o the extremity of the lever. In this way the point of the
contrivance, which performs the office of a style, iz situated exactly
0{)poaita the end of the lever whose motions it registers. If the lever be
elevated and takes the position indicated by the dotted lines in Fig. 24,
in traversing this space it has described the arc of a circle, and its
extremity will be no longer on the same plane as. before, but the
elasticity of the contrivance will have carried the point of the shyle
forward, and it will therefore continue to be in contact with the plane
upon which it is tracing, Thus the lever elongates or shortens according

88 the case requires, and its point continually rubs upon the plane.

I should add that the surface npon which the tracings are received is of
finely polished glass, and that the contrivance which I have used iz so
delicate that the pressure which it exercises produces scarcely any
friction. T

The apparatus being thus constructed, it must be submitted to
verification, to ascertain whether the motions are faithfully transmitted
and registered. To do this both levers of Fig. 23 are furnished with
similar styles placed against the same smoked glass ; and moving one
of the levers with the hand, for instance, so as to write my name, the
other lever should reproduce the same signature. It frequently happens
that the. transmission is not equally good in both directions, which is
perceptible by the deformity of the trazismitted figure, which is increased
more or less in height or breadth, This deficiency can always be
corrected, since it is due to the membrane of one of the drums being
stretched more than that of the other, and heuce yielding'less easily to
pressure. It is8 very easy to equalize the tension by tfightening the
membrane of the other drum until the figure traced by the first lever ia
identical with that traced hy the second.
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The modifications by means of which I have rendered this trans.
miggion applicable to the study of the motions of the wing of a flying
bird, are as follows :—

The apparatus necessarily being heavy, it required a large bird to
parry it. Strong adult harriers served for the experiments. I fixed a
light strip of wood upon the bird’s back, upon which the apparatus waa
placed, by means of a kind of corset, which left the wings and feet free,
Thet the lever might faithfully execute the same motions as the bird’s
wing, the joint of the lever should he placed in contact with the humeral
articulation of the harrier. As the presence of the drums by the side of
the laver does not permit this immediate contact, I had recourse to a
parallelogram, which transmitted to the lever of the apparatus the
movements of a long arm of which the centre of motion was very close
to the articulation of the bird’s wing. Finally, to obtain an identity of
motion between the arm and the harrier's wing, I fixed on the hastard
wing, that is to say, on the metacarpal portion of that organ, a well cut
serew-vico, furnished with a ring, through .which passed the steel arm
of which I have just spoken. '

Fig. 25 represents the harrier flying with the apparatusin gquestion ;
below hang the transmitting tubes of the registering apparatus,

Fig, 25.

Harrier ilying with the Appneatus, which transmits the motions described by
the extremity of its wing, :

After a great many fruitless attempis and changes of consfruction
of the apparatus, whioh, being very fragile, broke at almost every flight
of the bird, I succeeded in obtaining satisfactory results, During flight
the registering lever described a kind of ellipse, but I was obliged to
give up registering this figure upon a stationary glass. The motions of
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the wing differing at different moments of flight, the style dic not pass
over the same points, and 1 obtained a very confused tracing. I then
resolved to usé a glass moving horizontally at a uniform rate in order to
obtain an extenderl figure, which I could afterward submit to a geometrice
correction, and thus obtainéd as it would be if traced on a stationary

Fig. 28.

| Representing the course of the point of the wing at each moment of flight.

surface a figore for each instant of
flight.

Fig. 26 represents one of the nume-
rous tracings whieh I have thus obtained,
The perfect uniformity of these tracings
gives me entire confidence in their cor-
vectness. To analyze the meaning of
this curve it is necessary to kuow how
the bird flies, how the apparatus is
arranged, and in what direction the
smoked glass noves while receiving the
tracing, The observer being placed
opposite the glass on the smoked side,
sees it move from the right to the left ;
between the glass and himself is a
tracing apparatus with the lever rubbing
upon the sinoked surface direely in front
of him. The bhind Aying from right to
left, in a plane parallel with that of the
glass, carries the lever of the apparatus
on his right wing, so that the respective
levers of the two machines are alwa

arallel to each other. This being

nown, the tracing should be read from
left to right. We have seen that the
tracing consista of o kind of ellipse,
which the motion of the glass extends
into a spiral. The movements, more
extended at the beginning of flight,
gradually lose a little of their amplitude,
and retain a uniform character for some
time,

~ This figure somewhant resembles
that which we obtain from u Wheat-
stone's rod, nccording to the unison
whivh traces the ellipse which ibs poind
degeribes upon s surface moving from
right to left, ‘Fig, 27, showing the
tracing of this rod, admits the comparison

- of the two.

The wing of a harrier thus describea
a sort of ellipse, but it is necessary to
daetermine more exactly its shape, and
to correct the error caused by the
motion of the glasa plate,
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Pig. 27.

Ellipse traced by a Wheatstone’s rod upon a turning eylinder,
Such a correction is impossible unless we know the elevation attained
by the wing at the end of successive and equal intervals of time, This
pnce obfained, if we trace parallel horizontal lines representing the
position of the wing at each of these successive moments, these lines will
cut the descending curve at points which correspond to the successive
equal intervals of its course, It is clear that if these auccessive points of
the curve have been produced at equal intervals of time, each of them,
under the influence of the motion of the glass plate, will have a constant
deviation toward the right, bearing a stated relation to the preceding

-point. The correction thus consists in earrying the second point back

toward the left twice this amount, the third pnint three times this amount,
and go on. The ascending portion of the curve should also be submitted
to this correction, and similarly each part of the tracing. But it is
precisely the height which the wing attains in the different ascending
and descending motions of its course which we do not know; but this
want can be supplied by the apparatus in the following manner :—
Since the principle of this mechanism is founded upon the trans-
mission of two motions, perpendicular to each Fig. 28,
other, vertical and horizontal, it suffices to
suppress the transmission of the horizontal
Jotion to obtain the eurve of elevation imme-
lately ; that is to say, the expression of the [
height of the wing at each instant of its course, [k
For this I obstrnet the tube of laternl trans-
mission, let the bird fly, and obtain the curve
of the heights of the wing at each mument, ;
The correction being made, and Fig. 26
being selected to show the course of the point §8
of the wing during one of its evolutions, and §
mjecgtarj upon a stationary plane, we obtain [§
ig. 28.
The arrows indicate the direction in which
the wing moves. - Course in space of the

Is this the form characteristic of all birds ; extremily of the wing, ve-
or 1s it only that of the harvier in the conditions duced from the motie: of

of ﬂight_in whiel it has bﬁﬁ“'}lldﬂéd 7 the Tivd.
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The last supposition appears to be the most probable; we can gee
even while comparing the form of the tracing at different instants of ita
flight while under experiment, that the ellipee is greater and more
open in the first strokes of the wing than in the last. It is, however,
necessary to except the second stroke of the wing, which has given me a
narrower allipse t in any other in all the experiments which I have
made, I do not know to what this special form is o be attributed, but
have thought it worth while 0 mention it on account of its conatancy.

Of the rotation of the humerus and the changes of the plane in the
wing during flight.—The wing of a bird, like that of an insect, must meet
with a sufficient resistance from the air in its motion npward and down-
ward to incline its flexible portion, namely, that which forms the webs
and coverts. 'This oause does produce & change of the plane of the wing,
but there in another even more powerful, for it places the wing at the
outset of the depressing motion in a favourable position for the double

ropulsion which is produced. I refer to the pivot motion which the

umerus executes around its axis at each contraction of the gread
pectoral, It is enough to examine the bony crest on which the Erge
tendon of the great pectoral is inserted, and to consider that this crest
is situated on the anterior edge of the humerus, to comprehend that the
action of the great pectoral, whose fibres are carried backward and
downward, should produge & rotary motion of the humerus around ita
longitudinal sxis. 'The conformation of the humeral sarticulation is
perfectly adapted to this motion, Finally, the existence of this rotation
is rendered still more necessary by the resistance which the air presents
to the baock of the wing and opposes to the descent of its featherad
portion. We can demonstrate the existence of this motion and measure
its extent by means of the registering apparatus. But T have thought it
best to defer these researches, especially as they necessitate the
sonstruction of special apparatus, which would require numerous experi-
ments, and would produce, after. all, results of very slight importance,
In fact; we are enabled to deduce from the attachment of the muscles
the nature of the motion which they produce, and this deduction is
especially easy.

T have always sought to verify the existence of this ratm;y motion of
the humerus, and to measure its extent, by the application of electricity
to the muscles of the bird, In the experiment for measuring the static
power developed by the contraction of the great pectoral muacle,

reviously described, I noticed that at each excitement of thia muscle the

umerus executed a rotary motion upon ite axis, I fixed in the humerus
s rod, * erpendicular to ita axis, and was enabled, by the angle formed
by the two positions of this rod, to demonstrate that the rotation in the
harrier corresponded o an angle of thirty-five or forty degrees. It
seemed that the limits of this angle were fixed hy the attachments of
the median and great pectoral muscles, - If.traction be exerted upon the
two antagonistic muscgea of & newly-dissected bird, it will be Been that
the median pectoral raises this member so that its upper face is turned
somewhat backward. The action of the greal pectoral changes this
position . of the wing completely, and camies its upper face strongly
upward and even & little forward, These expressions, upward and

E
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downward, are relative to a plane cutting the bird into a dorsal and a
ventral half ; but this plane, doubtless, is not entirely parallel with the
horizon during flight. But it is certain that the resistance of the air

should give a much more pronounced deflection to the feathers during the

more rapid descent of the wing.

The most difficult to measure of the influences which change the
plane of the bird’s wing is that which relates to the pressure of {he air on
the feathers. Perhaps it may not be impossible to devise an apparatus
capsble of measuring it, but it so varies with the variations of the
velocity with which the wing is lowered, that any measurement which
might be obtained would be only the expression of a particular case. It
is very probable, on the contrary, that the change of plane due to the
action of the pectoral muscles is a much more constant phemomenon.
We can infer the action of the two motions of the bird’s wing from what
has been said of the mechanism of the flight of insects. It is evident
that the descent of the wing will have the double effect of raising the
bird and of imparting to it & horizontal motion. As to the ascent of the
wing its office eannot be the same, because thé imbrication of the
faa.t%m‘a does not offer a resistant surface to the air.

Everything tends to show that the ascending wing cuts the air with
ita anterior edge, but, as we shall see, another pﬁeno:ﬁenon oceurs which
uplifts the body of the bird during the elevation of the wing ; thie is the
transformation of the impulse which the bird has acquired during the
lowering of the wing. This impulse is changed in rising, by a mechanism
imalngI'lOua'hothaﬂaw ich raises the toy kite, . -

a remarkable study of the flight of birds, M. Linis has heen led,
through ‘observation and deduction, to adopt this theory, to which the
;zp&rim&nt-ﬁ about to be deecribed, I trust, will add new proofs in itk
avour.

Before leaving the subject it is necessary to mention the existence
of certain other motions in the flight of small birds, I refer to the
folding and unfolding of the wincga. But the existence of these motions
does not seem $0 be constant, and the eye cannot perceive the least trace
of them during the flight of the large birds upon which I have experi-
mented, - I shall, therefore, omit the study of these motions, and of their
possible effects, and restrict my conclusions on the mechanism of ‘flight
to & certain number of determinate species of birds.

The study of the motions of the wings of birds dwring flight
necessarily includes the effect produced by each of these movementa.
We are tempted to deduce these effects from the nature of the motions
which generate them, but it is safer to obtain the solution of this
complicated problem from experiment, Two distinet effects are produced
during flight: firet, the bird is upheld against the force of gravity;
second, it is propelled horizontally. = Is the bird in the air sustained at a
constant elevation, or is it rather subject to oscillations in the vertical
plane? Toes it not exhibit, by the intermittent effect of the strokes of
its wings, a series of ascents and descents, the frequency and extent of
which cannot be observed by the eye? Is not the bird also subjected to
a variable velocity in its horizontal course? Does it nob receive &
jerking motion from the action of it wings? These questions can be
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solved by experiment in the following manner: Rince we possess the
means by which distant motions produced by pressure exerted upon a
dram filled with air are made to record themselves, we must seek to
connect the movements which we would study with a pressure of this
kind, The oscillations which the bird executes in the vertical plane
should be made to produce alternately strong or feeble pressure on the
membrane of the drum, according as the bird rises or falls, The same
shouvld be done in seeking the variations of its horizontal velocity.
Suppose that a flying bird carries upon its back s light metallic drum,
like the one already described; that the membrane of this drum be .
turned upward, and that this instrument be put in communication with
the registering apparatns by means of a long tube. If the membrane of
the drum freely partakes of the motions of the bird it will not produce
any displacewent of the air in the apparatus, and the registering lever
will remain motionless, Butif we prevent the membrane from partaking:
of all the motions of the bird, if we can give it o tendency to remain at
rest while the drum is moved, motion will be producad in the air with
which the drum is filled, and the signals will be regiatered by the lever.
Now, we can produce this tendency to remain at rest upon the membrane
by loading it with'an inert body, such as a disc of lead.

Fig. 29 shows the drum with an inert mass upon its membrane,
This mases is formed of dises of lead, of which a certain numbér can be
added or taken off, until the apparatus responds satisfactorily to the
motions of vertical vscillation imparted to it. In this arrangement the
movements in the horizontal plane are without influence upon the
apparatus. If the drum is suddenly raised, the imert body, not
participating in this elevation, depresses the membrane exactly as if the
mass itself had been depressed and the drum had remained motionless,
Conversely, when the drum descends, the inertia of the magss resists the
motion as if it or the membrane had been raised and the drum had
remained motionless, 'We may remark that the movement of the lever
is in the same direction as that of the drum; that ia to say, if the drum
be raised the lever also raises itself. It may happen with an apparatus
of this kind, thav in the motion of the wings rubbing may be produced
on the membrane of the drum which will make confusion in the signals,
To avoid this I cover the upper part of the apparatus with a metallio
network, as seen in Fig, 29.. The drom is there represented in the hand,
held by the transmitting tube connecting with the registering apparatus.
If the drum is moved in the vertical plane the lever is seen to move in
the same direction, at the same instant of time, and with an samplitude
proportionate to the motions of the hand. If, on the contrary, we give
the mass a lateral motion, no effeot is produced upon the lever and no
signal is made, But it may be said that an inert mass placed on an
elastic membrane tends to execute vibrations peculiar to itself, and thab
the apparatus will transmit these vibrations of the mass of lead and the
mamgmne which oarmes it independently of the oscillations of the bird,
How shall we get rid of shis complication? The law of vibrations teaches
us that the duration of the double period of each of them varies with the
weight of the vibrating body and with the elastic force of the lamina
which carries it, The greater the mass and the feebler the elasticity
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the longer will be the period of vibration. Now, the motions which we
are atugm are rather frequent, some birds making eight or ten strokes
of the wing per second. If we arrange it so that the period of oscillation
of the mass of lead itself is much longer than that of the bird, we shall
no longer be troubled by the complication of these interfering motiona.
By employing a heavier mans and & less tense membrane, a good trans.

Apparatus for transmitting to the registering lever all the oscillstions imparted to it in  vertical plane.
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mission of motions, which are not too slow, may be obtained, for instance,
such as last less than half a second, It is not necessary, either, that the
imhrug;ent- should be applied to the study of the oscillations of all species
of birds, :

But to make sure of the accuracy of the apparatus it should be
verified by the method much like that which'T have used to' correct all
my apparatus, This coneists in making directly, by hand, the tracing of
the motion which I have imparted to the weighted drum, and ohserving
whether the registered motion was the same as the first,

FExperiments made upon different kinds of birds, ducks, harriers,
hen-hawks, and owls, have shown me that, in relation to the intensity of
the oscillations in the vertical plane, very varied types of flight exist.

Fig. 80 shows tracings, furnished by different kinds of birds, upon a
cylinder turning at a uniform rate, and contrasted with a tracin
produced by a tuning-fork making 100 vibrations per second. These
tracings enable us to estimate the absolute and relative duration of the
okcillations of flight in these different birds. It follows from these
figures that the frequency and amplitude of the vertical oscillations vary
& good deal with the kind of bird under consideration,

Fig. 81.

In the upper half is seen nu[mf:bsa'd'«ﬂio musenlar tescing and. that of the
Yertical oscillations in & wild duck. Below the undulation @, which indicates
the elevation of the wing, is seen & vertical odeillation; and another, below &,
:rgz{.mgﬁ%?::d the lmzaring of tim wi:lllg. Ilil Ilfuha lower poﬁti?ln are the gmtg

from & harrier; here cillation at ich correspon
the elevation of the wing, is less ‘markﬁd-i?hg.sn in iimn;uu‘l?.w " po
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To better comprehend the cause of these variations, lét ud register
at the same time the vertical oscillations of the hird and the action of the
muscles of its wing. If we make this double experiment upon two birds,
differing in their manner of flying, such as the wild duck and the harrier,
the tracings represented by Fig. 31 will be obtained.

The duck presents two energetic oscillations at each revoiution of its
wing ; the one at b, at the moment when the wing relaxes, is easily
understood ; the other, at @, at the moment when the wing rises. To
explain the ascension of the bird, during the time of elevation of the
wing, it seems to me indispensable fo eall in the action of the boy’s kite,
previously alluded to. The bird, moving forward with acquired velocity,
presents its wings to the air in an inclined position sjmilar to that of the
kite, and thus transforme its horizontal force into an ascending one.

The flight of the harrier presents the ascension which accompanies
the elevation of the wing in a smaller- degree. May not the cause of
this difference be recognized as i smaller relative inclination of the wing
toward the horizon

Determination of the different phases of the evolution of the wing to
which the wertical oscillations correspond.—The interpretation of these
curves throws light at once upon the experiments made on the variations
of the transformation of velooity in the bird, at different moments, during
the evolution of the wing. :

But, before poing further, we may remark that the preceding
experiment furnishes a very precious lesson in the theory of flight. In
faot, if the bird excutes a series of ascents and descents, the duration of
the descending period will approximately inform us of the amount of the

pitive work which the bird must perform to rise again to the height
g::m which it fell, and ‘we see that the duck, which makes nine vibrations
of the wing per second, executes two vertical oscillations during each
vibration, or eighteen in a second. - Each oscillation is composed of & rise
and fall, so that each descent of the bird cannot last more than ome
thirty-sixth of & second. Now, if we subtract the effect produced (a8 in
a parachute) by the outspread wings of a bird, we find that a body which
falle d one thirty-sixth of & second traverses only fifty-two milli.
metres, This fall repeated eighteen times a second oconstitutes a tofal
rise of 9'36 centimetres, necessary to maintain the bird in the same
horizontal plane during one second. 5 o ; _

In the tracing of the harrier, thé descents are less than in the wild
duclk, probably on acoount of the large surface of the wings of this bird,

. Determination of the variations of the rapidity of fligli.—The second.
question to be solved relates to the determination of the various phaces
of rapidity of flight. The solution-can be found in the following manne« ;

_ If the weighted drum be placed upon the bird’s back in & vertical plane

perpendicular to the direction of flight, it will be insensible to vertical

ations, and will only indicate those of forward and backward ; alse,
by tumilzg the membrane of the drum forward it is clear that if the
advance of the bird is accelerated, the retardation of the weight on the

‘translation of the apparatus will produce & crowding of the sir in the

gecond drum, and an elevation of the regi tenng lever, while a relaxation
of the effort of the bird will bring a&t o descent of the registering
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lever. Experiments upon the kinds of birds previously mentioned
furnish tracings analagous to those of the vertical oscillations, If it is
brue, as I suppose, that the vertical oscillation of the bird at the moment
of raising the wing be due to the upward transformation_of velocity, by
obtaining, simultaneously, the tracing of the vertical oscillations and
those of the variations of velocity, we shall have the means of confirming
this theory, When obtaining at one time the two kinds of oscillstions
in the flight of & harrier, I have seen that the phase of descent of the
wing resulted hoth in the elevation of the bird and the aceeleration of tta
apeed. This effect is the necessery consequence of the inclination of the
plane of the wing at the moment of its descent, as we have.previously
shown in the flight of insects. As for the phase of elevation of the wing,
it.is proved that during the slight ascension which it producea the speed
of the bird is diminished. In faot, the curve of the variations of rapidity
falls a8 soon ag the bird beging to rise, This is, then, a confirmation of
the previously suggested theory of the upward transformation of the
upees of. birda, us by this mechanism the descending stroke of the
wing creates the force which produces the two oscillations of the bird in
the vertical plane. The downward stroke direotly produces the ascent
which is synchronous with it, and indirectly by creating the velocity
which prepares for the second vertical oscillation,

Simultaneous tracing of the two kinds of oscillation of the bird—
Instead of representing each kind of oscillation separately, I have thought
that it would be more instructive to obtain a single line which, by its
ourves, should represent both of the movements which the body of the
bird executes in its course through space. The method which has been
used to obtain the curve of the point n? the wing, with some modifications,
can be made to furnish a simultaneous tracing of both kinds of motion,
For this both drums must be connected with the same inert mass, and
placed st right angles to each other. Turning back to Fig. 23, which
shows the two levers connected hy tubes which transmit to the one all
the motions executed by the other, when any motion is imparted to the
fixet lover, the second lever reproduces the same motion in the same
direction, Now, let us charge one of the levers with a mass of lead,
and, taking the support of the apparatus in the hand, make it desoribe
#ome motion in a plane perpendicular to the direction of the laver, We
#ee that the lever No. 2 executes directly opposite movements. In fact,
since the motive force which aote on the membranes of the drums is
simply the inertia of the mass of lead, and since this mass is alwavs
behind the motion given to the apparatus, it is clear that if the whole
raised the mass will keep the lever down ; if the whole be lowered, the
mass will raise the lever; if it be carried forward, the mass will hold
baok the lever, &¢, Now, the second lever, executing the same motions
28 the first, will give curves which are directly the opposite of the
motion which has been given to the support of the apparatus, This -
being settled, now for the experiment :—For this I take the apparatus
represented on the back of the harrer in Fig. 25; 1 remove the rod
which receives the motion of the win , and the parallelogram which
transmits it to the lever, T keep only ghe lever connected with the two
drume and the mounting which attaches it to the bird's back, I fix a
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Simultsneous tracing of both kinds of oscillations executed by a harrier during flight.

mass of lead on this lever and,
let the animal fly, "The tracing
obtained is repregented by Fig. 32.
 The analysis of this curve is
at first sight extremely difficult.

- I hope, however, to succeed in

showing its signification. It is
traced on the cylinder under the
same conditions as Fig. 26, show-
ing the different motions of the
pomnt of the wing. .The glass
plate moves from the right to the
left ; the tracing is read from left
to right. The head of the bird
is toward the left; this flight is
in the direction of the arrow.
We can divide this figure b

vertical lines passing throug

‘homologous points, cutting if

either at the top of the loops or

at the summit of the simple

curves, #s represented at .the
points ¢ and e, Bach of these di-.
visions encloses Bimilar elements,

although their development is

unequal in different- parta of the

figure. For the present we shall

neglect these details, -

It is evident that the peri-
odical retnrn of similar forms
corresponds ‘to a return of the
same phases in an evolution' of
the bird’s wing. The division ae
thus represents the different mo-
tions of the bird during an elar
evolution.

Let us recollect that in the
curve which we are analyzing
all the motiona are the reverse of
those which the bird reall
executes, The two vertical oscil-
lations, the great and the small,

should” then be represented by

two downwnrd curves. Itis easy
to recognize them in the great
curve abe and the small curve
ede. Thua the bird rises from
a to b, falls from & to ¢, again
rises from ¢ to d, and re-descends
from d to ¢; but these oscilla-
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tions encrosch on edch other, producing the loop ed. The oscillation ede
partly covers the first anteriorly. Thisis a proof that the indieations of

the curve are the reverse of the true motion : for, at this moment, the

bird recedes, or at least relaxes its courss. As the apparatus is ounly
sensible of changes of velocity, it is clear that the tracing does not take
the uniform rapidity of the bird into account, but indicates acceleration
a3 a forward mevement and retardation as a retrograde movement, This
figure, then, sums up all the preceding experiments which we have made
on the motions of tE:a bird in space. It is here seen that the bhird at
each evolution of its wings rises and falls twice successively ; that these
oscillations are unequal ; the larger, as we know, corresponding to the
depression of the wing, the smaller its elevation, It is also seen that
the ascent of the bird during the raising of the wings is accompanied by -
a rotardation of its speed, which justifies the theory by which this
aseent has been considered ss made at the expanse of the bird’s acquired
velooity, But this is not all ; this curve also shows us that the motions
of the bird are not the same at the beginning and end of flight. We
have seen already (Fig. 20) that the first strokes are more extended than
the pthers ; we now see that at first——that is, at the left of the figure—
the oscillations produced by the descent of the wing are also more
extended. But theory foretold that the oscillation of the elevation of
the wing being derived from the acquired speed of the bird should be
ery feeble at the beginning of flight when the animal has acquired but
little impetus, The figure showa us that this does happen, and that at
the beginning of flight the second oscillation (which forms the loop) is

_very insignificant,

At then, we are in possession of the principal facts upon which
the study of the mechanical power doveloped by the bird during flight
can be established, and we see that it ia during the descent of the wing
that the intire motive force which sustaing and directa the bird in space
is create
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