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tral segment, V', and into two half ones, AN, N' B.
The note emitted is now an octave higher than it was be-
fore, and the number of vibrations is double what it was
when there was only one node. The arrows in the figure
indicate the direction of motion of the direct and reflected
pulses.

If the rod be now fixed at &V, I1, of the adjoining figure,
and caused to vibrate as before, it at once forms two other
nodes, one at V' and one at V", — points so situated that
N'B=AN, and that V'N'=N"N=A N+ N"B = 43_1:‘ :
These four divisions vibrate in unison, and constitute three
complete ventral segments of equal lengths. The number
of vibrations executed in this case is three times that corre-
sponding to the fundamental when the rod is fixed at the

centre. If the rod be
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3~ p divided into four com-
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plete ventral segments,

e it will produce a note

e W 37— whose pitch is four
times that of the fun-

damental, and so on

for higher subdivisions. Hence the notes emitted by a
rod vary directly as the number of complete ventral seg-
ments, and inversely as the length.of these segments.
The frequencies of the notes yielded follow each other
in the order of the harmonic partials and according to
the series of the whole numbers 1, 2, 3, 4, 5, etc. The
law is, therefore, the same as that which we have seen

Fic. 58.

obtains for a string vibrating longitudinally, and the
same. as we shall learn, as that which governs the vibra-
tions of air in open organ-pipes. Another similarity be-
tween a rod free at both ends and an open organ-pipe
is that in both cases the nodes occupy the same relative
positions.

When the rod just used is fixed at one end and free at
the other, the number of vibrations that it will execute in
a given time is different, as is also the order of occurrence

of the upper partials which may be produced.
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Suppose the rod 4 B (Fig. 59), fixed at 4, and free at
B. When vibrating in its simplest way, so as to yield its
prime tone, there is necessarily a node at A4, and the
centre of a ventral segment at B. I say the centre of a
ventral segment because the rod, when vibrating so as to
emit its fundamental note, is only a half ventral segment
in length. Such rods, like those which are free at both
ends, execute vibrations whose frequencies are inversely
proportional to their lengths. A rod fixed at one end,
and yielding its fundamental note, is different in length
from a rod of the same length and material when free at
both ends and emitting its prime tone. The note yielded
by the former is an octave lower than that produced by
the latter. In order that the notes may be in unison, the
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rod free at both ends should have twice the length of the
one free at only oné extremity.

Like rods free at both ends, those fixed at one end
admit of subdivisions into segments while under the in-
fluence of vibratory motion. These divisions must always
take place in such a manner that the fixed point is a node,
and the free extremity the centre of a ventral segment.

When but one node is formed in the rod, it exists at V
(Fig. 60), I, and divides the rod into two vibrating parts
such that V5 is one
half A &V, and -one
third 4 B. We have
in this case a half ven-
tral segment, V B, and
a complete one, 4 V.
The number of vibra- S
tions corresponding to

the note emitted in this case is three times that executed
by the rod when emitting its prime.
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When two nodes are formed in the rod IT of Fig. 60,
the vibrating part V' 5 is one fifth the length of 4 B. The
rod is now divided into three vibrating parts, one half-
ventral segment, V' 5, and two whole ones, 4 Vand V' V',
The number of vibrations now executed is five times as
great as when the rod sounds its fundamental.

From the foregoing it will be seen that the order of the
notes developed in a rod fixed at one end is that of the
unevenly numbered har-
monic partials, — that is,
they succeed each other
as the odd numbers 1, 3,
5, 7, etc. The same law,
as we shall learn later on,
applies in the case of notes
yielded by a stopped or-

gan - pipe. Furthermore,
rods fixed at one end and

stopped organ-pipes have
their nodes in the same
relative position. The only
instrument in music based
on the longitudinal vibra-
tions of bars is one devised
by Marloye. Such an in-
strument (Fig. 61) is be-
fore you. It is, indeed,
more of an acoustical curi-
osity than anything else.
It is composed of twenty rods, firmly fixed at one end on
a solid support. The white rods yield the notes of the dia-
tonic scale, while the colored ones answer to the semitones
of the chromatic scale. By rubbing them with resined
fingers, a series of quite pure, sweet tones may be educed,
and a simple melody might be played on them which the
ear would find quite agreeable. Substituting rods of glass
for those of wood, the smoothness and volume of the tones
clicited would be considerably enhanced.
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In elastic rods the number of longitudinal vibrations
varies, as we have seen, inversely as the length of the
rods, or the vibrating segments. The diameter and form
of their transverse section have no effect on the number
of vibrations executed by rods of the same length and
material, provided their length is very great in comparison
with their width and thickness. This is easily shown by
experiment.

On a suitable support fixed to the table are clamped
two steel rods (Fig. 62), each being one metre in length.

FiG. 62.

The lower one is cylindrical, the upper one prismatic.
Passing a resined piece of leather in succession over the
two, the same notes, as you hear, are elicited from both.
I now replace the prismatic rod by a cylindrical one of
greater diameter than that just used. We have now two
cylindrical rods of quite different diameters, and yet, when
they are thrown into vibration by rubbing them, they both
emit the same note. Substituting a rod of one half metre
in length for either one of those now clamped to the sup-
port, we have two rods, one of which is just twice the length
of the other. Passing the resined leather over both of them,
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we find, as we have already learned should be the case,
that the shorter rod yields a note which is just an octave
higher than that produced by the longer one. Taking in
place of the rod one half metre in length another one
measuring one third of a metre, and causing it to vibrate
with the rod below it, which is three times its length, we
obtain notes whose frequencies are as 3:1. The short rod,
as was to be expected, emits a note which is exactly a
twelfth above that sounded by the longer one. :

These experiments beautifully corroboerate the results
already obtained by causing rods to vibrate in segments
and verify the law previously enunciated ; namely, 2ke num-
ber of longitudinal vibrations is inversely proportional to the
lengths of the vibrating segments, or, when rods of the same
materiel but of different lengths are employed, the number of
vibrations executed per second is inversely as the lengths of
the rods.

If now we use rods not of the same, but of different
material, we shall find ourselves in a position to determine
in a very simple way the velocity of sound in different
solids. Fixing a rod of steel and one of copper in the
support just used, and causing them to vibrate, you notice
that the steel rod gives a more acute sound than that given
by the copper one. The reason is found in the su[;erior
elasticity and lesser density of the steel, which permit the
sound-pulse to travel through it more rapidly than it does
in copper. If, instead of having rods of equal lengths as
we now have, we were to use a steel rod seventeen inches
long, and a copper one eleven inches long, we should, on
causing them to vibrate, obtain notes that have approxi-
mately the same pitch. But the lengths of the rods em-
ployed are to each other very nearly as the velocities of
sound in the two metals. The velocity of sound in steel

and in copper is, in round numbers, 17,000 and 11,000

feet rgspectwc]y. By simply making the rods of different

materials of such lengths that they will yield the same

note, we at once have an approximation to the relative

velocities of sound in these materials, and knowing the
o
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velocity of sound in air, we can easily determine their
absolute velocities.

Instead of steel and copper, let us take oak and fir.
Cutting the rods to such a length that they both emit the
same note, we find that the lengths are twenty-five inches
for the oak, and thirty inches for the fir rod. But the ratio
of the lengths of these rods, 25:30,=12.5:15, is very
nearly that of the relative velocities of sound in oak and
fir. In the former the velocity of sound is a little more
than 12,500 feet, and in the latter it is slightly in excess of
16,000 feet per second.

This method of determining the velocity of sound in
solids was first suggested and applied by Chladni. The
results he obtained for various substances correspond very
closely with those arrived at by more refined methods of
measurement. Its simplicity certainly commends it to
the investigator who desires only approximate values.! It
is applicable to all solids which can be fashioned into rods
capable of executing longitudinal vibrations competent to
yield a definite musical tone. Measuring the length of the
sonorous rod, and estimating its pitch, both of which are
exceedingly easy, are all that is required to enable one to
calculate with a fair degree of approximation the velocity
of sound in any given material.

A beautiful experiment, due to Biot, enables us to in-
vestigate, better than any other means at our disposal, the
conditions of the molecules in various parts of a bar or rod
when in a state of longitudinal vibration. It has been
stated that the particles constituting the nodes of any
vibrating body are quiescent, while those which compose
the ventral segments are always in a condition of greater

or less vibratory motion. Ina rod free at both ends and
emitting its prime tone, there is, as we have learned, but
one node, which is at the centre, while on either side of
the node there is a semi-ventral segment. In this case the

t According to recent investigations by Prof. A. M. Mayer, as yet un-
published, Chiadni’s method of determining the velocity of sound in solids
is capable of giving more exact results than any other known method.
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molecules that have the greatest amplitude of motion are

at the extremities of the rod. At the node there can be

no motion, because here the opposite sonorous pulses
meet. There are, however, alternations of strain and
pressure, and hence alternations in density. While, there-
fore, the node is characterized by absence of movement
and by variations of density due to pulses of condematinn.
and rarefaction, which alternately -
ends of the rod, corresponding to centres of ventral
segments, are distinguished for great ;lmpllitudc of move-

ment, while the density remains always the same.

‘To the front of our lantern (Fig. 63) is attached a Nicol
prism that gives a beam of polarized light. If now a
second Nicol be placed in front of the ~ﬁrst, in such a
manner that the directions of vibrations in both are
parallel, the beam will pass through the second prism
also,.as is evidenced by the luminous disk on the screen.
But .If the two prisms are so adjusted that their directions
of vibration are at right angles to each other, the po]arizea
beam from the first Nicol will not pass through the second,

although both prisms are perfectly transparent. The light
=1

is quenched almost as completely as if it had been inter-
cepted by a body perfectly opaque.

Light thus polarized is remarkable for its behavior with

meet at this point, the’
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respect to bodies in a condition “of strain or compression.
I take a narrow strip of plate glass and introduce it
between the two prisms so that it is inclined to their
direction of vibration. There is as yet no change on the
screen. As soon, however, as the glass strip is bent, there
is induced a condition of pressure on the concave and one
of strain on the convex surface. The moment such

change is effected, the light flashes out on the screen, If

2 similar condition of stress be caused by other means,
by heat, for instance, or by sound-pulses excited in the
molecules of the glass, a like result is obtained.

Adjusting the strip of glass in a vice in such a manner
that the ray of polarized light can pass through its node,
and sweeping over one of its halves a moist woollen rag,
there is heard an acute note due to the longitudinal vibra-
tions of the glass. Simultaneously with the production of
the sound a brilliantly illuminated disk flashes out upon
the screen. When the vibrations cease, the light is ex-
tinguished. But each time the cloth is passed over the
glass the luminous disk is restored. Here, as is evidenced
by the flashes of light on the screen, we induce changes
of density — alternate states of condensation and rare-
faction — in the node of the glass strip, precisely like
those developed by heat or mechanical stress of any kind.

If now the glass strip is so placed that the beam of
polarized light passes through it near either of its ex-
tremities, and it is thrown into vibration as before, no
effect whatever is produced. The reason is that at these
points of the glass bar there is no variation of density, due
to alternations of strain and pressure, although the width
of swing, or amplitude of movement, of the oscillating
molecules is here at its maximum.

Like strings, rods may also execute torsional vibrations.
If a rod be clamped at one end in a vice, and a violin bow
be drawn around it, it will be caused ‘to twist and untwist
itself around its axis so as to execute vibrations that are as
isochronous as transverse or longitudinal vibrations. Ac-
cording to Chladni, the pitch of a note due to the torsional
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vibration of a rod is abeut one fifth lower than that of
a note p_rroduced by the longitudinal vibrations of the same
rod having the same number of segmental divisions

Like strings, rods may also execute very complex vibra-

tions, in which transverse or torsional vibrations, or both
are compounded with longitudinal vibrations. '

Savart was the first to elicit simultaneously from the
same rod two notes, one of which is due to transverse, and
}he 0th<—:1; to longitudinal vibrations. Since his time
I'erquem*® and Koenig have studied these joint vibrations
more closely, and, thanks to their investigations, we now
Lrln_o‘\’v'not only the laws which govern such compound
vibrations, but also under what circumstances they mav
most easily be produced. o
' L‘,Iampmg thlsistccl rod, one metre long, in the support
\\’h]ch we have just been using, I rub one of its halves
vigorously with a piece of resinous leather. Thc: rod is
thrown into longitudinal vibration as in the prccedin:
lexperi@_cm, and a loud, clear note is the result 1%[12
in addition to the fundamental tone of the rod VULI hé'n‘
‘anothcr note equally pure, and almost equally 10!11'd \\‘hicLh
is cxa.ctly an octave lower. This is due to the tra;w\'cl‘w
vibrations, which are developed simultaneously with Hl;d
by those which are longitudinal. Such a grave tone is
called by the French son raugue,—a raucous :ound - and
as Terquem has shown, is produced only when thé rc;d 1
of such a length that the note it emits when vibratin;
transversely is sensibly identical with a note that is 1:
OC‘[EI.\:-'C lower than that yielded when the rod .\'ibﬁt‘c*
longitudinally. Koenig has further found that the ;:11‘:;
upper harmonic partial due to longitudinal \‘ibratioﬁ.*
may, like the prime tone, excite transverse vibrations ‘dn.t
\\-‘.lll yi‘cld a note an octave lower than such partial ‘ TE;:
vibrations thus developed in rods are, thcrefor.c- uite
mlalogous to those which we have witnessed in f\'-'IeCllde’S
experiments, in which a tuning-fork vibrating in the direc-

1 See his ”Etud Vi i o s V

c de Ibratlons ]l‘m .[t“dina] o S
; g es des erges ])rlsma quE:!;'
libres aux deux Extrér lités.” s : =
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tion of the length of a string causes the string to execute
transverse vibrations whose number in a given time is just
one half that executed by the fork itself.

We are now prepared to pass to the vibrations of plates.

They are far more complex than those of rods, but at the
same time they are, by reason of the figures to which they
may give rise, far more interesting. Chladni was the first
to study experimentally the modes of subdivision of plates
when under the influence of vibratory motion, and to him
and F. Savart we owe most of our knowledge concerning
the experimental part of this subject. Napoleon Bona-
parte,! who had witnessed some of the experiments of the
German philosopher, was so impressed by them that he
had the French Institute offer a prize to the one who
would offer a satisfactory theory of the phenomena ob-
served. A lady mathematician, Mademoiselle Sophie
Germain, gave a solution of the problem involved, for
which she was especially honored by the Academy. Sub-
sequently the theory of vibrating plates was discussed by
the ablest mathematicians in Europe. Chief among these
were Lagrange, Poisson, Cauchy, and Kirchhoff. And vyet,
notwithstanding the great work accomplished by these emi-
nent analysts, much yet remains to be learned regarding
the mode of vibration of plates, especially square plates
whose edges are free. In the case of circular plates,
theory and experiment are more concordant. The vibra-
tory motions of such plates have been analyzed so thor-
oughly that the mathematician can now determine in
almost any given case the number and kind of nédal
lines, and calculate with the greatest exactness the series
of sounds that will be produced.

By means of the vertical lantern and suitable plates, 1
shall now give some illustrations of the character of this
vibratory motion. A square glass plate is clamped above
the condensing lens of the lantern, and then strewn with

1 On the dedicatory page of the French edition, “Traité d’Acoustique,”

of Chladni’s great work is written, Napoléon le Grand a daigné agréer la ,

dédicace de cet ouvrage aprés en avoir vu les expériences fondamentales.”
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fine sand. The image of plate and sand is now distinctly
focused on the screen. Placing my finger at the middle
point of one of the edges of the plate, so as to form a
node there, and drawing the bow along the edge near
one corner, the sand immediately begins to dance about
on the plate, and arrange itself along two nodal lines,
which are at right angles to each other, parallel to the
sides of the plate, and intersecting each other in the

2il
]
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centre. These lines, in fact, constitute a cross, 1,1 (Fig.
64), dividing the plate into four equal rectangular seg-
ments. Placing my finger at the corner of the plate,
and drawing the bow across the middle point of the edge,
two nodal lines are formed as before, but their position is
different, being along the diagonals of the plate as in 2,0
of the adjoining figure. Clamping the plate about mid-
way between the centre and one of the edges, and bowing
it at the proper point, we obtain a still different design,
,like 2,1 in the figure, composed of two parallel straight
lines intersected by a third straight line at right angles.
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These figurés are named after their discoverer, and are
known as Chladni’s figures. They have been of invaluable
service in studying the nature of vibratory motion in solid
bodies, as they reveal at once the positions occupied by
nodes and ventral segments. An almost indefinite num-
ber and variety of designs can be obtained from one and
the same plate, and to most of these designs correspond
sounds of different pitch.

A square plate yields its fundamental tone when it is
divided into four equal squares, as in 1,1. The notes
corresponding to 2,0 and 2,1 of Fig. 64 have a higher
pitch. If the prime tone of the plate be C,, the notes
corresponding to the two diagonals will be a fifth higher,
that is G,, while the note corresponding to the third fig-
ure, 2,1, will be a major third of the octave above the
fundamental, namely, E..

The pitch of the note emitted by a vibrating plate in-
creases with the number of nodal lines formed, and the
complexity of the figures developed. The designs in the
accompanying diagram (Fig. 64) are a few of the multitu-
dinous patterns that may be produced. Experiment shows
that for plates of the same material, shape, and dimen-
sions, the same figure always answers to the same sound.
Different figures, however, under certain circumstances,
may correspond to the same sound. With a little prac-
tice one can locate the position of the nodes,-and deter-
mine the form of the figure that will be produced, with
comparative ease and precision.

Wheatstone in 1833 was the first to give an explanation
of these curious figures as formed on square plates. Koe-
nig subsequently took Wheatstone’s theory up and applied
it to rectangular plates. Our knowledge of the transverse
vibrations of rods will now be of use to us.

Suppose we have (Fig. 65) two rectangular plates of
the same material and thickness, one having the length
abced, the other the length efg /4%, and let us further
suppose that these are in unison when the former has two

nodes, & and ¢, and the latter three nodes, £, g, and /.
13
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If we now superpose one on the other, we shall have a
plate with a width a4¢d, and a length efg/hk. Such a
compound plate will admit both systems of nodes given by
the plates separately, because the nodes are independent
of the width of the plates, and will, while having the same
system of nodes, emit the same sound. Knowing, then,
the number and direction of the nodes given by two dis-
tinct plates, we can foresee what figures would result from

their superposition. The segments on the opposite sides
of a nodal line, as is evident, must move in different direc-
tions, otherwise the formation of nodal lines would be
impossible.

The parts of the plate that move upward are considered
positive, those that have a downward motion, and are
below the average position of the plate when at rest, are

called negative. 1In the adjoining figure the negative parts

are represented by dark spaces, while the positive ones
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are indicated by cross lines. In the first and second hori-
zontal series of the figure are shown plates of various
sizes and of different systems of nodal lines. In the third
series are shown the nodal lines that theoretically should
result from a superposition of the corresponding plates of
the first two series. A little reflection will make it ap-
parent that when the first two plates of the two upper
series are superposed, the resultant nodal curve must 'pass
through the points / m, #, 0, p, g, which are the points of
intersection of the nodal lines of the plates taken sepa-
rately. At these points only do the positive vibrations of
one system neutralize the negative ones of the other sys-
tem, and induce the condition of rest indicated by the nodal
curve, — a condition that can result only from movements
or vibrations which are equal and opposite in direction.
In the various figures of the fourth horizontal series are
exhibited some of the sand figures obtained by Koenig,
showing the perfect agreement of theory and experiment.

Let us now study the effect of vibratory motion in cir
cular plates. And in order to make the Chladni figures
visible to all of you, I will, as before, project them by
means of the vertical lantern. Clamping a glass circular
plate above the condenser, and strewing it with sand,
we throw it into vibration by bowing it. Damping any
given point of the edge by touching it, and drawing the
bow across the edge at a point forty-five degrees from
the finger, two rectilinear nodal lines are formed, at right
angles to each other and intersecting at the centre of the
plate. There are now four equal segments, and the note
emitted is the lowest note the plate is capable of yielding.
Drawing the bow across the edge thirty degrees from the
point damped, six vibrating sectors are formed, separated
by as many nodal lines. Agitating the plate at points
gradually approaching the one damped, we obtain in suc-
cession eight, ten, twelve, and more vibrating sectors, the
number of sectors-in all cases being an even one.

As in the case of square plates, the pitch of the notes
evoked increases with the number of nodal lines that are




