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Letter of Transmittal

To the Faculty of the Graduate S&hool,

University of Cincinnati

Cincinnati, Ohio
Gentlemen:

I herewith submit a thesis, "The ''Volf* Tone of
the Pianoforte", as fulfillment of part of the requirements
for the degree of Dootor of Philosophy in Fhysics.

The resultu%of the work 1nd1;ate tﬁatvthe cause
of the "wolf" tone 1s essentially a longltudinal vidration

" of the bass string.

Respectfully submitted,

. 7%%7(

l‘Lo FO Imot)laugh

14 029
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Introduotion

The writer has had occasion to examine an acoustic phenomenon
which, to the best of his iknowledge, had never been explained satis-
factorily and which has not been noted in scientific pudblications. This
phenomenon occurs in the bass section of all makes of pianofortes and is
termed a "wolf" or '"clang" tone by piano makers, It non;iata in a high-
5p1tched sound, emitted with the dass tone when the string 19 struck in
the usual mamner by the hammer and is distinotly audidle. The pitch of
the sound is constant for any one string dut varies with string dimen-
sions, being higher for the shorter, lighter bass wires. A4s the
phenomenon is the supsrposition of a high-pitched tone on a low-pitched
ona, it detracts from the musical quality of the planoforte bass.

The frequency range of the "wolf" tones on the pianos the
writer has examined, is from 500 to 3000 vibrations per second, whereas
the frequency range of the fundamental tones of'the bass strings, in which
the "wolf" tones arise, is from 27 to 80 vibrations, It was thought,
from the large interval between these two ranges, that the causs of the
tone would not de found in the ordinary theory of harmered strings. Ghoah1

| and others have shown that the Fourier series of partial tones produced
in strings struck by harmmers is onnvergent., Thus, for ordinary strings
and hammars, the partials around and above the fifteenth should be very
weak., The "wolf" tone, if it be a high partial of the transverse modes
of the string, should thersfore be of low intensity; this is contrary to

faot.

-
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As a first attack on the problem of f£inding the causs of the
"wolf'* tone, the writer decided to determine acocurately the frequency
and complexity of this "wolf'" effect, with the hope of establishing
some reiation betwesn experimental results and the dimensions of the
strings, hammers and soundboard of the piano. To this end, he ﬁade use

of a tons snalyzer which he had constructed,
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Se

Dascription of Apparatus

The tone of the pianoforte, like & great many musiocal sounde,
is complex !n character and of transient nature. The intensity rises
to a maximun in about one tenth of a second, falls rapidly for two
seconds and becomes inaudible in approximately twenty seconds. A physi-
cal desoription of such & sound requires its analysis into sins wave
oomponents and the history of each component.

In recent years, the acourate ways of analyzing acoustio
vibrations have employed the use of mechanioal devices or the use of
electrical methods. Of the formsr way, a noteworthy example' is the
phonodeik of Dr. D. C. Miller?, by means of which a graph of the instan-
taneous, representative wave form of a ton’e can be secured. Ths wave
depicted by th'u graph can be separated into a Fourier series of compo-
nents, with the aid of a rolling sphere, integrating type of analyzer.
0f the electrical methods, thq best modern development is the frequsncy
analyzer of Messrs. Wegel and Hoore.3 With this fnnchine, any complex,
continuous wave can be separated into sine components.

The phonodeik has the advartage of following rapidly varying
Intensities btut, due to the characteristiocs of the mechanical type of
analyzer, it is limited to analysis by Fourier series.

The analyzer of Wegel and Moore separates a ocomplex, continuous
wave into a series of trigonometfio oomponenta,wheit};er or not they de
in the progression represented by a Fourler series, It employs a series
impedance oircuit, oonsisting of capacity and inductance, which will
:indicate, by resonance, any frequency within its scops. The limitation:

of Vegel and Moore's apparatus is the sluggishness of the indicating meter,
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and because of this, rapidly varying tones can not be analyzed.

The present investigation rquired an analyzer giving quiok
rosponse and not limited to harmonic components. Therefore it was de-
ocided to use an apparatua'similaf in principle to that of egel and
Xoore but desipgned to follow rapid fluotuations. This neoessitaéad
the development of a special short-pseriod galvanometer.

The achemat;o diagram of the anaiyzof is shown in the acoom-
panying Figure 1. The aerial vidbration of tha tone is picked up by |
a ocapacity microphons and inofeased in 1n£eﬁsity, as an alternating
ourrent, by a vaouum-tugo amplifier (Amplifier No, 1). The various
components of the tone are shunted out, in turn, dby a variable series-
tuned oirouit, from whioh anergy is transférred through a high ratio
transformer. | | ..

Anmplifier NQ. 2 inorsases the intensity of a partioular oom-
ponent shunted out by the se?ies-tunéd circuit, so as to bring the
energy level up to a point oomparabl; with the sensitivity of the indi-
ocating meter, %

The output ocurrent of Amﬁlifier No. 2 is rectified and then
oonducted to the maeter. ' ~

Lot us consider in detail each p;rt of the apparatus,

Miorophone
” The capacity miorophone, or condsnser transmitter, developed
by the Bell System Laboratories into a most satisfaotory device for
transforming sound waves into eleotrioﬁl ourrents, has been desoribded
by Wente% and Crandallb, and the instrument has been found to give a

'?niform response over the range of frequencies ordinsrily .encountered:
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in, musical tones, with an increased response at low frequencies. The
miorophone of the Bell System Laboratprlm has a sensitiviiy of about
0.275 millivolts per dyne, pesr square centimeter, as sound pressure.
It oan be calibrated by ﬁeans of a the;mophonas. :

Amplification Systenm

The vacuum-tube amplifiers used in the analyzer are of the
resistance-~-coupled type, furnishing unitt;m response ovax; prac:tionny
the entire audio rangs. .i‘he tubos".axje of’ large' ourrent oapacity. to
sooure freedom from diatortion.‘ . |

. The averag9 sound pressure encountered in tone gnalyaia: work
was estimated at 10 dynes per square oéntimeta?. a.nd,'as' a oonveni'enc'e
for measuram.ent, a ocurrent -of about 0.25 milliamperaes ought to flow ‘
through the seriﬁ-tuned circuit as a result of this pressure on the
miocrophons. Moreoroft? and others have deduced formlae for the response
produced by .resistance-coupled amplifiera, and, with the use of these
formilas and tube data, keeping in mind the output desir.ed, the ampli-
fiers wors designed. Amplifier No. 1 is a five'tube dbvice, giving
0.250 millimir‘péres in the unloaded plate oirouit of the lant‘ tude, for
one millivolt applied to the grid of the first tube. Ampiifier No. 2
has three t;xbes and gives 0,210 miliiamperea poer millivolt applied.

Series-Tuned Cirouit

The output of Amplifier No. 1 is directed into a system con-
taining the series-tuned sircuit and an impedance network, in parallel.
The purpose of the network is to allow passags of the direct ourrsnt
oompopent of the last tube of the amplifier and to counterbalance dis~

cérapancies that may b8 in the response of the system. The series-tuned
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ciroult selectively shunts componsnts of the alternating ocurrent from
the network. ’
The steady-state impédance of a series-tuned circuit is given

vy

/Ra + (2MLL = =)

where R = resistance
" L = inductanace
.C = capacity
£ = frequency
The maximum current will pass through the circuit when this

is a minimum, that ig, when

1
£ = TG

As there are practical advantages in varying,thé capacity
rather than the inductance, the inductance of the cirouit was set at
either of two values and the capacity made selective. |

Steinmetz® has discussed the theory of trangient oscillations
in ciroculits nnd,'for geries impedance networks, found an important fac-

« This is an index of the rate at which

tor to be the deorement, 2%
the curfent in a oiroult reaches its steady-state amplitude under a
:uniform, impressed alternating electromotive force.

For the analysis df transient vibrations, the decrament of
the circuit should be large, that is, the resistance should be large
compared to the inductancs. ﬁowever, for sharp resonance, the induc-
tance must be large comparsd to resistance.

The proper choice of inductance and resistance in the circuit

is then a matter of judgemont, and it was decided that an inductance of

26 millihenries with a resistance. of batween 1.5 and 5 ohms vas
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approximately correct for the transient conditions to be met and the
frequency range encountered. -To minimize the effective resistance of
the circuit, a coil with a core of hiéh“permaability'and small electro-
magnetic losses must be used.

With such a valus of inductance in.the oircuit, the decrement
is, for a resistance value of 1.5 olms,

R = 1.5 ._3 -] 50
2L 2 x.26 x.10

With this decrement, it was estimated that the ourrent in the circuit .
would reach‘99 por cent of its steady state amplitude, under a uniformly
impressed electromotive force, in ons. tenth of a second. This time is
satisfaotory for the observations to pe made.

To securs an inductancs with'the characteristics demanded, the
writer constructed a coil having a powdered iron ocore. The coil is
toroidal in shape, the core having a mean diameter of 10,05 centimeters
and a rectangular coross-section of 5.3 by 3.3 centimeters, and is wound
in four sections, eath having 400 turns of wire., With the four sections
in parallel, the induwotance of the'cgil, as déetermined on an inductance
bridge, was constant at 23.8 millihenries for ourrents up to £ive milli-
amperas and the resistance inoreased from 0.45 ohms for direct current to
four ohms at 5000 cycles. Two other coils, one having a core of silicon
steel laminations 0.035 centimeters thick and the other a core of lamina-
tions of the same material 0,007 centimeters thick, were tried, but both
wore unsatisfactory.

A switching arrangement in the cirouit allows the four ssctions

of the coil to be placed either in series or parallel, thus allowing two
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frequency ranges, 25 to 1000 cycles and 80 to 10,000 cycles to be covared.
For the series connection, the inductance is 460 millihenries,

The values of capacit& used in conjunction with the induotance
vary continuously from 200 microfarads down to 0.0l miorofarads, with
deoade switching arraﬁgements. Up to six miorofarads, mion condensers
are usad to‘keep down effective resistanﬁe resulting from dielectric losses.
The largar condensers are of paraffined paper. A small air condenser is
added to the oirocuit as a vernier.

The primary winding of the éoupling transformer, which is con-
tained in the circuit, adds Q-sﬁall resistance and inductance both of
which are negligible, since the primary containg only 30 turns of wire,

. and has 1ts seopndary of soma 5000 turns operating into the grid cirouit
of the first tube of Amplifier No. 2.
Ractifier

fhe rectifier, of the ‘full-wave type, has as 1ts eloments four
coppar;ouproua oxi@e plateé; oach éﬁree centimeters aquare. In experi-
menting with this part of thg apparatus, an interesting property of the
reactifioation was discoversd. This' is displayed on the accompanying
Graph Sheets Nos. 1, 2 and 3.

Sheat No. 1 ~hows that the conversion of alternating current
Into direct is not linear and indicates that the reotification is less
effioient at high than at low frequencies. The writer suspected that
the curves on this shéet might be parabolas and so roplotted them,
using the square r;ots of the rectifisd current val&es as ordiﬁates.

The results were straight lines, a sample one of them being shown on

Graph Sheet No. 2, and they prove that, for current densities,up to
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the order of 0.1 milliamperes per square centimeter, the rectified our-
rent is proportional to the square of the input alternating ourrent.

It will be noticed that the straight line of Sheet MNo. 2 does
not pass exaotly through the‘origin. This slight'disoropanoy was noticed
on all the raeplots and may reprasent a "work function" or an index of the
energy required to transport an electron from the copper to its oxide.

81 was.duapeoted that the decrease in rectification efficiency
with inoreasing frequency might be due to the capacity of the rectifier
plates, that is, that the rectifier might be equivalont to an impedance
containing a capacity and resistance in parallel. If this be the oase,
then tho value of the rectified ;urfont should be 1ndépandent of the‘fre~
quenocy if the altérnafing voltage applied aoross the rectifier be held con-
stant. The results of a test of this nature are shown on Graph Sheet No. 3,
and oonfiim the suspicion.

The "square" property of the rectifier is an aid in tone analysis.
For, at any one frequency, the rectified current is proportional to the
square of the alternating current. The square 0f the alternating current
is profortional to the square of the voltage generated in the condenser
transmitter, and, this, in turn, is proportional to the square of the';ound
prossura. But the square of>the sound pressura, multiplied by a constant
factor, is equai to the rate at whioch energy flows across unit area of wave
front, Henae, by using a current meter attached to the rectifier, whose

readings are directly proportional to current strength, we can read sound

power diractly.

Meter

The recording meter is a modification of the d'Arsonval galvanometar
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It i1s shown schematioally and in photograph, in Figure 2. The moving ocoil
has been made light to shorten its period, and to maintain sensitivity, it
1s placed in a magnetic fleld of 5000 gauss. A damping loop, attached to
the coil, brings Jit to a slightly over@ped condition. 'L‘hz; deflections of
the ooil are measured by an optical system including a microscope with a
linear eycpiece scale. The meter has a period of about ‘0.0'7 seconds, and a
sensitivity of 6 x 10-6 amperes per division, for a miocroscops magnification
of 150 diameters. A resi:.;tor. variable from 0 %o l0.000iohms, is i)laced in
series with tho meter to adjust the sensitivity of the analyzer.

Calibration of the Ana]_.dvzer

By the use 'of a variable frequency vacuum-tude oscillator and a
tharmocouple for measuring small alterhating currents, the voltage c;a.libra-
tion of the ana.l‘.yzerl was gecured. The sexisitivity ourve of the Bell System
Lavoratories' condenser transmitter has been given by Ylente"‘a.nd Crandall®
By oombining thess two result;s,'the sooustic ocalidbration ourve of the
analyzer can be drawh. This 1s shown on Graph Sheet MNo. 4.

Laboratory

Tﬁe roort containing the analyzer has bheen made fairly free from
reverberation by covering the walls with Celotex board and the floor with
ocork.

| Accessory Apparatus .'

To secure a standard blow on the pianoforte key, a striker, shown
in an accompanying photograph, was construoted. It consists of a brass
arm, movable about a horizontal axis at its middle, adjustable in height,
and carried on.a vertical rod mounted on a floor base. One end of the
Arm has a felt-covered knob atta&hod for striking the planoforte key, and

the other a lanyard with which the hammer can be raised. A stop for
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"regulating the upper position of the hammer is included, and an adjust-
able weight can be plaéod at notched point:s along the ax;m.

In order to compare the distridution of power in the tone of
the piano with the distribution of ensrgy in the vibrating string, the
writer constructed an apparatus for photographing the motion of a string
as shown in Figure 3. A view, as if the observer were above the apparatus
z;axd looking down on it, is drawn. ‘“he monochord oconsists of a heavy
double beam, about three meters long, the space within the double beam
'baing~ available for inserting a piano hammer and its action. The string
18 oarried over sharp edged brass bridges, attached to the monochord and
adjustable f.o any position along the beam, and is connected to a dynamo-
meter. It is tuned by a turnscrew and the corresponding tension read.
The illuminating and photographing system consists of an arc lamp, a con-
densing lené for concentrating the light on the string, an adjustadble
shut;ter for regulating the photographic exposure, a magnifying lens, and
Linally a vertical slit and a £ilm drum directly connected to a motor.

The arc lamp is of the 110-volt, portatle type. The shutter,
of the buld typs, oan be regulated to give exposures from one hundrzdth
of o second to three seconds. The magnifying lens has fooal length of
about 4 centimeters. The £ilm drum is driven at 1000 r.p.m. and rotates
about a vertioal axis. It is seven contimeters in diameter, and oarries
a photographic £ilm wrapped on its periphery and held on with spring clips.
The vertioal slit is one fourth of a millimeter wide and 'ten centimeters
high. Appropriate light baffles are placed around the lenses and drum,

The hammer action is placed under the string, the hammer striiking
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, the string from beneath as ir a grand pianoforte.
It is seen that since the string moves in a vertical plane,
wheroas the film is carried horizontally, a record of the motion of the

string will be traced on the f£ilm.
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. Bxperimental Results

For the experimental work, twc.grand pilanofortes of well-known
make were selectod, one being seven and the other, five feet in length.
Each, in éurn, was placed in the laboratory and those bass notes which
had prominent "wolf" tones were analyzed according to the following pro-
cedura.

" The dlow astriker, with a 2 kilogram weight atgaohed at a dis-
tance of 7.5 centimeters from the fulorum on the knob side of the arm,
was placed ln position before the key to be struok, ﬁhe knod, in its
upper position, being three oentime;ers above the key. The tones'result—
ing from the fall of the knob on to the key oould be said to be forte in
strength, to use a musical term. be each blow of the hammer, the maximum
deflection of the meter 6011 of the nnalyzér was observed, and between
each successive blow, the resonance fraquenoy of the series-tuned cirouit
was inorodsed a small amount, the frequency at the start being well dbelow
the frequency of the "wolf" tore and that at the end being above 10,000
cyoles per second.

It was noticed that the movement of the meter coil agreed well
with the transient nature asorided to a'pianoforce tone.

For each note, the deflection values of the meter coil were
plotted as ordinates against frequency as abscissas. The results were a
series of peaks, the ordinate of the top of each peak baing taken as an

indioation of the maximum power of a tone component and the abscissa as

the frequency of the component. From the oalidration ocurve of the analyzer,
the maximum acoustic powers of these components were determined, and

plotted against frequenoy. The results are shown on the accompanying
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.Graph Sheets Nos. 5, 6, 7, and 8,

For purposes of comparison to be mentioned later, a bass note
an E of frequency 4l.2 vibrations per second, was selected on the larger
pilanoforte, and the string and hamner were removed and‘placod in the
apparatus for photographing vibrating strings. The string was tuned to
the same frequency it had in the pianoforte and the hammer was placed so
that that its striking point on the string was the same as that in th;
piano, A blow, of the same order as those used in the "wolf" tone analyses,
wag delivered to the siring, and, after a short interval, a photograph
of the motion of 'a. point on the string was taken. This photograph, shown
on an acoompanying sheet, was analyzed into a Fourier series according
to a sche . le given by Hawley Qaylorg and the relative energy in each |
vartial vibration, the energy in the first partial boing talkken as unity,
°  was determined by the use of the theory of strings given by Lﬁrd Raylaigh.lo
" The data for the photograph is: |

Effective string length ........ 127.4 om.

ToNBIoN seeecescscscssscsceccones 127.5 kge

llaas density of string ;........ 1.136 grams per om,

St:riking poin£ essssscrsscscccss 18 Omi £rom one end

Photographio point ceececeseeses 10,75 om. fré:m other end

Time of photography after
' hammer impact ceeseeseises About 0.25 seconds
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Discussion
. The bass note E of the larger pianoforte, the vibration of
the string of which was photographed, was selected because of its'relative-
1y good tone quality. By the method desoribed in the last section, the
following data for the distridution of energy in the vibration of the

atring of this note were secured for the firast ten partials:

Partial Vidration S Relative Energy

X . 1

1X ‘ 2,82

III 4,03

v 2,83

v ' ’ 2,91

VI 1,05

VII K 043

VIII 1.01

1X 1.40

X - " 1.40

These data show a fairly even dia.tribution of energy, and were
extended and corroborated by a complate tone sanalysis of the note E and
other bass notes on. the pianoforte, the analyses showing an sven distri-
bution of acoustic power up to about the t_:wénty—fifth fmrtial tone. The
actual amount of power in each partial waLs found to be very small from
the acoustic standpoint, gnd hence the'”sensation of pitch arising when &
Piano vass nots is struok'must be subjective, baing attriduted to the sub-
Jestive difference tonse, discovered-and diaouéaed by ﬁelmholtz.n

The faot that the hammer distributes quite a large part of 1t;s
energy among the upper partials of the étrmg gives us a pro‘ba'ble explana-
tion of the source of‘ the enargy in the '"wolf" tone.

As for the oauae' of'the "wolf'* effect, the writer suspected at

first that tho phenomenon might be due to a torsional vibration of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16.

, wrapping on the string. Bass strings are not uniform, but consist of ,
a stesl wire core, tightly wrapped with either s single or doublse layer
of copper wire, so as to inorease the mass density of the string without
great increase in stiffness. A few simple calculations on the proﬁa‘ble
freqt;ency of the torsional vibration served, however, to eliminate this
type of vibration as a cause.

It was then thought that the "wolf" tone might be due to a
longitudinal vidbration df the string, and a careful oonsideration of this
typs of string movement has led tc theoretical results which agree closely
with those obtained experimentally. .

In discussing the longitudinal modes of motion of a wrapped

string, one can neglect the elastic effort of the wrapping, but must include .

the mass of the wrapping. ‘“he following differential equation of motion
may then be ﬁaed: ~ z
oJE - gFYE
M 574 JE*
JE X
vhere II is the total linear mass density of the string
E is the modulus of elasticity of the core material (stesl)
A is the orpss-sectional area of the core
£ 1s o small displaceoment in.the x-direction, the
direction of the axis of the string
and-the forrmla for the veloscity of propagation is thus
On dividing the velooity by twice the length of the string, we secure the
frequency of the lowest longitudinal mods, or
1
f = AE
ZY b
This last oquation must be modified slightly when adapting it to an
actual wrapppd piano string, sincs the wrapping doos not extend entirely

to the active ends of the string, there being a short section of about

one contimeter at each oxtremity that is bare, for the purposes of
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, suspension and tuning. ,

Let us now calculate the frequencies of the lowest longitudi-
nal modes t‘)_f tne strings of the notes, the "wolf" tones of vhich have
boon analyzsd. We have- .

Strine of note Eb of larce pianoforte

typs of wrapping - double

total active length 135.6 om.
double wrapped length 128.,0
sinpgle wrapped length 2¢4
bare length 3.2 "
mass density in double wrapped
portion 1,186 grams per cm,
mags density in single wrapped "
portion ) , .802 grams per cm.
ocross~-sectional area of core " ,0122 square cm.
frequency of lowest longitudinal mode 554 vibrations per second

String of note F of large pianoforte
type of wrapping - single

total active length 129.1 om,
wrapped length 126.,7 "
bare length 34
mass density in wrapped portion .670 grams per om,
cross~-sectional area of core 00937 square cm.

fraquency of lowest longlitudinal mode 668 vibrations per second

String of note BY of larpe pianoforte

type of wrapping - single

total aotive length 119,3 om.
wrapped length 115.9 om.
bars length 3.4
mass density in vrrapped portion .444 grams per cm.
orosg-sactional area of oore .00853 square om.
froquency of lowest longltudinal mode 845 vibrations per second
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*String of note B of small pianoforte

type of wrapping - single

total active length 97.0 cm.

wrapped length 94.56 "

bare length 2.6

mass density in wrapped portion «759 grams per cm.

ocross-sectional area of ocore .01025 square cm.
frequenoy of lowest longitudinal mode 874 vibrations per second

The above oaloulations were made with the use of a value of
2.06 x 1012 dynes per square centimeter for the modulus of eldsticity
of steel wire, given in the Smithsonian Physical Tables.

Let us now inspect Graph Sheat XNo. 5. Ve notice a prominent
component at 538 cyoles, in good‘ agreemant with the caloulated value of
554. We notice only three other prominent components at 1081, 1618, and
2146 oyolds, and we observe that ' '

1081/538 = 2,01 or 2

1618/638 = 3,009 or 3

2146/638 = 3,99 or 4
The last three components must therefore be uppsr modes of motion of the
1ongitudina1 vibration.

Turning to Graph Sheet No. 6, we observe two prominent components
at 613 and 663 oycles. These compare well with the calculated frequency
of 668, We note only two other prominent:components at 1319 and 1998
cycles and also that

1819/663 = 1.99 or 2

1998/663 = 3.01 or 3

On Graph Sheet No. 7 there is but one large component at 811

byolea, to be compared with a caloulated frequency of 845.
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Graph Sheet No. 8 has a number of components in the lower )
frequency region., Lot us s;aleot the two at 869 and 936 as being close
to the cal;mlated value of 874. The only prominent peaks above these
two are at i’l:’:ﬁ and 2614 oycles,and we note that

1736/869 = 1.995 or 2

2614/6869 = 3,008 or 3

Now, pianoforte hammers do not strike the strings normally
but at an angle of about 20° to the normal. The tangential component
of the hamer motion may therefore be instrumental in exciting a longitudi-
nal motion in the string.

If the planoforte string, in the pianoforte, be stroked gently
with the finger in a longitudinal direction a gentle tone arises from the
soundboard, and the pitch of this tone is identical with that of the
"wolf" tone. Thus the soundboard and bass bridge are oapable of trans-
forming a longitudinal string vibration into z; sound wave. Berry 2 nas
shown that there is & longitudinal motion of & pianoforte bridge.

It is possidls that the longitudinal vibration couples with the
neareat transverse mods of the string, the sound board acting as the
coupling agent. Some evidence of this oéﬁpling action is shown on Graph
‘Sheets Nos. 6 and 8 by the two components at 613 and 663 cyclas and 869
and 938 oycles respectively.

The various modes of the longitudinal vibration evidently com-
bine to produce a definite sensation of pitoh Juetoh as do the partial tones
of any musjoal instrument, in their action on the ear.

On all of Graph Sheets Nos. i 6, 7, and 8, a number of small
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components are noted. These are simply upper transverse modes of the
string, as can be shown by securing their frequenoy differences and
noting that these differences are very approximately even multiples of
the frequenocy of the fundamental transverse mods.

The "wolf" tone is not heard in the treble of the pianoforte.
This is undoubtedly owing to the fact that the frequencies of the

longitudinal‘vibrations are very high.
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Conclusion
The "wolf' tone of the planoforte has as its mechanism a
longitudinal vibration of the vass string. This longitudinal action
has harmonic modes, these modaes coupling with the nearest transverse
modes, through the medium of the soundboard.
The vibration may be excited by thei tangential part of the

hammer motion.,
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