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L e tte r  of Transm ittal

To the Faculty of the Graduate School,

U niversity  of C incinnati 

C incinnati, Ohio

Gentlemen:

I herewith submit a  th e s is , "The 'V/oIf* Tone of 

the P ianoforte", as fu lf illm e n t of p a rt of the requirements 

fo r  the degree of Dootor of Philosophy in  Physios.

The re su lts  of the work ind ica te  th a t the cause 

of the "wolf" tone is  e s se n tia lly  a  long itud inal v ib ra tio n  

of the bass s tr in g .

R espectfully  submitted,

A. F. Knoblaugh
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Introduction

The w rite r has had oooaslon to examine an aooustio phenomenon 

whioh, to the heat of h is  knowledge, had never been explained s a t i s ­

fa c to r ily  and which has not been noted in  s c ie n tif ic  pub lications. This 

phenomenon oooura in  the bass section of a l l  makes of pianofortes and is  

termed a  "wolf’1 or ’♦clang* tone by piano makers. I t  consists in  a high-

pitched sound, em itted with the bass tone when the s tr in g  is  struck in
✓

the usual manner by the haisner and is  d is t in c tly  audible. The p itch  of 

the sound is  constant fo r  any one s tr in g  but varies with s tr in g  dimen­

sions, being higher fo r  the sh o rte r , l ig h te r  bass w ires. As the 

phenomenon is  the superposition of a high-pitched tone on a low-pitched 

one, i t  detracts  from the musical qua lity  of the pianoforte bass.

The frequency range of the ’♦wolf* tones on the pianos the 

w rite r  has examined, is  from 500 to 3000 v ibrations per seoond, whereas 

the frequency range of the fundamental tones of the bass s tr in g s , in  which 

the *wolf* tones a r is e , is  from 27 to 60 v ib ra tio n s . I t  was thought, 

from the large In terval between these two ranges, th a t the cause of the 

tone would not be found in  the ordinary theory of hammered s tr in g s . Ghosh* 

and others have shown th a t the Fourier se rie s  of p a r tia l  tones produced 

in s trin g s struck by hammers is  convergent. Thus, fo r ordinary s trings 

and banners, the p a r tia ls  around and above the f if te e n th  should be very 

weak. The *wolf* tone, i f  i t  be a  high p a r tia l  of the transverse modes 

of the s tr in g , should therefore be of low in ten s ity ; th is  Is  contrary  to 

fa c t .
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As a f i r s t  a ttack  on tho problem of find ing  the cause of the 

'•wolf" tone, the w rite r  decided to determine aoourately the frequency 

and complexity of th is  "wolf'* e f fe c t , with the hope of estab lish in g  

some re la tio n  between experimental re s u lts  and the dimensions of the 

s tr in g s , hammers and soundboard of the piano. To th is  end, he made use 

of a tone analyzer whioh he had constructed .
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Description of Apparatus

The tone of the p ianoforte , l ik e  a g rea t many rausioal sounds, 

is  complex ?n oharaoter and of tran s ie n t na tu re . The in te n s ity  r is e s  

to a maximum in  ahout one tenth of a  second, f a l l s  rap id ly  fo r two 

seconds and becomes inaudible in  approximately twenty seconds. A physi­

ca l descrip tion  of suoh a sound requ ires i t s  analysis into sine wave 

components and the h is to ry  of each component.

In recent years, the accurate ways of analyzing acoustic  

v ib ra tions have employed the use of meohanioal devices or the use of 

e le o tr io a l methods. Of the former way, a noteworthy example i s  the 

phonodeik of Dr. D. C. M ille r2, by means of whioh a graph of the in stan ­

taneous, rep resen ta tiv e  wave form of a tone can be secured. The wave 

depioted by th is  graph can be separated in to  a  Fourier se rie s  of compo­

nents, with the a id  of a ro llin g  sphere, in te g ra tin g  type of analyzer.

Of the e le o tr io a l methods, the best modem development is  the frequency 

analyzer of Messrs# "fogel and Ho ore. ̂  With th is  machine, any complex, 

continuous wave can be separated in to  sine  components.

The phonodeik has the advantage of following rap id ly  varying 

in te n s it ie s  bu t, due to  the c h a ra c te r is tic s  of the meohanioal type of 

analyzer, i t  1b lim ited  to analysis by Fourier s e r ie s .

The analyzer of Wegel and Hoore separates a complex, continuous 

wave Into a se rie s  of trigonom etric components,whether or not they be 

in  the progression represented by a Fourier s e r ie s . I t  employs a  se rie s  

impedanoe c i r c u i t ,  consisting  of capacity  and inductance, whioh w ill 

- in d ica te , by resonance, any frequency w ith in  i t s  scope. The lim itation:- 

of V/egel and Moore’s apparatus is  the sluggishness of the in d ica tin g  m eter,
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and beoause of th is ,  rap id ly  varying tones oan not be analyzed.

The present in v estig a tio n  required  an analyzer giving quiok 

response and not lim ited  to harmonio components* Therefore i t  was de­

cided to use an apparatus sim ila r in  p rin c ip le  to  tha t of We gel and 

Moore but designed to follow rap id  f lu c tu a tio n s . ..This n e cess ita ted  

the development of a  spec ia l short-period  galvanometer.
\

The schematic diagram of the analyzer is  shown in  the accom­

panying Figure 1. The a e r ia l  v ib ra tio n  of the tone is  picked up by 

a oapaoity microphone and increased in  in te n s ity , as an a lte rn a tin g  

cu rren t, by a vacuum-tube am plifier (Am plifier No. 1 ). The various 

components of the tone are  shunted out, in  tu rn , by a v a riab le  s e r ie s -  

tuned c i r c u i t ,  from which energy i s  tran sfe rred  through a high r a t io  

transform er.

Amplifier Mo. 2 increases the in to n s ity  of a p a r t ic u la r  com­

ponent shunted out by the se ries-tuned  c ir c u i t ,  so as to  b ring  the 

energy lev e l up to a  poin t comparable with the s e n s i t iv i ty  of the in d i­

ca ting  m eter.

The output cu rren t of Am plifier Mo. 2 is  r e c t i f ie d  and then 

conducted to the meter.

Let us consider in  d e ta il  eaoh p a rt of the apparatus.

Mloronhone

The oapaoity microphone, or oondenser tran sm itte r , developed 

by the D ell System Laboratories in to  a  most sa tis fa c to ry  device fo r  

transform ing sound waves in to  e le o tr io a l cu rren ts , has 1)een described 

by Wente^ and Crandall®, and the instrument has been found to give a 

uniform response over the range of frequencies o rd inarily  encountered^
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in  musical tones, with on increased response a t  low frequencies. The 

microphone of the Bell System Laboratories has a s e n s it iv i ty  of about ,. 

0.275 m illiv o lts  per dyne, per square oentim eter, as sound pressure .

I t  can be c a lib ra ted  by means of a thermophone®. :

Am plification System

The vacuum-tube am plifiers used in  the analyzer are  of the 

resistanoe-ooupled type, fu rn ish ing  uniform response over p rao tio a lly  

the e n tire  audio range. The tu b es 'a re  of large  ourrent oapaoity to 

secure freedom from d is to r tio n .

The average sound pressure ' encountered in  tone analysis work 

was estim ated a t  10 dynes per square centim eter, and, as a convenience 

fo r  measurement, a  ourrent of about 0.25 milliaraperes ought to flow 

through the se ries-tuned  o iro u it  as a re s u l t  of th is  pressure on the 

miorophone. Moreoroft? and others have deduced formulae fo r the response 

produced by resistance-coup led  am p lifie rs , and, w ith the use of these 

formulae and tube data , keeping in  mind the output desired , the ampli­

f ie r s  were designed. Am plifier No. 1 is  a f iv e  tube device, giving 

0.250 m illiamperes in  the unloaded p la te  o iro u it of the l a s t  tube, fo r 

one m ill iv o lt  applied  to the g r id  of the f i r s t  tube. Amplifier No. 2 

has th ree  tubes and gives 0.210 m illiamperes per m ill iv o lt  app lied . 

Series-Tuned C ircu it

The output of A m plifier No. 1 is  d irec ted  into a system con­

ta in in g  the series-tim ed  o iro u it and an Impedance network, in  p a ra l le l .  

The purpose of the network is  to allow passage of the d ire c t ourrent 

component of the l a s t  tube of the am plifier and to counterbalance d is­

crepancies th a t may bft in  the response of the system. The se ries-tuned
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c ir c u i t  se lec tiv e ly  shunts components of the a lte rn a tin g  ourrent from 

the netw ork .'

The s teady-sta te  impedanoe of a series-tuned, c ir c u i t  is  given

/ r2 ♦ (2TfL -  ^ ( 2

where R *= res is tan ce  
L «= indue tanoe 

.C «= oapaoity 
f  « frequency

l’he maximum ourrent w il l  pass through the c i r c u i t  when th is  

is  a  minimum, th a t i s ,  when

f  “ 2ir /T o

As there are p ra c tic a l advantages in  varying the oapaoity 

ra th e r  than the inductance, the inductance of the o iro u it  was se t  a t 

e ith e r  of two values and the capacity  made se le c tiv e .

Steinraetz® has discxxssed the theory of tra n s ie n t o sc illa tio n s  

in  c ir c u its  and, fo r se rie s  impedance networks, found an important fac­

to r  to he the decrement, _S— . This is  an index of the ra te  a t  which
2L

the curren t in  a o iro u it reaohos i t s  s teady -sta te  amplitude under a 

■uniform, impressed a lte rn a tin g  electrom otive fo roe .

For the analysis of tra n s ie n t v ib ra tio n s , the decrement of 

the c ir c u it  should be la rg e , th a t i s ,  the res is tan ce  should be large 

compared to  the inductance. However, fo r sharp resonanoe, the induc­

tance must be large compared to re s is tan ce .

The proper choice of inductance and re s is tan c e  in  the c ir c u i t  

i s  then a m atter of judgement, and i t  was deoidod th a t an inductance of 

25 m illih en ries  with a re s is tan ce  of between 1.5 and 5 ohms was
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approximately oorreot fo r  the tra n s ie n t conditions to "be met and the 

frequency range enoountered. ~To minimize the e ffe c tiv e  res istance  of 

the c i r c u i t ,  a  c o il  v/ith a core of high perm eability  and small e le c tro ­

magnetic losses must be used.

With such a value of inductance in  the c i r c u i t ,  the decrement

i s ,  fo r a re s is tan ce  value of 1 .5  ohms,

- R., B 1 .5  n a 30
2L 2 x-25 x  10

V/ith th is  decrement, i t  was estim ated th a t the ourrent in  the. c ir c u it  .

would reaoh 99 per cent of i t s  steady s ta te  amplitude, under a uniformly

impressed electrom otive foroe, in one.tenth of a second. This time is  •

sa tis fa c to ry  fo r  the observations to be made.

To secure an induotanoe v/ith the c h a ra c te r is tic s  demanded, the 

w rite r  constructed  a c o il having a powdered iron  core. The c o il  i s  

to ro id a l in  shape, the core having a mean diameter of 10.05 oentlm eters 

and a rectangu lar c ro ss-sec tion  of 5.3 by 3.3 centim eters, and is  wound 

in  four sec tions, each having 400 turns of w ire. V/ith the four sections 

in  p a ra l le l ,  the induotanoe of the c o i l ,  as determined on an induotanoe 

bridge, was constant a t  23.8 m illih en ries  fo r  cu rren ts up to five  m ill i-  

araperes and the res is tan ce  increased from 0.45 ohms fo r  d ireo t ourrent to 

four ohms a t  5000 cycles . Two other c o ils ,  one having a core of s ilic o n  

s te e l  lam inations 0.035 centim eters th ick  and the o ther a core of lamina­

tions of the same m ateria l 0.007 centim eters th iok , were tr ie d , but both 

were u n sa tis fac to ry .

A. switohlng arrangement in  the o iro u it allows the four sections 

of the c o il  to be placed e ith e r  in  se ries  or p a ra l le l ,  thus allowing two
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frequency ranges, 25 to 1000 cycles and 80 to 10,000 cycles to be covered. 

For the se rie s  connection, the induotanoe is  480 m illih e n rie s .

The values of capacity  used in  conjunction v/ith the induotanoe 

vary continuously from 200 microfarads down to 0.01 m icrofarads, with 

decade sw itching arrangements. Up to s ix  m icrofarads, mica oondensera 

are used to keep down e ffec tiv e  resistance  re su ltin g  from d ie le c tr ic  lo sse s . 

The la rg e r condensers are of p a ra ffin ed  paper. A small a i r  condenser is  

added to the o iro u it as a v e rn ie r.

The primary winding of the ooupling transform er, which is  con­

ta ined  in  the c i r c u i t ,  adds a  small res is tan ce  and inductance both of 

whioh are n e g lig ib le , since the primary contains only 30 turns of w ire, 

and has i t s  secondary of some 6000 turns operating  in to  the g rid  c ir c u it  

of the f i r s t  tube of Amplifier No. 2.
:s

R e c tif ie r

The r e c t i f i e r ;  of the 'full-wave type, has as i t s  elements four 

copper-cuprous oxide p la te s , oaoh th ree  centim eters square. In experi­

menting w ith th is  p a rt of the apparatus, an in te re s tin g  property  of the 

re c t if ic a t io n  was discovered. This is  displayed on the accompanying 

Graph Sheets Nos. 1, 2 and 3.

Sheet No. 1 ''hows th a t the conversion of a lte rn a tin g  ourrent 

in to  d ireo t is  not l in e a r  and in d ica tes  th a t the r e c t i f ic a t io n  i s  le ss  

e f f ic ie n t  a t  hif£i than a t low frequencies. The w rite r  suspected th a t 

the curves on th is  sheet might be parabolas and so ro p lo tted  them, 

using the square roots of the r e o t i f ie d  ourrent values as o rd ina tes .

The re su lts  were s tra ig h t l in e s ,  a sample one of them being shown on 

Graph Sheet No. 2, and they prove th a t ,  fo r  ourrent d en sitie s ,u p  to
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•the order of 0.1 milliamperes per square centim eter, the r e c t i f ie d  our­

ren t i s  p roportional to the square of the input a lte rn a tin g  ourren t.

I t  w ill  he noticed th a t the s tra ig h t  lin e  of Sheet ITo. 2 does 

not pass exaotly  through the o rig in . This s lig h t discrepancy was no ticed  

on a l l  the rep lo ts  and may represent a "work: function" or an index of the 

energy requ ired  to tran sp o rt an elootron from the copper to i t s  oxide.

I t  was suspected th a t the decrease in  r e c t if ic a t io n  e ffic ien cy  

with increasing  frequency might he due to the oapaoity of the r e o t l f ie r  

p la te s , th a t i s ,  th a t the r e c t i f i e r  might ho equivalent to an impedance 

containing a oapaoity and res is tan ce  in  p a ra l le l .  I f  th is  he the case, 

then tho value of the re o t if ie d  ourrent should he independent of the f r e ­

quency i f  the a lte rn a tin g  voltage applied  aoross the r e c t i f i e r  he he ld  con­

s ta n t .  The re s u l ts  of a  to s t of th is  nature are shown on Graph Sheet No. 3, 

and oonfirm the suspioion.

The "square" property  of the r e o t i f ie r  is  an a id  in  tone an a ly s is . 

For, a t  any one frequency, the r e c t i f ie d  ourrent is  p roportional to the 

square of the a lte rn a tin g  ourren t. The square of the a lte rn a tin g  current 

is  proportional to the square of the voltage generated in  the condenser 

tran sm itte r , and, th is ,  in  tu rn , i s  proportional to the square of the sound 

p ressure . But the square of the sound p ressure , m u ltip lied  hy a constant 

fa c to r , i s  equal to the ra te  a t  whioh energy flows aoross u n it area of wave 

fro n t. Hence, hy using a ourrent meter a ttached  to the r e o t i f ie r ,  whose 

readings are d ire o tly  proportional to ourrent streng th , we can read sound 

power d ire c tly .

Meter

The recording meter i s  a  m odification of the d’Arsonsal galvanometer
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I t  is  shown schem atically and in  photograph, in  Figure 2. The moving oo il 

has been made l ig h t to shorten i t s  period, and to m aintain s e n s it iv i ty , i t  

i s  plaoed in  a magnetio f ie ld  of 5000 gauss. A damping loop, attached to 

the c o il ,  brings I t  to a s l ig h tly  overdamped condition . The deflections of 

the o o il are  measured hy an o p tic a l system including a  microscope with a 

l in e a r  eyepiece sca le . The meter has a period  of about 0.07 seconds, and a 

s e n s i t iv i ty  o f .5 x 10“® amperes per d iv is ion , fo r  a  miorosoops m agnification

of 150 diam eters. A r e s is to r ,  variab le  from 0 to 10,000 ohms, is  plaoed in

se rie s  with tho meter to ad ju st the s e n s i t iv i ty  of the analyzer.

C alib ration  of the Analyzer

By the use of a variab le  frequency vacuum-tube o sc illa to r  and a 

thermocouple fo r  measuring small a lte rn a tin g  c u rren ts , the voltage c a lib ra ­

tio n  of the analyzer was secured. The s e n s i t iv i ty  ourve of the Bell System
A e

L aboratories ' condenser tran sm itte r  has been given by V/ente and Crandall?

By combining these two r e s u l ts ,  the aooustic c a lib ra tio n  ourve of the

analyzer can be drawn* This i s  shown on Graph Sheet Ho. 4.

Laboratory

The room containing the analyzer has been made f a i r ly  free  from 

reverberation  by covering the w alls w ith Oelotex board and the floo r with 

oork.

Accessory Apparatus

To seoure a  standard blow on the p ianoforte  key, a  s t r ik e r ,  shown 

in  an accompanying photograph, was constructed. I t  consists  of a brass 

arm, movable about a h o rizon ta l ax is a t i t s  middle, ad justab le  in  heigh t, 

and ca rried  on.a v e rtio a l rod mounted on a f lo o r  base. One end of the 

Arm has a fe lt-co v ered  knob attaohod fo r s tr ik in g  the p ianoforte  key, and 

the other a lanyard with whioh the hammer can be ra ised . A stop fo r
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regu la ting  the upper p o sitio n  of the hammer i s  included, and an ad just-' 

able weight oan be placed a t  notched points along the arm.

In order to compare the d is tr ib u tio n  of power in the tone of 

the piano w ith the d is tr ib u tio n  of energy in  the v ib ra tin g  s tr in g , the 

w rite r  constructed an apparatus fo r  photographing the motion of a s tr in g  

as 3hown in  Figure 3. A view, as i f  the observer were above the apparatus 

and looking down on i t ,  i s  drawn, 'l'he monoohord co nsists  of a heavy 

double beam, about th ree  meters long, the space w ith in  the double beam 

being availab le  fo r  in se rtin g  a piano hammer and i t s  a c tio n . Che s tr in g  

Is  c a rr ie d  over sharp edged brass bridges, a ttached  to the monoohord and 

ad justab le  to any po sitio n  along the beam, and is  connected to a dynamo­

m eter. I t  is  tuned by a tumsorew and the corresponding tension read.

'l'he illum inating  and photographing system consists  of on arc  lamp, a  con­

densing lens fo r  concentrating the l ig h t  on the s tr in g , an ad justab le  

sh u tte r  fo r  regu la ting  the photograjM o exposure, a magnifying lens, and 

f in a l ly  a v e r t ic a l  s l i t  and a film  drum d ire c tly  oonneoted to a motor.

Che arc lamp is  of the 110-volt, portab le  type. Che sh u tte r , 

of the bulb type, oan be regu la ted  to give exposures from one hundredth 

of a  second to th ree  seconds. Che magnifying lens has fooal length of 

about 4 centim eters. Che film  drum is  driven a t  1000 r.p .ra . and ro ta te s  

about a v e rtio a l a x is . I t  is  seven centim eters in  diam eter, and c a rr ie s  

a  photographic film  wrapped on i t s  periphery and he ld  on with spring c lip s . 

Che v e r tio a l s l i t  is  one fourth  of a  m illim eter wide and ten  centim eters 

h igh . Appropriate l ig h t  b a ffle s  a re  plaoed around the lenses and drum.

Che hammer ac tion  i s  plaoed under the s tr in g , the hanmer s tr ik in g
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the s tr in g  from henoath as i r  «». grand p ianofo rte .

I t  i s  seen th a t sinoe the s tr in g  moves in  a .v e r t io a l  plane, 

whereas the film  is  c a rr ied  h o rizo n ta lly , a record of the motion of the 

s tr in g  w ill  he traced  on the film .
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Experimental Results

For the experimental work, two grand pianofortes of well-known 

make were se lec ted , one being seven and the o ther, f iv e  fe e t in  leng th .

Eaoh, in  tu rn , was plaoed in  the laboratory  and those bass notes whioh 

had prominent '♦wolf* tones were analyzed acoording to  the follow ing pro­

cedure.

The blow s t r ik e r ,  with a  2 kilogram weight attached  a t  a  d is­

tance of 7 .5  centim eters from the fulcrum on the knob side of the arm, 

was plaoed in  p o sitio n  before the key to be s tru ck , the knob, in  i t s  

upper p o s itio n , being three centim eters above the key. The tones r e s u l t ­

ing from the f a l l  of the knob on to the key could be sa id  to  be fo r te  in 

stren g th , to use a m usical term. For eaoh blow of the hammer, the maximum 

d eflec tion  of the meter o o il of the analyzer was observed, and between 

eaoh successive blow, the resonance frequenoy of the se ries-tuned  o iro u it 

was increased a small amount, the frequenoy a t  the s t a r t  being well below 

the frequency of the "wolf" tore and th a t a t  the end being above 10,000 

cycles per second .'

I t  was no ticed  th a t the movement of the meter c o il  agreed w ell 

with the tra n s ie n t nature ascribed  to a  p ianoforte  tone.

For eaoh no te , the deflec tion  values of the meter c o il  were 

p lo tte d  as ord inates against frequenoy as abscissae . The re s u lts  were a 

se rie s  of peaks, the ordinate of the top o f eaoh peak being taken as an 

ind ica tion  of the maximum power of a tone component and the abscissa  as 

the frequenoy of the component. From the c a lib ra tio n  ourve of the analyzer, 

the maximum aooustio powers of these components were determined, and 

p lo tte d  against frequenoy. The re s u l ts  a re  shown on the accompanying
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.Graph Sheets Nos. 5, 6, 7, and 8.

For purposes of comparison to  he mentioned la te r ,  a  bass note 

an E of frequenoy 41*2 v ib ra tions per second, was se lec ted  on the la rg e r 

p ianoforte , and the s tr in g  and hammer were removed and placed in  the 

apparatus fo r  photographing v ib ra tin g  s tr in g s . She s tr in g  was tuned to  

the same frequenoy tit had in  the p ianoforte  and the hanmer was plaoed so 

th a t th a t i t s  s tr ik in g  poin t on the s tr in g  was the same as th a t  in  the 

piano. A blow, of the same order as those used in  the "wolf" tone analyses, 

was delivered  to the s tr in g , and, a f te r  a  sho rt in te rv a l, a  photograph 

of the motion of a  point on the s t r in g  was taken. Shis photograph, shown 

on an accompanying sheet, was analyzed in to  a Fourier se rie s  according 

to  a  a o h e . l e  given by Hawley Saylor® and the re la tiv e  energy in  eaoh 

p a r t ia l  v ib ra tio n , the energy in  the  f i r s t  p a r t ia l  being taken as u n ity , 

was determined by the use of the theory of s tr in g s  given by Lord Rayleigh.*® 

She data fo r  the photograph is :

E ffec tiv e  s tr in g  length 127.4 om

Tension 127.5 kg;

Hass density  o f s tr in g 1.186 grams per cm

S trik in g  point 18 om; from one end

Photographic poin t 10.75 om. from other end

Time of photography a f te r  
hanmer im p a c t......... about 0.25 seoonds
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PlBQusslon
* V

The bass note E of the la rg e r  p ianoforte , the v ib ra tio n  of 

the s tr in g  of whioh was photographed, was se leo ted  because of i t s  re la t iv e ­

ly  good tone q u a lity . By the method desoribed in  the l a s t  sec tio n , the 

follow ing data fo r  the d is tr ib u tio n  of energy in  the v ib ra tio n  of the 

s tr in g  of th is  note v/ere secured fo r  the f i r s t  ten  p a r t ia ls :

P a r t ia l  V ibration R elative Energy

I  1
I I  2.82

I I I  4.03
IV 2.83
V 2.91

VI 1.05
VII .43 •

V III 1.01
IX 1.40
X 1.40

These data show a  f a i r ly  even d is tr ib u tio n  of energy, and were 

extended and corroborated by a complete tone analysis of the note E and 

o ther bass notes on the p iano fo rte , the analyses showing an even d i s t r i ­

bution  of acoustic  power up to about the tw en ty -fifth  p a r t ia l  tone. The 

ac tua l amount of power in  eaoh p a r t ia l  was found to be very small from 

the acoustic  standpoint, and hence the sensation  of p itch  a r is in g  when a 

piano bass note i s  struck must be sub jec tive , being a tt r ib u te d  to the sub­

je c tiv e  d ifference tone, discovered'.'and discussed by Helmholtz.*^

The fa c t th a t the hammer d is tr ib u te s  qu ite  a  large  p a rt of i t s  

energy among the upper p a r t ia ls  of the s tr in g  gives us a probable explana­

tio n  of the source of the energy in  the '*wolf* tone.

As fo r  the cause of the "wolf” e f fe c t ,  the w rite r  suspected a t 

f i r s t  th a t the phenomenon might be due to a to rs io n a l v ib ra tio n  of the
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, wrapping on the string*  Bass s tr in g s  are  not uniform, hut consist of , 

a s te e l  wire oore, tig frtly  wrapped w ith e ith e r  a sing le  or double layer 

of copper w ire, so as to  increase  the mass density  o f the s tr in g  without

frequenoy of the to rs io n a l v ib ra tio n  served, however, to elim inate th is  

type of v ib ra tio n  as a  cause.

I t  was then thought th a t the "w olf’ tone might be due to a

long itud inal v ib ra tion  of the s tr in g , and a carefu l consideration  of th is  

type of s tr in g  movement has led  tc  th e o re tic a l re s u lts  which agree c losely  

w ith those obtained experim entally.

s tr in g , one can neg lect the e la s t ic  e f fo r t  of the wrapping, but must include 

the mass of the wrapping. The follow ing d if fe re n t ia l  equation of motion

where M is  the to ta l  l in e a r  mass density  of the s tr in g
E is  the modulus of e la s t ic i ty  of the core m ateria l (s te e l)  
A i s  the c ro ss-sec tio n a l area of the oore 
£  i s  a small displacement in .th e  x -d ireo tio n , the 

d irec tio n  of the axis of the s tr in g

and the formula fo r  the v e lo c ity  of propagation is  thus

On dividing the veloo ity  by twice the length of the s tr in g , we secure the

frequenoy of the lowest long itud inal mode, or

Ehis l a s t  equation must be modified s l ig h tly  when adapting i t  to an 

ac tu a l wrapped piano s tr in g , since the wrapping does not extend e n tire ly  

to the ac tiv e  ends of the  s tr in g , there  being a short section  of about 

Qne centim eter a t  eaoh extrem ity tha t is  bare, fo r  the purposes of

g reat increase in  s t i f fn e s s .  A few simple ca lcu la tions on the probable

In discussing the long itud inal modes of motion of a  wrapped
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, suspension and tuning. t

Let us now ca lcu la te  the frequencies of the lowest long itud i­

na l modes of the s tr in g s  of the no tes, the "wolf” tones of which have 

"boon analyzed. VJo have'

S tring  of note of large -pianoforte

type of wrapping -  double 
to ta l  a c tiv e  length 133.6 om.
double wrapped length 128.0 ”
single wrapped length 2 .4  ”
bare length 3 .2  ”
mass density  in  double wrapped

portion  1,186 grams per cm.
mass density  in  sing le  wrapped

portion  .802 grams per cm.
c ro ss-sec tio n a l a rea  of oore .0122 square cm.

frequenoy of lowest long itud inal mode 554 v ib ra tions per second

S tring  of note F of large  p ianoforte

type of wrapping -  sing le
to ta l  ac tiv e  length 129.1 om*
wrapped length  125.7 ”
bare length  3 .4  ”
mass density  in  wrapped po rtion  .670 grams per cm.
oross-seo tlonal area  of oore .00937 square cm.

frequenoy of lowest long itud inal mode 668 v ib ra tions per second

S tring  of note of large  p ianoforte

type of wrapping -  s ing le
to ta l  ac tiv e  length 119.3 om.
wrapped length 115.9 om.
bare length  3 .4  ”
mass density  in  wrapped portion  .444 grams per cm.
oross-seo tlonal area of oore .00853 square om.

frequency of lowest long itud inal mode 045 v ib ra tions per second
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S tring  of note D of small p ianoforte

type of wrapping -  sing le
to ta l  a c tiv e  length  97.0 om.
wrapped length 94.5 '»
hare length  2 .5  "
mass density  in  wrapped portion  .759 grams per cm.
o ross-seo tlonal area of oore .01025 square om.

frequenoy of lowest long itud inal mode 874 v ib ra tions per second

The above calcu la tions were made w ith the use of a  value of
122.06 x 10 dynes per square oentiraeter fo r  the modulus of e la s t ic i ty  

o f s te e l  w ire, given in  the Smithsonian Physical Tables.

Let us now inspect Graph Sheet No. 5. We no tice  a prominent 

component a t  538 cycles, in  good agreement w ith the ca lcu la ted  value of 

554. We no tice  only th ree  other prominent components a t  1081, 1618, and 

2146 oyolds, and we observe th a t

1081/538 -  2.01 o r 2

1618/538 -  3.009 or 3

2146/538 » 3.99 or 4

The l a s t  th ree  components must therefo re  be upper modes of motion of the 

long itud inal v ib ra tio n .

Turning to Graph Sheet No. 6, we observe two prominent components 

a t  613 and 663 cycles . These compare w ell w ith the ca lcu la ted  frequenoy 

of 668. We note only two other prominent-components a t  1319 and 1998 

cycles and a lso  tha t

1319/663 « 1.99 or 2

1998/663 -  3.01 or 3

On Graph Sheet No. 7 there is  but one la rg e  component a t  811 

oyoles, to be compared w ith a  ca lcu la ted  frequenoy of 845.
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Graph Sheet No. 0 has a number of components in  the lower . 

frequency reg ion . Let us se lec t the two a t  669 and 936 as being close

to the ca lcu la ted  value of 674. The only prominent peaces above these

two are a t  1735 and 2614 cycles,and we note th a t

1735/869 -  1.995 or 2

2614/869 * 3.008 or 3

Now, p ianoforte  hanmers do not s tr ik e  the s tr in g s  normally 

hut a t  an angle of about 20° to the normal. The tangen tia l component 

of the hammer motion may therefo re  be instrum ental in  ex c itin g  a  long itud i­

na l motion in  the s tr in g .

I f  the p ianoforte  s tr in g , in  the p ianofo rte , be stroked gently  

with the f in g er in  a longitudinal d lreo tion  a  gentle  tone a r is e s  from the 

soundboard, and the p itc h  of th is  tone is  id en tica l w ith th a t of the 

"wolf" tone. Thus the soundboard and bass bridge are capable of tran s­

forming a  long itud inal s t r in g  v ib ra tio n  in to  a  sound wave. Berry*** has 

shown th a t there  i s  a  long itud inal motion of a pianoforte bridge.

I t  i s  possib le  th a t the long itud inal v ib ra tio n  couples with the

nearest transverse  mode of the s t r in g ,  the sound board ac ting  as the
1 * ''

coupling agent. Some evidenoe of th is  coupling action  is  shown on Graph

Sheets Nos. 6 and 8 by the two components a t  613 and 663 oyoles and 869

and 936 oyoles resp ec tiv e ly .

The various modes of the long itud inal v ib ra tion  eviden tly  com­

bine to produce a d e fin ite  sensation  of p itoh  Just* as do the p a r t ia l  tones 

of any musioal instrum ent, in  th e i r  ac tio n  on the ea r.

On a l l  of Graph Sheets Nos. /f\ 6, 7, and 8, a  number of small
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components a re  noted. These are simply upper transverse  modes of the 

s tr in g , as oan he shown hy securing th e ir  frequenoy d ifferences and 

noting  th a t these d ifferences are very approximately even m ultip les of 

the frequenoy of the fundamental transverse  mode.

The "wolf" tone is  not heard in  the treb le  of the p iano fo rte . 

This is  undoubtedly owing to the fao t th a t the frequencies of the 

long itud inal v ibrations are  very high.
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Conoluaion

The "wolf" tone of the p ianoforte  has as i t s  mechanism a 

long itud inal v ib ra tio n  of the bass s tr in g . This long itud inal aotion 

has harmonio modes, these modes coupling with the nearest transverse 

modes, through the medium of the soundboard.

The v ib ra tion  may be excited  by the tangen tia l p a rt of the 

hanmer motion..
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