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tract. I tis arile e consider the ibraions and radiatd sound of
et silin. The ibeasionssve et i s of she el ot of e
et oveleing th coupi vetea o 1o boved g, thesoppering
Didge the hollow shell comprising e by ofthe it rumnt nd ahimach, the
acoutc modee of the perormance pace i wlichthe insiument i playel. Wo
show that damping plays an impor characteri normal n
i e g ek st conping Bt The o st
morern application f Chlad patern meastrements o enhance our ndersiand:
3 i

alents of experime il o comptationn i
analysis. The symm aking properties of ¢

I 1».wn,m,ru.w| T o ey wl iy of it veatos by o
bowed in

1 Introduction

Aftr almost 150 yess of sescarch, understanding th scoustis of the i aud i selation-

perceived quality of an instrument still remains a challenge. In part, this reflects

F understanding the acousti Ipmpxnvuu[uh\ s, in ’mul)('r\nﬂ.hn((\mpll\
iy -t Lt from he pespetive of

t o i aeontcal ropertics mst altimately explay dely

superirty n the mmnl of vilns by ret tlian siin e

1M,
o i th o of o e $100 st il st s s e o o, e
struments,

" ol st appease i s present almost unchange o i Noher Ly around

the middie of the sixteeth entury, vith o n 500 Andre A s s

of the Cremonses schol of vioia mal, sl eing P

ot o of th vl b . e of oyt Rt s 0 rcing

s comluted ol soonely inlenced by he art, senes and nciesae uf e perod

constical perfection.

e i i otcoer, o

et sxtceth cntuy o he vituoss st of

1 shows a modern (1846). nineteenthcentury, copy by the leading French maker

oF» Gunrherius vioi of sround 1730, Vallae worle coely on the seousiis of
e Frenh i, Fl St (1701 1541) st Kot for bis work

ith ok o stablisin the modhematical elatioship beoeen osic curnts wd magnctc

R A aed b, Seum v o oF the ot 1o e Chindnt it s

W crions scentibe to0, i bis pomecring rescarches on vioin cousics 2. Chlndnd pattern
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Force rocks
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direction
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llnme copy ofu Guararis vl of around 1720w a shmatc cros.
1 features, the resonance, and
o he by of the et

coupln of the bowed strin to the vibratio

measurements are still widely used by many violin nmk(-h to monitor the frequencies and
nodal lines of the modes of the individual plates of a ‘while being carved from the solid
before the instrument is glued together.

Many other distinguished Isumumc have made major contributions to our understanding (,r
the acoustics of the viol minent amongst them being Helmholtz — the founder of moders
acoust tics Howeun ﬁutw\mdrumud he vibrationsof the bowed sring and the aconstcally

esonance of the air inside the  intrument which vibrates in and out of the f-holes
o e the ot Pite,  descrbed In the nest section

At the tum .,y ',Iu 20th centus ey Raman established his carly scientific carcer with
and mathematical the vibrations
[22] before founding the Indian Physical and moving to America, where his
research on ap-mm.mm led to the award a Nobel Prize.

it times, Frederick Saunders ~ known from Russell-Saunders LS s
= physicn— wna ane af um et to sy nmlusmmlmg of the q\mhw o

s [1). Wi

from Bell Labomwncs. and Carl«n Hotchie, \nolnv
co-founded the (‘.ntgur Amusucn\ Society of America. i socity thmugx
journal and meetings, established an international community of and violi
nakers, wih the sim o adveacing out anderstanding of voln .\mustlcs “and the promotion of
scientific methods as an aid to the more consistent and potentially improved quality of modern

erestcd n the acoustcs o the i shoudconsilt the for soluncs ofresenrh

ol by ol (3.4, of the
scientific violin making con so, her comprel e o v reent pron
t0 1983 [3]). Cmmcrsmmwgmph e Vol 1] provhs . tthoaioe ke b » g
researcer whilethe el text-bol on Musial Acostcs by Fieter an Rossing (8 s

ellnt soure of the underlyng scence and providn references oot of the mportant

Tesearch on th vioin and many other mstmmems e the bt cnty.

In tisbrie ntroducton, wsadopt » ply
norm e neions appronch v desri the e pinces tndrying
roduc nolso\mdlrylhe violin and relaed stringed instruments. This approach diffrs from
that of en ho sim o reproduce the aconstical propertis using detailed structueal and
commputationsl models, but oftea with Jess emphasi o geaeral pria

Section 2.1 provides a. brief o f the way that

produces sound,
ollowing the chaia of encrgy transier from the bowed sein o the large acousticaly ediating



Nodal Patterns in Physics a

Mathematics £l

instr

. We fist describe (scc citation of bowed
ol was oo, S roves et o0 oppimesly s oty peidi oo o
the i, ich i vy ic s Lo it sl of s ot rying
his sl i sy perodic waveorm, of the somd radiaed, bt v “pldes of

e partale sirongly dependent ot Cho resonant fequencies and adiaton efclonce of the
vorios structaral s excitd- ol the rsonant s of the performance spuce i wlich
the instrument is played

The bridge acts s a wide-band, but relatively strongly peaked, aconstic transformer
facilitating the cxchange of encrgy ffom the vibrating strings to the mechanical vibrations
of the suportng by, s describd i scion 2. T copling of th sing ibrons (o
h resonai modes of the supporting body resuts I et of noral mod, T section 24, wo
o that damping B o profound ffet on the charcte o the ol ode . Mw cross.
over cegion, where the resonances of

surfaces of the shell
Ho

‘oupled systems would otherwise nearly concide.
S sho st the mal e o b lueiied ot mmklv' or stronglycoupled depending on
e st of depin prsect The s o set of coupled oscillators. The
A of duspiog et i pofows bnence o he piwer's syt onteo pves
s, especially Wi th sting resonates at 1 frequency lose to an over-strongly coupled,

weakly-damped, resonance of the main body of the instrument, resulting in what is known as
e wolfnote (15,20

At all it souud o oo Insrument s e o e front and back

i i plates and

e o i
nping of the scowtialy important brationsl modes of the body of the instrument. Such
e o nlude the coupled brations fthe peck, ngerbonrd ad tlpiec, s wel a0 the
kol e otber gt e bowid o et Apae o the ety
oo, diseniol i saction 3.5, e the s ieide e coity vibrat
through the f-hols, non f hes aitona compnents are ver et o
Howover, they can all conribute signficantly to the complex coupled pormal modes of e

A e LI S e

et patialsofthe b siring waeio. Tho coupling can the seicaly st

the playability of the he player, this may be just s important a factor as the

o oty et e gy of et

o Fpompets ettt el

ed in sections 3 and 4. We briefly deseribe the way their acousti

ng Chindal mm:-\m'mml s and modern equivalents karlm-r(lrvppl-x
mpu end expeimetol modl analyss. In bt setions,

e oo, Fhoes,axching, bass bar,soundpost and ‘wnisotropy of

I

Clatic constonts on the
s St trapeoil mmlc! of the Lwlm wing nmv.(- clemon s ,.\.eu mu(lcl hichillstrates
the soundpost and it's posi uch an in
i m «. we |,..=«y cmmdu e et of o
quality and the difficulty

followed by a very brief

of x
et . et e propet

2 How the violin works

2.1 Overview

The violin Jong its length
i e e et o o o e s oring brkdgs v . e e o e
i player's finger used to shorten the T o e the pheh o1 e homed
Sote. The vibrating string - a Tinear dipole sourcs - radintcs a 1

gligible amount. of sound,
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becanse its diameter s very much smaller than the acoustic wavelengths
sound, energy his to be transferred to the radiating body of the instrument via the supporting
Sriden. Fhie ik o hesf naves 4. pefct s of g batin vibrsioes 3 het
sty of th g odis ncnmlm(l s we will discuss in the next section.
The way that the ibrations are coupled o e msin body of the
instrumon 1 hatinid schemtiedy o 15 ) o o o sctio
e ing i, sh womid e eson of the
front. plate, excite the vibrational modes of the main shell of the istrument. The front and back
plaes are strongl coupld by the supportng ibs and an ey
wedged etween a position close to the treble foot of the bridze.
oot iyt e sl etk s o appecn, s e S,
e st e ks conld U ol sl covmmc maden o sl of o ot
et il o o e o s 2 ekl ¢ radiating dipole sor
ecng the st i i st ions conpling i St et o
e »v.nmgv 2 monopol sorees. The soudpost and s psiion thereors pla
deter stensity and quality of sound produced by an instr
ch violin makers, who refer to it as Iime or soul

wolved. To prodice

rcaly placed sound pos.

ound 40000, thers ace o siongly g siructrsl
el extend ol octe over (hown
o 100, use i made ofthe caviy or Helmholv o reson m..m.,.mm 280 Hz A similar
he guitar o with the air vibrating
used to boost the
outpt ofIepesker o ow fsouences ~ tho boserfes oudapene cabioe, nersingly
o e been sin such resonanees o boost the soune they Tk [16] - fo
i of e

asymuneey of the viin isfurther nbanced by o apered bass b, which runs song

much of the l A

ngth of the violin close i side foot of the bridge. Its pi
srengihen the top plte, partly o it ve b domrmad o cxmud W he
retched strings, but acoustically more importantly, to the

f the central
|5Lnud ection beteen the Fholes 1o the arger adiating surface of the top plate abore and

2.2 The bowed string.

“The bowed string is excited via the visco-clasic rictional force of the rosin contin both the
inorng bow s adsrtched srings (23] T vl waves el on the i e ok
the simpletet-back sine wavesgenenly o t0 llustrte wavs motion on sheiched tngs
o ar s oy oo et fon bt nava, Helnots s
wmade up of any o st secions separaed by ik (et
o  pafcly el sin, sl o tesiog ection with the dispersion
i ot e o e Aoty ver it et
o s ave fon - s soiora b (bt v St s s e, i
oot an tho th snight-lne ecton cither . st o moving vith coatan velod i
n there can be o et transverse. only aceeleration occurs
A setons i with et ok
bowed string waveform is the simplest Helmboltz wave, with a single kink moving
e ting,separaing o movingsraght sections inged sbout the g end spports.
T s hen rfen ple Ram pioneering exper-
e analyical imesigntions of the bowed sring 22, To o et appresimacion, the
i ¢ the boving point moves with the same elocity e the Tovin bow b fr part of the
e the s oing egime, i thooppoi dirc astant velocity for the remainder
of the i e T sk motion 5 e pole st etonss
forcn during the ki vt e o th,whs sy

 skope) ol
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Helmblty s with o sngle Kink generte o priodic sawtooth-yavelom force on the
bridge, with the amplitude of jponent. varying as 1/n. The spectrum of
Sound prodced by an b tsnged et . thescone vry He . bighor maronies
(~40 for the lowest notes on a v
In the absence of damping or loss of encrgy from the reflecting ends, the Raman wave would
it indefinitely. In practice, the string to the vibrat

neth Fourier cor

in or cello)

thenstumcnt v the bridge sl  dsnani esponae a the point of bidgs suport and
th gnertion o econd ves. Together with reflections from the bow-]
ditional structure anl cegradation of the Raan

|m Tica to be done by the moviog bow o maintin the slipsick moton, Such

¢ extensively studied by Lothar Crer 3 i collborators (1] More ecently, Melntyre
and Woodhou st (10, this Amoccan ealiborston, ave
xtended such investin ‘Green's function approach.
Our curren

o dermading of e bowed Sring e secoty e reviewed by Woodhonme i
Gallons 12
Detio conprtona anapi o e stk estaion ks At kot i

Freal strings, the bowed transverse
3 lections from both the bridge and bow,
peties of the ficional frce, Desgite uch complications

cture and & rounding of the waveform, the boved
i ver cloey 1 tht of . atple Taan waves e we il nomm
for the purpose of this article,

The quality of wment wil therefore be determined by the overlap of the spectrum of
the bowed string vaclorn with the multi-resonant x of the of the bridge, the body of
the instrument and even the acoustic into which th
i Missca parpies el o s st rsporm ofth inkdgn foun st of the

ol component pats o the instrument in terus of the collective normal modes, Becanise of
the strong the spectrum and

of the radinted sound varic dramaticall note to note - and even within a single note
played with vibrato (frequency modulation) [13]. Surprisingly, although such variations may

nput wavefomn

(room acoust)

S
Fig. 2. A schematic llustration of the dependence of the sound of the

by resomnces of of the nstrument.
For simplicity the additional resonant structure of the performing acoustic has been omitted.
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of the sound of a violi

cesponsible for much of the exciting qual
Tl eeion i the pesecved qualit s 200t of . ot
point o pint i the peonanee space Thi demnstats that the persved ualty of
violin is almost certainly associated with global features of the acousti

e ammn 1 sl st e i i o v Shmtily o
note to note, as is evident from fig. 2.

ere is surprisingly
at from note to note or from

2.3 The bridge

are 1 illustrates the way that the transverse force from the bowed string excites the body
of th nstrument. At ow frequenciesth bridie o be considered s g body withregud
e tores and induced vibrasions. Th transverse force f the vibrating srng.
irection of the moving bow, cxerts & conple on the central sland rogion
ettt the Pl v ehe seble ana b aide fet of the bidge. Unless,
strument simultaneonsly involve strong
o of hoth toy e back s e caeminly g ] pon it A nod oo
st oot ofth bk, T b s theripe Sooud o ock shont i o
e basvads ook of t driving the central island region asymnetrically. As eed
arlicr  enctionof
s:mugl) ruhaung monopole and ssymmetrc, veakly raditing, dipol plate resonces
tion ofthe bridge t low feqencies wil esu i the point of strng support
polariscd in this dircction

to the in-plas
polatised tn
o the top p\.. c

7

»

ibr shell of the instrument, whereas

‘the perpendicular dnecuon will be essentially uncoupled. Thi: leads

to two. mdlpcndcm modes of transverse s ibration, with one mode strongly perturbed

frequer anpig w coupling to the tructural esonanecs and the other nﬁ'ecuvdy
]

oupled to 1l

the main body iy vibrations of both
tho et bk inst o St o st posh oo wi o ode s mode. Tho

racks on both its feet with the polarisation of the complex (in and out of phase com-
45) sdmitiance tenso st the pont of beidge support verying troagly with Frequeacy: In
seneral, the sring will support o orthogonal clpticaly polarisd, modes o b,

body
2 i o imporcant i plane resonanecs imolvng th rcking and
ouncing of the top pat ofthe bidge on st fck ot typlelly vound  and Gkl e
tively. St resonzaces saongl ng impodance s the exd ofthe srng and
e e ol of the st s, e
241 and [ Chpe. 3 Thin probtem e recenty b reviite by Woodhotme [25| w
account o s s kiown s the BH (Bridge il eaure or peak ofen observe af e
29 i the ooy dpendence of i dmittance of ko sl dead oty o)
casured n the b g dirckion s he g g 1 ort 120
"R the bridge esamance there . brosd peak in dhe it and adiaed sound, ith a
penk ight nd widkh gl tcrmined oy the tranter ofenergy from the ridg o the shel
‘Above the in-pl e bridc, the motion ofth top of
he b s doniated b e ol mass nckingabout the vt ofthe i
supporting fect,
ather than by the body
e cte, Such  strong ol nresponse s ssponsible o removing much ofthe s
of the sound generated by the sawtooth forcing waveform. This ¢ demonstrated by the
additon of n aitional 1ass o s to th o of the brdge T lowers dhe feuency of
the bridge resonance and uad, s often use by the playe forspecil
ot it ot el e deenmetaion of e portns o ek
players.and somesimes even vioin makers - are anaware of the hmportance of !
afocting the overall qualin of sound of an instrument.

bridge
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2.4 Normal modes

Uit o, e have discused the ibational modesofthe nstrument i e of heseprate

vibrational modes of the strings, bridge and body of the nstrument. However, as all readers of
i et i b el o oted i shou sty o omdereh i of e

wormmal modes. The conping of the transverse string modes to the structural modes provides

portane of dumping o the characer of ormal mods (17,
node system

Ao . llstrative oxaumple, we contider est example of the transverse vibrations

of a stretehed string terminated at one end by a simple harmonic resonator, represeating

the terminating displacement v of the end support and the string vibrations by the amplitude u
ke enedSmvotaal o ibesons. W have a pair of coupled equations describing
the motion of the coupled oscillator induced by the force exerted on it by the n-th string mode
(nT/€)e, with the resonator exerting a similar force on the end of the string, such that

u, L, _oTs
(G ) - 2, w
oo o

FE R X o
where M,y and Qu, and m (bt the ) and @y represent the ffective masss,
resonant. I‘r«mcnucs and Q \alms of the co\lvlu\ oscillator and string, length ¢ nnd tension T.
i the aboene of dampings v recverthe ol rent, with ormal e Spit . the

crossing poml ot tha 5 = 03 & %, where

4y [m

— 0Tt = [ ®

. th crsingpoin the nornal modes an be describe s  combination of sting ad

cmpled el vt ith el e i el e .0 o ofpiaa O

h the crossover regior oo o e ot

el it et o of e gl e .ml vice versa, with, bl modes dunped

by Dl the dping o the coupled mode. This i the cluscal el of mode sliting

1 wave-mechaics, where elementary texts generally gn(\n e o i i e
odes.

cousidered wo coupling o a broad spectrum of ol
dampin

the complex frequencics of e damsped normal sodes are gven by

0] =ul £ ol + AP )

with, to first order in damping,
= ’[wu £ +ilwdr/Qun] 5)

.

1.
e oo o, o the ol e e, e s of e o
e ot o

9 = [0(1 +/2Qu0) £ (&~ (9, /2Qu )] 7. ©

ead

10 he beacieied second ter o the right-baod sde of & (6) becoring segative. When this
oocurs the splitting in requency of the modes diaappeors and i roplaced by a spliting in the
Gumping at the crossover frequency. This occurs when

o tn [T

(]
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210,

ora

Wk

2

damped

led to 0
h the cross-over

Fig 3. T roumnio s f the o ring cor

body resonance with @ s thror

egion, o (3 wealecoupl I

fremences f the damped vormal e
ncics normalised to that of the coupled

ped normal s of a undamped
o of s ey asing
(b)

coupling 5. The solid curves show the
U o carves fnlicaie thei 3 widihe, with
resonator Q1

ence n betavious in the wesk (I < 1) o st (€ > 1) coup
"l curves represent the Heuenies of the coupled modes
o v sk Uty S i, oyt e coupod i e s g whth of
the coupled body mode is lrger than the spltting would have been in the absence of dampin,
ther i o spliting of th normal modee, The modesrtain theis predominantly s
o coupled ssonahr chamcteiion thonghct A1 coesaves g, i« sl dipeion
in the freq ring res o it damping in th croms-over region
Comrmn ot st compiog o, wh s e b o T e u.mmng -
1oodenare sl n thscrossoves egon i one o oo e rfer o the modes s
like character, combinntion of both. Note the relativly small
e b oo s g o Baions i i et

hang

over region.
[Tl Snarl ol cuite arl e oay e sl o vt o)

syt o ening e asons componcits o 3 complkated o

e et i (e s, bridge, ek, fngerboard, el ud et

resonators, whichase ol weakly pertzbed byt neratioe

coupled moa¢s s large than gths A7

i i o gl e th s o+ il e e

damped body resonance, leading to a split pair of normal modes at

eteys he harmonicity of the iing modes, 0 that it i uo onger posie fo etabih &

freely propagating Helboltz-vave on the bowed st

N A — a breakdown of the

coupling constant o

sound of:
& strongy exlted resouancs o the bocy ofth nstrunen (16,16, The coupled moton reule
ucas 0% omseme el remoring the Endamental
artialt large crturbed
ing thereore ten to male transitions o  new Hel .m e an ctave higher bnsed on
the even liarmonics of string vibrat ich makes the note very difficult for the player to
Control. An mportant aspoct of the vioin's deign s to masimise the coupling of the sing
to the radiating shell modes, without the coupling becoming so strong that it destroys the
harmonicity of string vibrations.

o avercomo such problems, one can attmpt (0 roduce K by wsing o ligher sirng,
ncreasing the ofecive s of the coupled resonance by moving the postion of
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post, or increasi

. the dumping.of the roublsome couple esomane (someties  cork or
dipioce and front plate can have the desired wffct. An alternative

fixed to one of the strings on the nou-bowing side of the bridge is frequently used, or a damped
Cantilowr resonator mounted inide he tmteument.

2.5 Cavity air resonances

Thel desofthe main body f the instumentfor . vl

caly between 150 and S00Ha - more than an acave sboro the ovest ptcs plyed
he fostraent. Thi st o ol mernbcr o the ity e el o for the uitor, To bl
oot th sound output st lower e, i < made of the Holmholts resonmace olving
T e e bolow body o th osrument I and out vithe -k,
Eor i i, the ol s heueney b v by

)

where i the oo of o i, St e ofthe ok i cllecive gt et
s the neck through which the ai enters and Jeaves the caviy: £ s o shape-dependent factor
of oxdr 120y ot vt o i ke cpnios [ In practice, the Helmboltz

i 0290 i, boceiig the sound outpt for notes around the

S lowest open strn
[The ool resonsucs i ity by say beshing mod ofsbrstion of th shll of the
ing s change i voluo of 8 he &

stror

s he
aportant ;.Imll mmln e el separated .
e Hehmbelts i resonspce end riing the echency ofthe coupled body
from our exler discusionof couped m..mn..,. illustrated in fig. 3.
o the Bl s a bulk and out of the body of
the it ¢ acts o an ofcent nomopele rlistor o o Howoscr, o cxcoon o
= below the Helolts cavity resonmace, suy net. changes i volume of th shell of
et i e sty conpenssecd b 5 i oo 1
et o e it s oot e of e et oten, ol bt rwlm'm\
waveforms remain periodic, with almost all the sound intensity concentrated in the bigher
limown mising fundamentol pencrsenon i pereptual ot
henty the d pit P s of the wavelorm, whether
o i o ot ot oo
10 nddiion t the Helmholtz meonnnce, there are  lsge mnberof quch2-dimensional
i witin the cvity (o identified a
o TKEE. Suc s e Bencss by eakl o1ad t e vt f e el of
e tramot, b s vt ot . S5t st of o hrocgs the e,
The contribution of such modes to the the sound of the violin remains unclea

3 Plate modes
3.1 Measurements

e o 12 et oy e et e wp of U o k.
plates, the supporting ribs, the fingerboard, e «d any other attached objects like
 shoerest o chirest. Bt frt v wmldcr e plates separately, s they are ndoubtedly
the of e sound produced.
o and Dk Pt e o s o3 e of ot e repee
plates can support onggtudinal, flexaral and torsional mocis of vibration. OF thes the fexural
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and torsional are the only motions that involve acoustically radiating displacements perpendic-
sl tthesuraceofth pltes. The acostc properte of the plate e determined by thii
scometsic shape, the et propertisofthe woor,vriatons i ticknessacros
the plate and geometric arching. It s the maker's skill in controlling all s wcters, taking
nevitable ariaion in densiy and asoopic cstic propertis of the paric.
1t lalesare crved tho dekrminestheacoustica popeti

ty a

to account the
ular plank of wood from
and el the ity of soun of the asscmble v

Pig. 4. Chiadui patterns for the first twisting (#1) and bending
violn back plate (from Hutchins) and the related modal patterns for an fsotropic squ
amplitudes of ibration ar Indicated by diflrent colours (o, from rodspadiie to bluo

and ing meres (42 and #5)of
Equal
).

ig

Makers continuously nstic propertics of the plates as they thin them down from
the solid. Trodtanaly, b was done by el s e plates were e and tvitd by th
hands, and by liste the so they were tapped or rubbed around the edges by the
s Mo recemly. gy e by Corten Hoteh e Follower 1]

Kers use more quantitative, scientific measurements to monitor the mod
iodal line-shapes of the individual plates as th
changes in frequencies and nodal line shapes
o contonously refnes th thickuess rdations s the plates. The o i o end up
free-plate modes having a partienlar set of final frequencies and well-defined

el s

‘Chladni pattern measurements still provide provide the sitplest, most conve ud least
expensive way of making such measurements. To obtain Chladni patterns, the plate is lightly
supported at the nodal points of the particular mode to be measured and is placed over @

loudspeler cone drven by o sine e asilator, Christnas siteror some ofher uch ight
erial i sprinkled over the surface. the frequency of the sound from the loudspeaker

strongly excites a resonat mode, he ghtes oomes o ehe nodat s pochions.

e illustrating the three
modes of a freely

supported viola back pla

b cases the frst mode is a
ending modes nd e referred
0.2 the X- and ing-modes in view of theie sty with tho odes of the square phate
Sueh mordes can be conidered 35 combinations of (10 and [01] modes, which for a stretehod

embranc would b degencrate. However, wherh  thin plat s bent i  give direction, t bends
the opposite sense in the orthogonal direction (anticlastic bending). This is a consequence

of the Poisson cffect relating longitudinal extensions to transverse contraction when a plate is
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stretched. This lifs the deg
anticlastic bending in opposite directions b
o odal rencythan the ing ode,with bending

sy ofthe two llstited mode, with the Xmode with the
ing

Savart, working in the the carly part of the ninetec
ot sk i s of e T e o oo pats s bewes O s B
(~280-30011) o the front paks and bowen o semitone of toe liger o the Tk plate

(Savart [47), observations that were subsequently confirmed in measurements by Hutchios and
St o T mnber o v 5 ot ho sl suggcted ot
nster violin makers may well have tuned the modes of their free]
like a well-tuned bell, with the frequencies of the lowest free-plate
eltionship to cach other. A belllike ring would be optimised when th
d #5 of the top plate are close to an octave apart. In add

because ofthe diferent geoetry of the top plates

nodalline pottero, sl Lo those showe i o
eyond what the skilled Ct

monese maker’s conld possi-
ound sons ~theugh th sbilfy of siled vl malers
inges, eas sod experins shons to s o ds
e sheud e« st Homes b 2o
ks o poiie Lo sty et et o thel e,
Eemonen makiers would. have. spe the tine s ki snch careul il tshon, even bad he
el tols then been, svnilabl, Nor ¢ s, tht osruments & these scientific
o an ey vy st s sl b e it b Howenes
s methods will provide a degree of quality contral on the overall acoustic propertcs that
Should, at the very least, lead to a more consistent quality of instrument.

Unlorunnel, | e relable publishd informi

iy vope to e achi
using 1

relat the vibrational
odes of the free platen of utstanding Creamanese instruments, as moder players and dealers
o ol g o Sl ol e b e ot o i e,
ments. He 2ch mevmmenents wee permed oo Ay e imrments by Sovrt and
Voillue, probably wlile the nstruments vete bein take aput, modifed snd ressembed
improv aal propertion 1o match she demans of o the vt peormers and
o et o . T improvements nclued engthening the ek, g igher
tensio reasi
using o thicker bass bar, o larger diameter .m N bt
adding and removing wood from the pl  hmaelves, As » conscq d
i e of vy mederrsd Cromonese et ate ety et o th s
nd swcctce sounds of the netraments acovall made by Amat, Stradimit, Guamerion and
i conemporare, The paredos o that we are attemptin to disoves t
e spe Tt ke e uromente with ach sotatdng ol
oot vy whestns e e were e ey e sy dcren

e,
i sometines cven

secret
in the

3.2 Thin plate theory

beautiful Chladni ity shaped pltes pcated
& fomible o In 1808 Nopclarn afled o petm of 000 o i O

- Th iz s el o i 810 - at e shivd
. honh s compiete theory was ot obained il 3.yt

et by Sophe Germah
oy Kirchoff 0]

Etion 0) i the s wavequton docrin fisul o bending v o
thin plate. The cquations have been count for the bighly e properties
B Voo s o the s of st ot (e (35 e appsione the
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wood is aligned with t running along the le
T e in the trasverse drection, scros the grain.

igth of the instrument, making it far casier

Pu o ;
Mo+ B + Beygon 5,,,9,,1 +Bug ©
with . .
st £
Pty ™ Pty =
and
Buy = Byz ~ (BezByy)'2, (11)
e local plate thick

i e end By s s soe the sasctoopi el consaats o
Poiaon rtiosaang the syminetr directons paraii o the - ad .

Wl from the bowndaresor an Iovaised boundary condition ke the presnce of the
soundpost, a thin plate supports sinusoidal waves with frequencies

wat, 71@1151’»:,7 (k; + \/gk:) 2

where k, and &, are the wave-vectors along the symn rections and o = B, /B,
represents the anisotropy of the elastic constants. x-.,r xtypial i prcesendboscce of M
board instruments and the roni-pncs of ¢ i, e ansctrpy along relative
ross the grai i o s o srom e [8, pp. e .
Wikt the nD])NXmmuon assumed in cq. (11), the fexural nwnk-: nlm unwlmmc plate of
ot sepe e geometric
o of e m.munp,c it and the - nd g emeiht selod by the s ol (1 415) un
Tt nve the plate area constant. The dispersion relationship leads to
st densiey of tavesfor flsural yaves ot igh froquenics with & typial pociag of bouk
700z ot ok v lte s 00K o o bk e [ 5 202, omere g o
comideeble omelp of (0 remnncn fals of the bowed string input tend to
only-spaced structual 1 mmluslm\ﬂunwlul

llu\dd
Jso sl exponcatiay damped i s €52 and 400 wi
e S loions o pervat o5 e g of the e b 1o be ncluded
to satsfy the oy condiions, ol the plate s Kinged e, For s plate, the
bty el v the forees and couples ac e cdges o be 3o, which
th oo, Untie the sple st e phstems of taven
ves on a streteied rectangular mesbrias mk isig reks i cosrate
e modal i, which aceounis fo many of he beautifl Shapes obsereed i Chlach
hin glaed sho e mm.m modes, such s the t
in fig. 4. Unlike the ben non-disper a
1 = (0h/)/ETEAT 4] for a thin plate of wid s, where the hstc propetis will i
be affected by anisotropic shear il parallel to and across the grain, For a freely supported
thin-plate, conservation o and rotational momentum and boundary conditions can in-
ing between the bending and torsional modes, demonstrated later in relation to shell

4

b

3.3 Plate geometry

he modes o the violin ar strongy nfvencd by the utlneof the ndividun pate the
e cut int th top pate and the trenthening bus-ba (3], Becouse the placs e -

y sy superted by the ide b, tho e funtions and eorrecpousing ies
will be very different from those of l Supported plates teted by the maler In the
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-
0
- ("

1402

1656

3200 3085Hz
© ™
Fig 5. (00 Sl modesof n iropc, i, uarahapd,ihin ot beforeand ate cuting

effect of Fholes,

prosssembly e, The reltively narron wnlst of the pltes tends to scarate th uppor and
lower areas, 5o that at low frequencies several modes can be excited that are predominantly
odes of

Tocalie Iz e upper o Jowes sectlons. This s Musteated Ia fis, § by leced 1
it fat plse ghly supportd around s adges, befrs snd atr o wrecut o
e plate to f the fhols, The modeo wers clculted uing COMSOL (38, o
el bt e ol paciage for repi i clmen Lnknhumu This software

parti ot o oty dhe ool mo ures - as in this
aunlc—tlmlu{h its real .mm;uh lo i k- pics mmlcllmgu u:mplcx tructares,
iz and shape of the iple was been chosen to approximate to
e gy of the o Vo mitace of acrnd il plate (s oot otor sbapes
reson ollowin the line o the ribs and the insde ofth sld wooden blocks that trengtens
the shell at. the corners above and below the waist. At this stage, no attempt has been made
Lo to ncorporate the i of the plates or the spproprite orchotropic elaaic propeticsof
the oo, Abboughsuch actors will et the detaled shape o i of modes, thei

the plte For thse cxanpls, the presnceof u
g, allows an increased penetration of the wave-functions into
the re ot Rection on which bt bridge rets. This ot ol owers he
raodal frecuencis but, more mportactly, i s th coupling
cting scings - ve the Leldgn estng o the il
Clearly increase the nteasity of the radiated sound. The shape and position of the Fholes is
hentr el o e mportantimporant e nl o i el i et the ey
the low: o for alowing.

iraion o pestrni o el it e bt rsion opperin the e
One can. zmmdm zhc 1slm\d rcgmn chzwccn zhc slots or fholes as a .kpon acoustic trans-
plin upper xegions of the plate, s i fig. 5(0), (1),
e i ki b coplog o i v th b g i he g
the conpling between the uppor s lover regonsca e e, s
without slots), or relatively weak, as in fig. e the coupling with
a0 wihout the site reversc the relative arapltades of the sodes In the upper and lower

regions. From our discussion of coupled oscillators (section 2.4), one expects the coupling
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strength to be strong when the resonant frequencies of the modes in the upper aud lower regions
o but Inidii have reso-
niant modes of its own s iltrated i g 56) a5 lots), which have no parallel in the
unslotted plate. Snc wit tion st e st o Frle sl e b
e of the s iy of e Bl supporicd enral b ssion i b
rigidly supported region without slots

3.4 Soundpost

o symntrcal plate,the symunsey ofthe coupled wove functions i the upper and o
will o he same (i cither both odd or both even about the central axis)
Jed mstrument, the offst mm.d,.m medged betmeen the to pltis
Itrodicsun sl et conmina. 4w Geuncie the moce o e froxk sad
nck platesare generally well separated. This mum o the soundpor o a5 a node.
of vibration, igid body
at very much higher frequencies -\umkm ',I\rp(bmmn)[lhn so1 ,.u,mm,.q,.h be achieved
by i fi. 5. This often results
ather complicated modal wavefy especially at |,.gv, r.wm,\m as in fig. r,m with
oindpon) The ombined mdes AL ten g 6 e st it loel mtching Fqicneic

| ‘ ‘

94 707 s

/5\

Fwerey 1o the s

e 24 102 us2m

Fig. 6. () () Modal wavcfunctions and frequencies for a guitar-shaped thin plate with slots, with
and withont  soundpost - position indicatee by the solid circles

Figure 6(a-) illustrates the effect of an offset soundpost on some of the lower frequency
odes ik e St v o o ey Gom e oundpoet el posion sod e
Jnsing ther distribtion scrws the plte to sored cumey, Toe pestinbesicn
of the wavefun eaus i highly acymmetric lou\l regon of the wavelunction

. Wi l\m .mnmmml into the body rtimon ach o sl the
ammetrial o o tho bridge to m.pxe oy to e symmetricl ket atder
e o the ot .5 s (), whin e sromt e of onepele i

ke ot 1 oo W ko vy Poceut oo oenton to oot ke sogon
localised modes, fg. 6(c).
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3.5 Bassbar

e asymmetry of the front. pate of o iolin s futher enlanced by the bass bar, which

collping. ..1.44 et e besionss e by scresingthe coupling beten the upper
 regions. However, because its mass i relatively small compared with the plate
et ol s o ndicated for the vt four s in
slightly . o the wavenofoe ok el
i e et i s s o ot o s

region and proxi

1 21 1386 o7k

Fig. 7. (-0 Pt ou s of gitacbpel ki lte it ot e gt ods, with
‘withont & 5 % 5 rectangular bass bar in the position
3.6 Arching

“The beantiful arching of the front and back plates of the violin was almost certainly chosen
to preven. the body of the instrument. from collapsing under the large dowmward force of
the iaeched springs pressing on tho op plte. However, more mportaily rom an ocostics
for the
5o any motionof the pltes perpndiclar to an
engitucina troin paraiel vo the swtace. Tne
poteatiol encegy snd heace frequtcy of the flenual wave modes. The perturbetion s arger
for symmetric modes than for asymmetric modes, where the net encrgy change i potential
energy s much smaller. The effect of archin also decreases with increasing frequency, as th
wavelengths of the of the fiesural vibrations become mnich shorter than the characteristic radii
of curméure
o on example, the ot ol of il lte bl ot o b .
iniially inreased by ator [+ a(H /1], 7 when clamped at its edzes and
084 wlen sy spparted (2. Forthe o it it ot etk of wnd
S mim an arching heights in the range ~13-16mim, this would imply an approximte
bl o e of th gency afth et ovder Bexanal e rloie s of o o
plate. This is consistent with finte clement analysis computations of the modes of a frecly

o v todes. Thi
arched surface induces a first-ords




02 The European Physical Journal Special Topics

crease of some modes on

supported ssched vieln plate by Roberts (30, yieking & %.0od i

varying the e to twice the normal he

3. Modal vaveormsand i ofgitarhapd tinpaics i stropi and aietspic
ext.

e
elasic co described in the tex

The frequencies of the lowest important acoustic modes can therefore be just as dependent
on the arching height and the arching contour as on plate thickness [30,36,37). The reduction
in the arching gt of vioins from the ligly achod Staner and early Amati models o
St e models s alimost certainly the main reason for the
Foennod oty ke o of e et

3.7 Anisotropy

. plte s gncrlly madof itk spruce e the bk rom maple, otk of which
v by sl o merin paci and eanovere 8 58 e onnin
the engil of the the plates. A desrd ted eulr, one can e Tl s ) 65
vt the e o wisctopie st b el the oty parall o perpendicias
{0 tho grin b the actor (51 ) * erpendiclar to and e dong th sing an
o LE7 of

‘of modes unchanged at high the

cs, one can then reverse the sca

s and P

& to view the wavefor

i vt g 1, which compare th it o odes of gutacshape patcs,
frs for an sotropic plate with th geometric mon of the sty conatant and then fr

sisotsopy fctor of 10 The elastic constant along the grain for the anisotropic

plate leads to a antly Iger pemertation of the. et mede Lo the ‘] and uppes

.‘wwm ¢ e o et Becease s th siodel ety o 450 s o SOV,
hereas the first mode of e considered s

from the r.m o modes of the sotropic plate acting in phase, the second mode is cl

ot o St ot 8Ost et s . e cmding sty o 4 6 Hz in
betweon them (126 py hias only a slight influence on the
wavefunctions and modal frequencin of he tird mode, wheres the aniotropy Sty
Lo e S e bt e b e groster penetraton ofthe v b the
ol

vl the larger the degree of sotroy the larger will b e couling of jor
on wh

farger -
plate vibrations into the slnd e e rocking bridge et This cxpinin why the
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to the

aconsiclpropetes of the il plates nd shll of the ntrunet e o sesiive
elastic constants and anisotropy of the are carved. In practice, makers
0 to considerale Icugzhx i the selection of e md ey voe, which varics o pecies (o
specics, tree to tree and the local climatol whichsideofthe tre the wood i

e oy s i e gl bt it sy monese nstruments
is derived from the quality of the wood that was axailable to the e o 5 o i
remains a conten

4 Shell modes

4.1 General considerations

prop the

dividual e are now i a position

to

shell of the instrument will include the vibrations and coupling of the plates, the supporting

side ribs, the soundpost and air inside the body. In addition, the vibrational modes of the.

neck, fingerboard and tailpicce will be also be involved, though they may not themselves be
- X o 53], )

ot onter el of th il wiere i o excied models

small, to a first stion, we can ignore such attachments. They can be included later

w mmu,.w e mmiore. i (e o s ebing v e sormal e o the esnbled

. dy perturbing the shell modes.

iton, in ony messurements oF when playe, the instrument s to be supperted

(- by s e ik conems . oot e meck Bt such o

are again made via the um, u[ the shel, e rsling pesturbation of the numml odes
relatively small. ‘main effect of holding an instrument is to i the

damping of ny sl o eiing oot i of o bt et e pesios of

and rotational motions of
be plate-like twisting or twisting
o et about the S prlcal s, st i ool
re will be the flexural motions of the plates largely responsible
. Fo o fresy supporid shell the flesurl modee can i o the
on, rotatio tng e foxing modes of e structure as » ol
ig, 9 shows et o of » sl rectangular b all surfaces having the same
of the flexural waves
e dgress of fescom. The it cxamupleat 10K, the majr breathing mode,
e ot and kit  ibatog i thes fandainntal mod, b i oppose diecii
e e pises thstine esen equel e opponte e s conples on oot ppocine e
structures. As the rmpl«l hn\dmg s of the sdee =i, bem b modal o
ight, they will Sl springs. This will kit any
dmiant rtation 1Imm. e plate edies. or this pesticils ol the el s s odal
frequer therefore approximate rather closely of supported top and back
plates. i v w\lmptmn o i rencin.

In contrast, for plate vibrations in the same sense in the front and back plates, there will be
smicant coupling to the transiational, rtational el (ising modcs of the averal epucture,
28 ittt byl the oher selctd cxmmples i fig 9. Howover, aput from the trong
sticlstic bending mods st 1216, the (Ilsplnmmeuu of the side-walls are generally small
compared to the major excursi o bk e Bt b th ol
pattemns of the front plate alonc.

Sl argunets wil bld for the vioin, Howover, becaae the ront pats i somovbat

wreased flexibility due to

2

thinner than the back plate and has the Fholes, the modal
Hreguencien il b ot S . the, bk o and the densisy o modes corrspondingly
higher. Morcover, for a given exciting force the displacement will also be smaller. T}
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twisting and hole. The frst mode.
e i o g i it L 1 s 1o ot bk pane s s the s i, T
individual plate modes are illustrated.

properties and qual o il sy chogfre bl o bs e szongly ifnsoond by she
ropertic f e o it oo the bk, homgh e ccn o el o » Ao
e

e ok aad tack et of he ik e sopreniad
e woppenink i e Aot b it i fnd it more hlpil t optimise the
i et an ol e g f bt i 4o ltce o T T e
a rather rigid supporting structure. This would then more closely approximate to the modes
of hen assembled than the frecly supported plates

he shell of the instrument )
considered.

st usually

4.2 Modal analysis.

Untortunately, it i not. possble to perform Chladal messurements on the ighly arched
violin. Horwever, cquivalent me

‘measurements can be made by frequency-
e doin e Hogpocty 36] and o b (()xl\pu'.»Lmlml oo Kot (81], Rogers \'W\
and Tiherts 30) o cxperimental modal analysis (Mars

0(a) shows two projections of a normal mode v
anlyas computations by Kkt 51, The uaplcudes of it s rsly s rated for
ilstration ppose. I practic,they are typicaly of oder sicrons, o0 ome i well-within any
£ Tinit cnstie approximation. Such computations show that iy cf the s e
nificant wibrations of the nock, fmgerboord and tailpicc. A particuar advantage of Bnite
Clement aualyeis is the ability to investigate the effects " vaing the mcrils an e of
vl S it vl b beld a1t + e enruant
In iental modal analysis, izt s some point, such as the
op vorats o e ik it e i stesred o Bogt monb of it
(optenly ~40) divibuse over he sutace of th
for example, be monitored by laser doppler m

nstrument. The induced velocities can,
s, (see Bissinger [32]). Figure 10(b)
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423Hz unperturbed  480Hz
Fig, 10, () Tuo views of esagried dipacemen
 computer-modele violin derived by Knott (31] usi
for a real violin obtained from experimental modal analysis by Bissi

de ot 536 Hy for
eross.section of
1501

s of an important breathing n
FEA, and (b) a »\»Lhmus

Shows a see-through crosssection of two steongly excited folin at 423 and 480z

abtained from s messements. Alermisel m e vy . he bidse,for -

ple,

i e B o s of smereeats e s ot waeciomtons sl peions o
Dodes o be mapped across the surface of the shell

Th e 10(0) They
are Ghrsone shonely oyl . the Somed s, eding o gt wlbante problem,
should the cou trong (section 2.4). They give rise to the
ek vsally bserved i the mensured it aditanee o the bridgs (induced velocity per

iy e, 10, the ower rquency sode st 423Hy uvolcs il motons of the op and back
places, wich only o small change in et tohume. The mode invlves » shesing mation of the
top plate relative to the back and associated tipping of the side ribs. This results in
e e hoday comtion o sh e SAg T oot et whl thrcione b
termediate betwween those of the rigidly and freely supported plates. In contrast, the higher
frequency mode at 480 Hz involves large amplitude motions in opposite directions in the front
and back plates. There s therefore a volume changing breathing mode acting as a strong source
of m(mupuh‘ radiation, whereas the lower frequency mode radiates much less strongly as a

clative sizes of the two peaks will therefore differ markedly when the response to a

forc at. the bridg s measurda the brdge o in the radition fkd. The alo e fox

g s o ety ey conpl o he sl modes vheres it s 3 romincnt
Aot in e il b epoce In povctlon b ich et ks ke s
e o the iput adaiteance ot e e thas ey st of the radited soumd. This
is due to the increasin i propesion of th raiate soun on incrensng ey
e et 1) e s the nearand fo odiion Bk, o the nfun

Foom acoustic, unless are made
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Fig. 11. Guitar.shaped violins by Stradivarius and Chanot.
5 Trapezoidal violin model

5.1 Historical

of

A o ) Sk toloe o i e of il FEA ol o chclieths acom
vilin, we follow Swart's cxampie 2 and conside brational modes of  trapesidal
et ottt T gt e e s et of oo poiion o i
i s waret s The mdel demesacs v . st g syt
positon s suc g et on th coupling fthe bowed siring o the radiating vibrasional
modes via the bridg
Although the .,.mh m vion s eentialy unchenged in gt forn fom that of the
the sh odified to quite a large extent while still

arliest Ci
oo B vl I et es replaced by a simple
rectangular box — even a suitably stringed te onstrated in publc ecturcs

sounding somewhat like a violin! mum..,..Ml,mmnm(nmn with the shape, notably
design of a guitar-shaped violin (the Tom Taylor Strad 1732) shown in fig. 11(a) fine
sounding violn s playsd by the dwum;u e oot Joshua Bl i bis eary recordings amd
for the film score of The Red Viol

e

1 of the violn i so
e has be

e sk

iy

© ® @

12, (x) Savact vioin 1525, (b) Chladii patterns using sand, and (c) finite clement analysis of the

ot oo modes of a trapescidal plate wit st
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the earlicr part of the 10th century, the French violin maker Vuilla

ticeship with Chanot, making guitar-shaped violins with flat plates, fiz. 11(b), aimed at

Ty developing s market o nespensive nrnments. I i Tt e by French

academicians and distinguishec rusicians, the sound of suh a violin was considered the cqual
of fine Cremonese instruments!

| Subssauentl, Pl Swrst m!]nbumtﬂl itisoe sl el

2. He adop moden h by investigating a highly

gt st o s tenpertiasipes htrumeot wih it plaes (110 v

fig. 12(a), t nndpost, e used a

c ervd s appren

vestigation of the

Swart made extenive e of Chlndl paterns o invesigto the vibrationl mdes of

lin plaics (nclucing those of bl oo et L mped

i, cxcing the plaes o the bow . wsing sand 1o form the nodal

patenn, Examplesof Cll ot for -hu.a.-mmn inaro show i i 120) Al he
ted from the construction of the violin with its

ol plocd sippor vt s ot somipot:Fo compuon T, 150) vrsten

the lowes-onder symmetic and ssymimetrc modes computed for a sloted trapezoidal .
plate with fixed edges, but no additional soundpost constraint. The asymmetric modes are very

similar to those expected fro s observations

Jn it st the o of the rapesridl i v o costone 0t

i Jiable than many such

cannot be particularly

ach of using simple models

i the e

5.2 A model calculation

I ur exauuple, we s the COMSOL FEA shel package to lstra the vibrational modes
of the shll of  trapesoidal i, with slots 1o mimic “Fhoks, bt with
S aipons peben, tho sk sether ths she areha atecre soed by

conventional offet
Saart The it teaperoidat platen had longih 30com
botton and top with s 3 high. All pates were of nifors desiey
S plta thckases S ek pae 4 and sl Sull L, Bor sl

were taken to be vith E = 10°Pa and frgderyd
Q-Vlhw: e s o1 0, Tow s supported by three

t thefou cornerof th lower plte
ted by a simusoidal force Fei! at the top of the bridge.

At low frequencics, the bridge can
be considered force can be reproduced by an equal
fore purall o thefop plat " with additional equal and opposite pe rpendicls oresexrted
by the o bridge et ymmetrcally place acrssthe central i T bowing oce paralll to
o it o ot S of e PR
reuumm\ inetnof th instrument s g s o il be ol i s

ey, Acouaticaly th ot mportant fres o the pemeu(hc\llur forces

Cransmited vi the b, e hich will e ell modes via the induced
oo of b ane tegen et the H.m.w..u the N)\m(l])(»'.um ceting to the bk plae.
transfer per unit f ridge to the vibrational

and widths of 20cm ond 10cin at the
¢ with

reueney ndepende
orthogorn wesk s
el Stroceure s oxc

Figure 13 shows the calculated cne

odes 150 o
by 0,5, 10, and 15 mim, Peaks in the cnergy dissipation curves, plotted on a logarithmic scale,
it the euenies of the daped mormnl modes. Bekow th staph. the cacuted Tmodal
pattern ge shownfor prominet peaks forth soundpoet, st in o cestra posiion n then
offset by 15 ms

For a m.mlh placed soundpost, only asyminetric modes. of the shell structare can be
excited

a

ion of frequency s position of the s)umlpnnl '.:M from the central axis

i transfer at the i
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Fig. 13. Energy transfer for a trapesoidal violin with slots, excited by equal and opposite forces at
s of b, e fnction of ot ol o e o (0,5, 10 15m), o ol
cxred by conrally plced e T moda et Htrte the el of ffscting the sndpont
15mm from its c

pasition.

of the lowest i 60 dB. The increase in d at

Erequeies Wl b e grontes, ot symsne e mode s ch ks it e
of acoustic radiatior

i al interestin to noe the rlatisely smal ffec that the soundpost postion has on

the modal frequencies, despite the dramatic changes in coupling to the bridge. Above 1KHz the

metric nd asymmetric modes are szongly dependent on soundpost

soundpost incresing the enersy trasier ranges

v.mu o ety sheone s of e

fon of the soundpost. The same would

kes gres
= o optimise the
s ssocited tomal
utes to the perceived superior sound of valuable Crem

petroments, which raxly have the dvantage of such skilial

optimisation,

6 Sound radiation and tonal quality

We now briefly consider the age-old problem of correlating the perceived tone quality of violins

great player for a violin and the way it has been played in recent years o
1. the quality of sound. In reality, it is almost certainly the way that the player’s
tec adjust to the acoustical properties of the violin,

i ccounts o the pparnt mprovement i on i payin that ot el
s larger than

determin

,,

R el o e eh v s e b conlnd o pint
mgnopel,pole and i upelesoures, withrclaton ficincis v

?, ', sespecivly (e Bill nd Richrdson 33 for i e s of o o)

of the o b thertors rdited ctopcaly by the el comper

. Above n cross-over

T this regime
sent, with the dipele and quadrapele components ereash
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frequency of around 1-2kHz, the acoustic wavelength becomes shorter than the wavelength of
the dispersive fexural waes in the plates, o that interference betwieen the sound radiated from
adjaceit. regions becomes importa The individoal plates then act as baled radiators, with
thesound becoming incewsingly irectionl (Weneich 5], nd enrgy raintd propotinal
to the square of the velocity displacements interat he plate surfaces.

In formal terms, the sound pressure at Gt 7 i polnr conmdtes (6,6) for
sinusoidal force wsoidal force at the bridge at the bridge can be expressed as

o

Ru(r.0.0)cx
PO o) o

here 1 a0 @ s the fequencics, offective masss o the bridge and Qs of
the mormal modes of the complte vieln structure (i the b, Bngerbonrd, e
ctc) and, strictly speaking, the coupled modes of the perlormance space into which th
adiates. (1, 0,0) represents the dlmummhz) o postions dependence al ihe
ed sound i o sepresents tho eoupling. srength o the trutural
Todition B0 T 1,05) Wi ory ey i ot reqmenc. T mensts o
the sound. expeienced by i iover il b Ao . St oo o the i
e the sound experencd by the lisene will b stzongly colour by the cotisof the
|wr[m'muun~ space. T imost certainly wly  player finds it fr casicr o diffcntinte
beween the quliy of eren vl o at a distance. The sounds they hear
the acoustic, differences become. When
e reaant actir simoe say vl by o ood pl
ke 2.2 marble-valled bathroon
vay to conshder the rdinted sound I 0 conide the responk I the time-domain,
Applying o sharp, tap of impule 10 she bridgs s cqivalent o exciaton by a wide-band

listen

r appears to have a fine

i

response ~ nd vice ves. This il o be tro fo the sound heard by th lisene in the
performance space, which will include the additional reflections and reverberant decay from
the surrounding relecting walls, which can be signiicantly londer than the direc sond from
{he vl Cuc the imguie eponts

list the perfon the sound pressure P(©) for an arbitrary foree £(2) o
i o g oo o e g s dehomind o o o 5 i) wien ,;(:7

Pm:l JEple - t)ar (14)

S rom s il s e ol el e el o ol e
mores of the violin decaying with @ [ ant~
u"..,&um..mu i o e o e o e oot o it o
lsc response will include all the echos and reverberation from
e 60dB decay-time of 2 seconds, the decay of the
0 be incrned o well v 100 e ncreasingthe sprrent
o which b on ot atkbisof the s o il bt
rinsic quality. This is particularly true when e violin is pl\ved
b it (equency modlaton).
with delayed reflections at & different frequency, which leads to more complex and aurally more
cresting waveforms e
inherent inging quality of a violin will clearly be related to the damping and G-val
f the excited structual s whichconid b us s mportaat s e spocie requencies in
deterninin the auality of 8 sistent with the way kers generally
with a strong ringing e (o i), By, the Qi ingiod Amerc
i, Jmcluhc that,
il ot apens t b e by danyed ], Tix als0 be becase Cremonese
inkc o tend o be somevhat et hon thon of many moders kers he domping
i Pt of both wmaems v s th e o, Th s el o e o
rescarch.

e i ool prsicr postlon of e vl 10

o
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7 Summary

In this article we have emphasised the importance of the spatial dis 1 of the modal

S iy e ed s e b e e i e o
et messurcincnts o i i 10 adersanding the Fyeis ofth violn s ¢ maker i
s e bl durig the carving tage. Moden teehniques

i the acoustical properties of the

This hias
Iry |l|\|shal|v= FEA alcltons on model guitar-aud trsperoidlshaped pltes, which ennble
relative contribution to the overal of the bridge, fholes,

i o i ot aisotzony. A e et o of the < s o

ce of the offset soundpost in exciting both

hich b a cratic efct on the adited

uded troduiction to he protlem: of eitle i

e Saghighied the o ol e in it o the

inerens damping propertcs of the i, sesuling i e diffrence i doune of a viln heard
by the player and the.
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