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ABSTRACT

This article explores some ways in which materials may be selected for use in applications including musical
insmunents. Apowerful methodology is demonsnated. the iduofmechanialpmperty mapsofdifierurtclasseaof
materials is introduced, and mention is made of the importance of “shape factors” and nticrostrttcntre in the
selection of a material. Examples are naed to illustrate how a materials database [mutated in the form of maps can
be used to optimise tlte choice ofmatuial fora given

1. INTRODUCTION

The musical instruments familiar to us nowadays are mostly little changed from their form some catturies ago.
Many primitive instruments were made rather directly from materials which woe to hand — such as drtuns made
fromtreemmksandstretchedanimalhide. mfluwsmadefiommnisulditimhmbeatoontinuedintoreoent
times. for example with the invention of Caribbean steel pans in Trinidad during the second World War. The local
population manufactured instnunents from the oil drums whidt Iittued the island as a consequence of the oil
refinery activities. However. not all instruments have been made from materials readily to hand. and even from

earliest times there is evidence suggesting that some specialist supplies for musical instruments were imported from

considerable distances (e.g, metal harp strings [1]).

it is incremingly becoming necessary to seek suitable materials to substitute for what has traditionally been used for
musical instruments. The impetus comes from several directions. One factor is ‘green‘ issues: some tropical
hardwoods used in musical instrtunents are regarded as non-renewable resources. Another is the incrmsing scarcity
of wood of acceptable quality due to such factors as acid rain and war (the warin Bosnia has affected a prime area

for maple). It may even be that a substitute artificial material is better in some way titan the natural material it

replaces (metal-wound polymer strings. for example. have to a large extent taken over from gttt).

The choice of wttat material to use for ntaking a musical instrument is an issue which arouses strong emotions and is

fraught with difficulty. People are used to seeing particular materials used. say for violins. and anything departing

from the norm is not likely to be well received. it is a safe bet that a violin which looked as if it was made from
fibreglass would not be perceived as sounding good by ansodium who could see what was being played. no matter

what it sounded like. This is just one example of a general phenomenon that evaluation of instruments is largely

based on factors other than the sound of the instrument. Extracting quantitative selection criteria from playets or
makers about what makes a ‘good' instrument is a minefield.

There are two approaches one can use when trying to find a substitute material. One is to seek a material (or
combination of materials) which gives the same mechanical properties as what is being replaced. This approach

automatically limits the choice of materials. so that if one is trying to replace aparticular wood qrecies. for example.
the search is likely tosuggest only other wood species (cg. [2.31). The other approach is to analyse the systan to
discover what the optimum properties of the material should be for it to function as efl'rciently as possible. This
approach is potcntially more general in that it makes no prior munptions about the new material. but a systematic

method has only recently been developed. As we will see. it is based on a whim! method which has gruu intuitive
appeal.
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7.WOFMATERIALS SECTION.

Whyaretreesmadeolwood'l Why wouldn't people buyabicyclemade fromglass? Whyaremrbonfibre tennis
racquetsaodsirable‘lDifferentmauialshavemeeluniealandphysimlpmpenimwhiehmaydiflerbymanyorden
ofmagnimde.nettingthetnsuitublefordifierentlpplieatiomUptoapoinLorn'nannlinstinctsnboutmatuial
properrialeadustonraltesersiblejudgarrattsaboutwhamawiabwmclaxiselearlynotmerigbtmarerialtor
abieyele.bttxtounderatandexaetlywhythisissoweneedureonsidawhichmeehanienlpmpeniesmtduit
awn-NehumuomMglmdmanwguflmmtghmpmpufiesziqudmshnmmm
lamTodeddewbicbmaterialsarearitablewenudmanalysannmberuffammSJnddrousematerialswidr
Wmlflndflqumflmmk.Bloadltheslreseswltichfllebkyclehaatowitbmndwilldeterminetbe
strutgthrequiredoftbemtuiakmemmmoiatugyitcannbembonimpctwimmdiainmyadnxwiudemme
uremhtimurnneeessarymaterialtoughrressnbeamountitiaallnwedtoflexinusewilldenerminetbeelastic
modulnscfthemnlerial:itsweishtwfllbeinfluureedbytbemaraialdensimandthewholedesigntnaybe
eutstt'ainedbym

Optimisationofthechuieeofamalerialforasystanwillmllyinvulvenotasinglematetialpropmybmsome
combirtationofthem. Weerniflusrmmisbylmfinxmasimpleamwewmananptmdimuwbatmof
matuialswouldbesuitableformakingaueeJhefimmgeismdecidewbatdrelinudngfacmare.andto
decidewharmaterialptuperties(orwmbinationsofdrem)areimpmant

2.1. Example I: Wbywoodgmwsantrees.
A tree is a very complex system. which Ms the fundamental purposeof surviving and propagating. often in
mmpetitionwitholhertrees. ltneedstogathernuu'ientsinmdumpow.andoneoftheaiticalpatamelersfora
successful tree my he to maximise the area ni‘sunlight it can ntorwpolise for photosynthesis. Long branches will
therefore be impoflanL It will also be important that the branch does not bend too much under its own weight
drooping brunettes will not stick out so far from the tree. so the efficiency of sunlight collection tttay be impaired. or
the branches may touch the ground (whereupon they might be consumed by herbivores). The tree needs to
manufacture its branches in the most energy-efficient way possible, so as to use thesmallest mass of material. This
will mean that the branches areas thin as possible. but the mostgmera] way ofexpressing this is to look for the
material which will give the minimum masof a branch.

Settingthmecriteriainmanalyticalterms. wecarrtrytocbooseamata-ial mminimisetbemmoi‘abramhwith
given lengflt L. a certain maximum end deflection d. and variable diameter d.
Thebranch will bend under its own weight. which wecan model asaunilormly distributed load(though the futul
result does not depend on how the load is distributed). The end deflection of a circular-section beam under
distributed loading due to its own weight is:

 

(1)

where E is the longitudinal elastic (Young's) modulus. p is the material density. and g is the acceleration due to

gravity. The masot‘ the branch is given by
"d:

m = —l—'8 (7-)4
'l‘hebrtrnchdiamete‘disavariablewhidrappearsinbodrequafinnsandwelmvetoelimimteitmobtain

s 2
m = _£_{‘L3 (3)

255
The only variables in this expression for the mas of the branch are now the material constants E and p: we have

fixed everything else. To minimise In we must maximise E I p2 . This parameter is nalled the index afnrur'r of the

system. ll'onc has tables of that, it is a simple (but tedious) matter to calculate ratios for n range of materials and so

find the optimum material. However. a mare elegant method uses the map in Fig. I. These maps have been
invented and developed by Ashby [4].
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Figure 1. Map showing elastic modulus and densin l'or lire main classes of engineering malarial: There is a huge
amount of information on line map. and the examples used here look at only a small pan of whal is available. Tw'o
pieces of infon-nmion are added lo this map: lire balloon labelled ‘Wood mean modulus' is shown faintly between
the two balloons for wood parallel and perpendicular to me grain. and the point for the cell wall properties in lhe
longitudinal direcan is labelled ‘Solid wood'.
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mmmmmmmmmormmmmmmnmwwmhumm
ni’E undpandhmmdbyammmmhdimamjachmmiflcmisendoadhahflmmwimide

MWmewummmmmmhmecmlbemmem
whhmevnifimmdflamcmdMFaa-mphnpuhmpofmeMwfind-
anuwelqaelsbdled‘Engineuingmmia‘.wimhwfinbmkabubbbhbdbd‘sfl',flbmmbidemk
fmflimunvayhrtbrinlemalainLusulssmabnsive.lutbemiddleoflbedmtwebnve'finfineefing
Polymas'. covering materials with a huge range of elastic modulus (differing by more than two min: of
magnitude).PC(polyumwe)hmeupperpanohbemvdnpeieafigidnnspmmlmmmmbaflme
densirynfglnssbulmuebmebendy.usedmongsrmnnymingstcrmfuyglm.msfieimdwcnrhebm
isuvuyflexiflematuial.usedintbinfilms(clingfihn)nrasumflugouhluie(eg.fnrwampmfelmbhg).

Tousednchmfumennritindexduivedabuvemefimmwmfwdnmmwewhhmwfimise. E/pz.

snighllinesofslopeZcumspondmfl-elocusnfpoimswbicb willgiveequallymoodpafmmmmimple
faciisacmsequenceofmeuseoflogafimicuismmwfimumnmiakfmm lielnwn'dslbe
wphflnfmemmudbydmwingnsexofflmswilhdupeZweunebmelbemamialwbinbgivesmebighm

valueoflz'ln2 .

Thaemrhnedussesofmmlswhichpufmnebomeqmuyweuonmcfiufim:woodsparullelrorhegnin.
eny'neering mmposileslndengineering calmics. Specifically.rhemawials which givelheouimnrnpmpeniesare
balm woud.Cl-‘RPuniply,anddiarnm1CarbonfibreReinfomedPhsficisrelaledlnfibreglassbulusesmeliyuer
and suungexflnd more expensive) urban fibres in place of 31m fibres. The ‘uniply‘ requiresallm fibre to lie
parallel meachmha:memeclwficalpmpuuesperpumimlarwmefibredimcflmmvuypou‘Wemneed
somefmhmulmdwidewhichofmsemmmwmdbemk.0unmmmdimmdmdsm
small.expensiveanddimculuojoinwww.mmismiglnuminrnabemeidalmmialfmahrgemeflke
auee, llisencomgingml'uflmmwoodisacmnllymgoodnsmemuchmmeexpmsivem,

2.2.‘nieimpumnceofslnpems
lfnnewexedesiyfingsmnethingliktuueebmwhmmuldmmflychmnmfidcylinflimlflmpem
aircrlflwingJorexunplemouldwellhedesiyledmmeaimflmdtedmmmmmmehmding
stillnessonewnuldnaurrullychnuserhewingmhuveasofidsbeflmmdunmsmnfiauyanpycmneobepfinciple
orurel—beam),Mmynannflnuruialembodyflmeprhcipleswmemeirmuiumueefidenflyjmbomfiw
example. whichueedswyowasnflaspossiblevmflsluurumifingmemssofmmiflmuwmmedof
hallowmbes.Alhinmbeflikeudrinkingmwflendsmmnflwmlaamhohnscirwlarimnmllncingplnesu
innervals ucrnss rhesumnoprevemlhis happening.

Woodismhlmmflymicrmmmunedmmuial.mmiammofwwdhllshmmclassesdepaldinxm
whetherilisahnrdwmdousoflwood.Soflwoods(eig.pinemspnne)hsvelhesimpletsume,beingmmpmed
mainlyofumheideellsmrmingvuficallyinmeuee(fig.2).11|eseeelluiehoflnw.mdflleefleaisverymmbm
ofunamyofpmallellhin-wafledwbrsgluedwgflMJ‘hesmwuneisvuyslifiiffllecfllsmwmpmedalnng
Ihcir lenglh. Wnding Io Ihe longiluflinll dilution in the tree. but if one compresses papeudiculu w Ihis
direction(mdialotmgenlialinduuee)mmechWIHsmdefmnbybmding.andmuimmismuchlm.
This leads to highly anisouopic prupeniu. wilh a longitudinal eluslic modulus which may bean orderofmgniurde
umnmludlanflulinlheradialdirecliun.
This simple account of Ihe miemsrmcluml msons for the elastic misnuupy of sonwood can explain I feature of
Fig. I. Inlhecmss-secrionalplme.woodmluneeonsisrsofminegularboneymboflhinphles. Sumelhm
a typical one of dieseplalcshnslmxthGn Ihccm-snclional plamhndlhichmh. lflhedemityoflheeell-wall

runwriul is p,. the mass of Ibis lypiml plane is Ulp, per unit lengrh along the grain. The mutual area of

lypicnl call is proponional u) L2 . and it follows dial the rimsin ol' the wood. p. salisfics
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  WW ’ .- a
Figur: 1 Scanning electron micrographofsprucc (picuahics)cutmslmr thcrhapeofflmlnchcidsin thuhnx
maindimctiminlheuee.

pm(thL2)p,=(hlL) ,. (4)

Now for :ompression of lhe wood in the axial direction, the stiffness is dclermined simply by til: Young's modulus

of the ccll wull malarial in that direction, E“ sag/.31": m: rural proponinn of wood nuler thancmpty space in the

CKS&-WUID|III plans. Thus The axial Young's modulus E1 satisfies

5, a (u: I flan ~= (Jo/1:315,1 . (5)
In the transvene direction drastifl‘ncsx ofrh: woodisgwmdbythebendingbchnvimrolme mu plates. It is

well known that bending rigidity gains with the. cube oflilichlcss. so that the Young‘s modulusE; in the

trimmers: direction :alisfiu
3

% «(h/Lia: «(9112.) Es: (6)
when: E32 is the cellvwnll modulus in Ihe transverse direction. If we nowassume That lllr. cell-will malorial al' Ill

wood sptxties has rather similar mechanical properties. that: w: upect uh: bullonn in to: modulus-daisin diagmtn

for woods parallel In Ihe grain to lie along a straight iin: Dish): 1 (from eq. (5)). whil: The balloon for woods

perpendicular to the gnin should lie along a striighl lint: of slope 3 (from sq. (6)). This is true: In a good
approximation. I: Fig. 1 shows. Gibmn and Ashby [5] givem mails. and unalyse the corresponding scaling
laws for other malarial properties or wood
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flueellwallsofwmdsremadeupofmtmalpotymericmatuifls,whicharewucunedetsevualdiflautllevelsto
gives material widtptopertieswhich lie faroms'tdethe 'engineering polyma's' bolloon.Themmerwhidt makesup
thechwellshsmellslicmodulusoffifil’aintltelongintdinaldilutim,abotub:lfflntvfluindtendinl

d‘ttection.lndttdettsizyol‘l.5Mgm'3.lndtiteee poinlremarbdouthemlpinfig. LTbeoellrthrlrmcmre
discuswdaboveredncesfltedemilyoifltemmerinl.whflstaflnwinglhigheluticmodulttstobeminedinm
direoljmt.ThecellwallsuemadeofmeflliIIg which isrennyanettsim'iog eompositenmterial. with fibres
embeddedinapolymamaoiLTheodlukufihesmconsumwdoflmgwlymfimksuflywdahmthe
fibteaxisgivingavayhighehmienndrdmhfldsdimfimfihecfihumflmmmashefialmmvm
unedlwflisfitmisouopioptopernesofdmcdlwflldmndmmehefimlwindingmgh

2.3.Adilfuemcrlta'imfortzees.
Wemedbylrxtiagauaiterimiordesigningminvolvingrhefigbmpoaiblebrmhfiragivmmmwf
elastiobmrlinglnpraetioeoneoftenneedsmoretitanotten'teririndexmdefinedteoptimmmllefiallnflliecas,
thereonmnymhereritu'iaweooulduseOneaddifimnlreqniremeotfa'memntefislofalrmhiedmirmnunm
breakundenheloud.Themazhanicalpropenyufinteresthueistiml‘ailtnestreugflyapsmmmielsueudte

Inpoflhemapshowninfig.3,wimdiamndemugingasflnflmngeflmamiflofalLAbibwrxdomwehave
the‘engineefingalloys'imludingmhforenmph,hnmalevdwhhfliaewdmhve31m1bcaption
tellsusthatthesuengfiofflnghswshasbeenmmredinmmmenhmumfimmdbefaemmyhin
tension is low. and this is related to their low toughness. Strong materials lair: I hrge stress before creekan
titrougltthemandtheybrealr: toufltmateflalsflsorbahtofenesgygndsoalcksdommmmdilyindtem.
Glusscmhveryelsilyimensionbemuseol’its low loughness.butittoompeshncneltscanbemhlemdthe
gins shows high strength. Toughened glasshas itssurfeee inmp'essioutomperaebkoml’oming. Auseful
engineering material tendstoneed botltstrength and toughness.

The index of merit giving the minimum weight for maximum 5 r ofnbending brmch turns out to be org/p

(set: Ashby [4]), and I guideline for this criterion is shown in Fig. 3. The optimum material again will be one
towsrdsthetop leitofdtechart. Wearecmoerned withdteprripertiesofwoodpamllelmthey-einmndweseethat
wood is not actually spectacularly good on the merit index we have chosen. Interestingly. though, II] woods are
roughly equally good,and the merit index linepossesthrough thelongnxis ofthe wood balloon. Ptuumttbly. trees
have evolved to produce an acceptable level of strength for normal

While we are working with material suengths. we might consida why balsa wood. the lighten. ofafl woods. is not
more widely usedfor strueuttal applications. As an example, let us imagine a violin fimtmade out ofhnlsa, and
check whetltertltektad‘tngpmided by the I'eetol'lhebrirlge WMRSuficialtwamhdmwmmdownward
force of the strings carried by the bridge is approximately 100 N. With the are: of each foot oftite bridge typically
about 50 mmz. the stress under the bridge fuel will be about] We. Thecnuhing stress ofbolstt (now moss the
grain if the wood is used in its uaditioml orientation for I violin from) is very variable. but is typically mewlm
below 1 MPa [5]. Balsa is ruled out of the list 01 suitable materials for many applications. by such a strength
moirean When working with a propeny map. it is very straightforward to put in :critra-ion such I: ll: minimum
ercntlt one we have derived here. On Fig. 3 it would be a horizontal line. and we would search only the region
above the line when selecting a material usng a further Grill-Jim or merit index.

2.4. Example 2: What might violins be made or?
Violins are ordinarily made ofwood: some: for the front and maple [or the back. [fa violin—shaped instrument were
to he invented today. would wood be the obvious choice it! matedal.givet't the huge range of artificial material: now
available? A very simple criterion ran be used In dcrivea crude index ofmerit for the topplate oi a vioiin: we will
suck the material which Allows the loudest sound to be made from an instrument of man-foreleg conventional
design . The major purpose or the soundboard of any stringed instrument is to take a proportion of the energy from
the vibrating suing and convert it into radiated sound. The radiated sound pressure will be governed by the
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Figure 2. Map showing strength and densin for me main classes of cugineering mam-Ms.
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amplitudeofvfltrationoftheplare.foragivenfrequencyarrdmodeshape. Asmgofgivmteusimvilntingat
givenarnplitudeandpassingoverahridseoi'givengeometrywillexmemainfotwsonthempplatemthebtidge
feet). Sowesedrtomuttimisethevibrationalresponseoftheplanrtoaginnappliedfmee.

Wewillsupposethutthelengthandwidthofme instnrmartbodyarefixedaaeinggovernedhy theergottomicso!
playing). but titanic plate thickan might need [0 be varied depending on the material. This thicknes will be
governedbynrequiranent that the vilaation resonancesoocurattoughly the usual frequatcifi—any big deviation
from the norm is this respect is likely to produce an instrtunertt which dowrt't ‘sound like a violin‘ (e.g. the
phonofiddle. or Caldersrnith's 'Ahnas‘ [6]). It is not realistic to hope to fix all the mum frequencies.
hutitiseasiertoettsurethatthentodal densiryhastheoonecrvaluel‘l]. Wmhmpichatdiogplateofany
geometry and boundary conditions, the dursity of modes (in frequency space) is y'ven by

3 1— v2"(0):; A_2 a,
21!}: E

where E is the Young's modulus. p is the density, v is Poison’s ratio. A is the area of the plate. and It is its

thickness. Now. a violin top is neither a bending plate nor The arched shape means that the plate
deformation involvesaretehingm wellashending.andaswehaveseenthemechanicalptoperfir=ofwuodate far
from isotropic. The former objection is probably not vay severe, at the rather sweeping level ofappnnimation in
usehere. Theseeond problem tequiresa modificationtothe formulatoallow d'reposaihilityofanisotmpie materials
sudr as wood or wbonvfihre reinforced plastics: if the Young's moduli in the two ptincitnl directions, along the
grain and aerossthegrain ifwe are drinking ofwood.areEl. E1 respectively. that

A 3p 1— v2
Man—m Jfil (8)

(5153' 1
The forced vibration response level of the plate. which we wish to maximise. is governed by the admittance. or
frequency-response function. A typical example is shown in Frg. 4. It shows a driving-point response on a violin
front, suspended by nthber hands in order to give it “free” boundary conditions. Amplitude is plotted on a
logarithmic (decibel) stale. Using Slrudtzyk's “mean value theorem" [8]. the mean value of this logarithmic plot
(shown us the solid horizontal line on the figure) is known to he the same as the driving-point impedance of an
infinite plate: it is

(9)

for an isotropic plate. or

(ID)

 

for an onhotropic plate (9]. Skudrzyk's dreary also tells us that the peak of thereswns rise above this mean level
by afactor of the order of Q. the Q~factor of the mode in quesuon. (Aim the dips fall below the average by
approximately the same factor.) These "envelope" levels are indicated by the dashed litres in the figure.

Thus to maximise the average response level. and hence average Ioudnm. of the violin we would choose the
material which maximises Y once it has been substituted in terms of n from (8): ignoring quantifies assumed given.
this means that we must maximise the index of merit

l/4
_ (5152)Mt - 7m— (' ')
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11Iisquanlily.equallo E'" /p”2 fannisoaupicnuuinLisofimcauedm‘hdiafionI-afln“.
lfhmdwewishmmximisefllepeahespome.menweshmldnmimiselhealmfiveindex

III

M; = ('2)

when Q is 3WWQ-facwr. Since me damping behaviour is alsoanisolmpic. we Iniqu guess

Q = 'V/QIQZ (I!)
by analogy with (8) and (10). when Q1.Qz mic: m lhe two principal directions. [Mines of mail nlawd In

M1 and M1 have beendiscussed before in this conwa [2.10.11].d:lived by somewhat different arguments.

Violin top plate response
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Flgun: 4. Driving point response ofu violin from.
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Usingeq. (12) is notstraightlorwatd with the simple mpswehavebmns itcontait'ta threeWm toplotthis
indexweneedtheelecttonieversionofthedatabase.Wltatwewilldohueistouseth. l toplotthemeritindex

from eq. (1 I). first we have to add tlte balloon corresponding to (5157)”): this lies uactly midway between die
two ‘wood' balloons. on the logarithmic scale. The optimum matuial is now found using a line of slope 3. and the
maximum value of this parameter is found towards the top left of the map. The furthermost material balloon to be
intersected is the ‘mean modulus' one for wood. The best wood attending to this criterion alone '3 balsa. but we can
mle it out as we have already discovered in section 2.3 that balsa is not strong enough to be useful for soundboetds.
Remarkably. modern materials cannot yet out-perform wood according to this criten'on.

CONCLUSIONS

We have given a brief introduction to the use of ‘met'it indices' in conjunction with maps of mechanical properties
for identifying suitable matu-iala for specific applications. We have usedonly two different maps out of a huge
range of maps which can be plotted. and the electronic version of the database allows one to produce customised
maps for any combinations of properties. It is not only physical and mechanical propmim which may be important:
cost. for example. is an important factor for most applications. and this can be built inlo the maps. When faced with
a materials selection problem. it is always wonh using the approach of maintain; a ‘merit index' and seeing if the
maps give a quick indication of an answer.
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