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Abstract

The aim of this article is to show an overview of the methods for analysis
of string instruments’ acoustical and mechanical properties. Some physi-
cally meaningful quantities such as the mechanical admittance of the bridge,
sound radiated and modal analysis are discussed. The measurement of these
guantities is not a straightforward process, all methods having their advan-
tages and drawbacks. Problems concer ning the holding of the instrument, the
excitation process and excitation signals, and the recording of the response
are shown. Finally we use the Portuguese guitar and the Turkish saz as case
study.

| ntroduction

The measuremerdf musicalinstrumentpropertieshasa very long history behindit. In-
strumentmakersusedthemto evaluatethe quality of theinstrumentduringthe construc-
tion processStringinstrunentssopopularastheviolin or theguitarwerecarefullymea-
suredandstudied(Cremer1985)but still have mary unknovn properties.Somepopular
instrumens presentonlinear effects which makestheir analysismore difficult (Huang
2000). Fromthe sciencepoint of view the measurementarevery importantin building
scientificmodelsfor instrunmentsandthetestingof the models.

Thefirst difficulty comesfrom the choiceof the parametergJanssonBork & Meyer
1986). Which parametersire believed to reflectthe soundcharacteristiceand quality of
aninstrunent, andto what gradeof accurag they canbe evaluated. Soundradiatedor
radiatvity capturedfrom a microphoneis relevant from the hearingpoint of view, but
doesnt give very detailedknowledgeaboutthe mechanicapropertiesof the instrument,
whichareimporantfor instrunmentmakersandfor modelsusedn recentmusc synthesis.
A discusgn aboutthemeasuremertf theadmitanceor impedancef thebridgeis based
on (Boutillon & Weinreich1999).

Theresonanpeaksmeasuredn theadmittancenethodarecalledmodesof vibration.
Eachmodegeneratea patternof vibrationonthesurfaceof theinstrumentvith amplitude
pointsthatrangefrom zero(nodallines)to pointsof local maximum(peaksor valleys).

The holding methodof an instrunent can be chosenwith two principles: Simulate
the holdingduringnormalplayingor to have aslittle externalinfluenceaspossible.Dif-
ferentholdingshave beenexperimentedthe useof flexible rubberbandswith very low
modefrequenciegpproximatesheno-holdng state(ElejabarrietaEzcurra& Santamaria
2000).



Thereare differentways for exciting the instrunment. Constructorsstill usetapping
of the instrumentto evaluatea coarseresponsef the body, exciting the edgeof plates
with a violin bow was a commonprocedure. For scientific purposest is commonto
have animpulsegeneratedvith a hammercontaininga transduceto registerthe force.
Soft andhardtip arecomparedsee(Huang2000). A small magnetgluedto the body
andexcitedwith a colil or a shaler aremethodghatrequirean externalexcitationsignal.
The excitation can be generatedvith MLS (maxinmum length sequencepr sinusoicl
signalssweptin frequengy (Muller & Massaran001). Advantigesand dravbacksof
themethodsarediscussed.

Soundradiationis recordedvith microphonan ananechoiadoom. Theanechoigoom
providesa clearview of the radiationminima. The main problemwith this recordingis
thatit is necessaryo have a strongexcitation signalandit is highly dependentf the
radiationpatternof theinstrument To overcone theseproblemswe cantake theaverage
of signalsfrom severaldirections.(Janssoretal. 1986).

Recordinghetransferfunctionsmustbe carriedoutwith aslittle influenceaspossilbe
trying not to add extra resonance®r drift in the existing ones. We can evaluatethe
modalpatterndby measuremendf thetransferfunctionfrom the bridgeto severalpoints
of the surface(Janssoret al. 1986)usingan acceleometeror usingoptical methodsfor
vibrationanalysis(RunnemalmMolin & Janssor2000). Thelatteroneis in principlea
goodmethodbecausét doesnotinterferewith thevibrationof theinstrument.

Finally, one of the studiedmethodsis chosento performthe analysisof the Saz,a
long-necklute from Turkey, andthe Portugueseguitar.

1. PHYSICAL PARAMETERSAND MODAL ANALYSIS

1.1. Mechanical Admittance

Impedances a widely usedconceptamongengineers.Introducedin 1890 by Olivier
Heavisidein electricalengineerindBeyer 1998)it wassoonextendedo otherdisciplines.
Impedances a parametethatrelateswo quantiteslinearly, andusuallyhelpsto simplify
theanalysisof complex systemsIn mechanicst is definedby

[Ns/m]

where

F istheoutputforce

v is theinputvelocity

Mechanicalhdmittancaneasurethegeneralizedrelocitesof a systenmundergeneral-
izedforces(Boutillon & Weinreich1999).If werestrictouranalysido aone-dimensioal
systemasin electricalcircuit theory the relationshipbetweenthe conceptss very sim-
ple, the admittancebeing the mathematal inversefunction of the impedance. For a
systemwith threedegreesof freedomthe generalizatioms notsoeasyto accomplish.The
impedances a 3x3 matrix which mapsthevelocity vectorof a pointdecomposeato its
threecomponententothe force appliedto the point.
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The admiteancematrix canbe deducedrom the inverseof the impedancematrix. If one
is expectingto extracttheimpedancdrom letting a surfacevibrateonly in onedirection
andrecordingtheforcein thesamedirection,hemustknow thatheis only computirg one
elementof the diagonalof the matrix. It may happenthatforcesin otherdirectionsare
involved andthereciprocalof this diagonalelementdoesnt producea physicallymean-
ingful resultfor the velocity. Anotherpracticalproblemis the impossibility of exciting

a singlepoint. Thereforethreeadditionaldegreesof freedomhave to be introducedto

properlyrepresenthedynamicof arigid body: In this casetheadmittancedetermination
becomes:
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with €2 beingtherotationtermsandT thetorques.

In practicethereis arequirementor measuremerdf theimpedancef zerovelocityin
all otherports. Thusif ahammeiis usedn thistaskit shouldbeveryheavy or constrained
to move only in onedirection,whichis animpossiblecondition to meet.Thatis why it is
easierto measureheadmittance.

1.2. Radiated Sound

Radiatedsoundis obtainedby measuremenof the total radiatedsoundpressurenvhen
a given excitation is appliedto the instrunent. It is fundamentako do the recordings
in ananechoiacchambelin orderto have a high signal-b-noiseratio (SNR)andto have a
measuremeriteeof contamiratingreflections Radiatedsounds veryimportantfrom the
synthesisandrecordingpoint of view. In physicalmodelng of instrunentsthe recorded
soundis ofteninversefilteredto extractthemodels excitationsignals.Moreover its study
helpssoundrecordingtechniciango placethe microphonesn the mostsuitableposiion.

1.3. Modal Analysis

Structuralpartsof musicalinstrunentscanbe seenascomplex mass-springystemshat
vibrate with a patternwhen stimuated at resonancdrequencies. In the 18th century
Chladniregisteredpatternsof vibrationin platesby clampingsomepointsof the surface
andexciting the platewith aviolin bow. This procedurds similar to the excitationof the
highermodesof a stringthatarealsocalledovertones:onepointis clamped(node)and
oneof thefree pointsis plucked or bowed. In a surfacethe patternwill be composedf
nodallines (pointsof no vibration) andcorrespondingeaksof vibration.

Thenameof themodeg(n, m) is relatedto thenumbern of verticalnodallinesandm
of horizontallines.

Hutchinsand Janssorhave mappedcaretilly the patternsof mary differentkinds of
violins andnowadayssomeconstructorsuneviolin platesapplyingthis techniquebefore
assemblingheinstrument A veryinterestingstudyof thepatterngluringtheconstruction
procesf thetop plateandbracingof the classicalguitaris presentedn (Elejabarrietaet
al. 2000).

Modalanalysiss usuallyperformedaimingacertainpartof theinstrunment. The body
is a preferredpart, but alsothe bridge, which hasa major role in the transmitanceof
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Figurel: Rectangulaplateandviolin backexcitedin themode(0,2)

thesound,andneckaresubjectto analysigBoullosa2001). Modal analysiscanbe done
by recordingthe transferfunctionsfrom the excited bridgeto anaccelerometeplacedin
mary differentpoints in theinstrument.As this transferfunctionis alinear systemone
caninterchangeheinputsandoutpus andrecordthe bridgeacceleratiorwhenexciting
the body at specificpoints An alternatve thatis becomingmorefrequentis the useof
holographianterferometryor TV holography Therearemary advantagesn thismethods
thatwill bediscussedurtheron.

2. MEASUREMENT PROCEDURES

2.1. Holding of the instrument

The holding of the instrumentis an aspecthatcaninfluenceits vibration. For measure-
ment procedurest is commonto searchfor a methodthat lets the instrumentvibrate
freely. Janssoratthe KTH (Royal Institute of Technologyof Stockholn) andHutchins
(Hutchins1997)who hasbeenmeasuringheviolin family for mary years,usevery flex-
ible rubberbandsn the supportof theinstrunment. The rubberbandshave very low reso-
nancefrequencieshatdo notinterferewith the rangeof frequeng desiredElejabarrieta
et al. 2000). The problemwith this methodis the steadinessf the instrunent, because
if it moves,thereproducibiity of the experiencds affected(Janssoretal. 1986)andthe
steadinesss critical in the opticalexperiments

Anotherpossilility is to softly clampthe instrumentn the headwith a sticky rubber
asin the Dunwald method(Dunwald 1982)or clampat the headandhold the bodyon a
plasticspongan PTB method(Lottermosei& Jenknerl971). Theclampingis necessary
for thelasermeasurementsut it changeghe level andfrequeng of theresonanceand
mayeveneliminatesomeof them,asis thecaseof theC3resonancen theviolin measured
with the Diinwald method.Although noneof thesemethodsnfluencesasmuchashaving
theinstrunentheldin a playingpositon.

2.2. Excitation

The excitationprocesgor measuremertf loudspeakr’s impulseresponsess someha
aneasyprocedurdecausehesignalcanbefedelectricallyto thedevice undertest(DUT)
thatconvertsit to acousticawaves. Stringinstrumentscanbe excited by a loudspeakt,
but this processis not so closely relatedto what happensn playing conditiors. The
motionof the stringdoesnot radiatemuchto the air, andthe soundheardcomesmainly
from the vibration of the soundboardand air motion inside the cavity. The stringis
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coupledto the sound-boardhroughthe bridge, being the excitation signaltransmited
throughthis partof theinstrument

We canevaluatethephyscal propertieslik e soundradiationor mechanicaadmittance,
by playingtheinstrumentwith a plectrum,finger, or bow, or usingmechanicabystems
to convey severalsignalpossibiltiesto thebridge.

2.2.1. Sgnals

Most of the methodsaim to computethe impulse responseor frequeng responseof a
particularpart of the instrunment. One possibilty is to usea signal, rich in frequeny
componentsasinputz(¢) to computeits FFT andthe output’s, andthendivide:

V)
X(w)

H(w) 3)
For mostof thecaseswo FFTshave to be calculatedn eachexperiment.

An impulseis the naturalsignalto useto computethe impulserespons€IR). If the
impulse is not producedn adeterminisic way, asin the majority of the casesthe exper
imentshouldberepeatednary timesandthe signalssynchronouslyaveragedo increase
the SNR, correspondindo a 3 dB reductionof uncorrelatechoiseeachtime the number
of averagess doubled.A problemwith thesemeasuress thattypical transducerarenot
ableto provide impulsve excitation with therequiredpower, speciallyin soundradiation
measures.

Many othersignalscanbeusedfor this purpose For instancesignalswith white spec-
trum allow the useof crosscorrelationto computethe spectrumof the signal(Mller &
Massaran2001). Maximum LengthSequencéMLS) is very easyto generatén hardware
andconsistsof a signalwith 2" — 1 valuesthatarerepeatederiodicallyasanimpulse
train. As aresultat all frequencieshe MLS hassimilar amplitude, which meanghatits
spectrumis white. This canalsobe seenin the autocorrelatiorfunction of the MLS that
is closeto a Dirac pulse.Comparingto theimpulse,asan excitation,muchmoreenegy
canbe fed to the systemin the time domainasthe signalis stretchedout over the hole
measuremerperiod. MLS benefitsof analgorithmin thetime domain(Hadamard}hat
enableghe compuationof thelR very quickly.

Anotherpossbility is to usearbitrary2” sequencesThey have an advantagein re-
lation to the generaltwo-channeFFT techniquebecausehey arepseudo-randomoise,
meaninghatthesignalis known in advance.Theconsequences thatwe needio compute
its FFT only onceandthemethods deterministt, nothaving thenecessityf reproducing
it mary timeswhichis commonin thedual-channetase(Miller & Massaran001).

Althoughnoisebased:xcitationstendto save memoryandprocessingime they donot
have sogoodresoluton, the soundlevel is low, andunavoidably leadto the distribuition
of distortion productsover the periodof measurementSweptsinewavesovercomeshis
problems,and do not consumeso muchtime asthe old stepedsine waves method,in
which the signal had to remainabsolutelyperiodic for one FFT block. With sweeps,
harmonicdistation nonlinearitiesare easyto isolatefrom the impulse responseof the
DUT. A detailedexplanatonis presentedn (Muller & Massaran001).

2.2.2. Impact hammer

The impacthammeris a widely usedmethodof excitation in the literaturesinceit is
simpleto useand doesnot producea massload to the system. However it hasmary
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Figure2: Exampleof a sweptsinefunction

dravbacksfor instancahereproducibilityof theexcitationis quitedifficult andtheattack
angleis notprecise A pendulum maybeusedfor attainingmoreaccurateesults,jn-spite
of the rotationterm that shoud be takeninto account. Also frequeng rangeis limited

andthe enegy in the high frequenciess low. The big adwantageof the hammerarises
whenwe have to performmodalanalysisandrecord50 or morepointsalongthe body of

theinstrunment,asit is easyto changethe hitting point.

In measurementserformedatthe Laboratoryof AcousticsandAudio andSignalPro-
cessingof Helsinki University of Technology(HUT) anddescribedn (Huang2000),an
IcP® Impulse-forceTestHammemwasusedo excite theKantele aFinnishstringinstru-
mentthatexistedfor afew thousand/ears from thefamily of the Baltic psaltery(Peekna
& Rossing2001). Two differenttips wereusedin the hammer The responsef the soft
vinyl tip presentegboorerfrequeng rangethanthe metalone(rangesandgraphs).How-
everthevinyl tip hastheadwantageof avoidingdamageso theinstrumen&andof exciting
onesingletime thebody. With the hardtip a broadrangein frequeng canbe produced
but sometimeshe hammerits twice the instrumentcausinga notchfilter effect cutting
somefrequencies.

2.2.3. Shaker

Thefollowing methodsareparticularlyinterestingf onechoosedo compue thetransfer
functionwith signalsotherthanimpulses.

The excitation with shaler is basedon a driven point with contactfrom a vibrating
device. JanssomndMeyer (Janssoret al. 1986)do ananalysisof the systemusedin the
Physiskakh-TechnischdBundesanstalBraunschweigreferred to asPTB. TheLing 100
vibratorfrom this systemhasa ratherhigh dynamicmasg7g) andaresonancéequeny
in therangeof 80 Hz. The positive aspecis thatit providesa high soundpressurdevel
(SPL),which makesit a suitablemethodfor recordingit.

2.2.4. Magnet driven by cail

ThismethodwasdevelopedattheKTH laboratoryin Stockholmandis describedn (Jans-
sonetal. 1986). It is intendedo excite vertically the bridgeof aviolin andconsistof a
coil thatproducesa magneticfield thatinteractswith a small magnetfastenedvith wax
nearthe G string. The mainadwantageof this schemaes thatit is a very light device (the
cobalt-sasamariutmmagnetweights0.24g)thatdoesnot addany resonanceto the body:
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The measuringschemeis speciallysensitve to distanceand requiresvery low driving
forceswhichresultsin low soundlevels.

2.3. Recording
2.3.1. Accelerometer

Accelerometeraretransducershatcorvertacceleréon into anelectricsignal. They are
madefrom piezoelectrianaterialsandarewidely usedto measurevibrations. Thereare
mary differentkindsof accelerometeravailablein themarket. They arechoseraccording
to their weightandflatnessn the response Usually, lighter accelerometerbave worse
responseén thelow frequencieslif theaccelerometeis heavy, theresponsemproves but

thebody of the musicalinstrumenis loadedwith a masshatcanchangehe placeof the

resonancesf theinstrunent.

2.3.2. Microphone

From the synthesigpoint of view it is very important to measurenot only the bridge
parameteraindtransferfunctionto the restof the body, but the soundpressuregadiated
whena stringis plucked or bowed. The microphoneshouldbe placedat 1 meterasthis
choicerepresents compromse betweenthe measurementf the far field (which is not
really possibé becausehe wavelength\ shouldbe at leastten times smallerthanthe
distancer), andobtainingenoughsignalto noiseratio.

2.3.3. Laser Vibrometer

In evaluatingthevibrationcharacteristicdasermeasurementrepreferredo ary others
schemes.Thereis no load on the instrunent while it is vibrating, which makesit an
almostperfectmeasuremengystem. Neverthelessthe sensibilty of the laserrequires
arigid holdingfor obtainirg precisemeasurementsThe laservibrometermeasureshe
displacemenbf areflectingsurface(silver stickersaregluedto the platesor pegs of the
instrumen). Far from Chladniss first experimentsn modalanalysis,a techniquecalled
holographianterferometrywasdevelopedandenablewisualizationof amplitudesaswell
asnodallinesasis shavn in Fig. 3. Two beamsof light proceedfrom a laser: oneis
calledthe refersncebeamandis directedto the hologaphicplateby a reflectingmirror;
the otherbeamis reflectedfrom thevibrating objectbeforegoingto the plate. The delay
in the secondbeamcauseddy the displacementf theinstruments surfacecausesignal
cancellatioror addingbetweernthetwo beamgesultingin thehologram(Cremer1985).

3. THE PORTUGUESE GUITAR AND THE TURKISH SAZ

3.1. The Portuguese Guitar

The Portuguesauitar is an instrunent considerecby CaldeiraCabral (V. de Oliveira
2001)asbeinga fusionbetweerthe westernEuropearcithernfrom the 17t centuryand
the Englishguitar. It has12 stringsdividedin setsof two thatareplayedatatime. Three
setsaretunedin unisonandtheremainingthreearetunedin octaves.
Theinstrumenthasa movablebridgelik e the onesof its family andthe neckhasmetal
frets. The playingtechniqueof the left handis similar to instrunentslik e the guitarand
theright handtechniqueconsistf the usageof thethumbin the old “figeta” stylewhile
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Figure3: Arrangemenftor time-averageholography

String | Pitch | Frequenyg [Hz] | Gauge Type

15t A4 | 440 0.011 plain steel
2nd A4 | 440 0.011 plain steel
3rd G4 |392.00 0.012 plain steel
4th G4 | 392.00 0.012 plain steel
5th D4 293.66 0.015 plain steel
6! D4 293.66 0.015 plain steel
7th A3 | 220 0.022 woundsteel
8" A4 | 440 0.011 plain steel
g G3 | 196 0.024 woundsteel
10" G4 392.00 0.012 plainsteel
11+ | C2 |130.81 0.038 woundsteel
120 Cc2 261.63(130.81) 0.018(0.022)| plainsteel(orwoundsteel)

Tablel: 12 steelstrings- pitch andstringgaugefor Coimbras Portuguese@uitar

theindex finger plucksthe stringbackandforth. Theleft handthumbis usedfor fretting
the 6th courseof stringsbeinganessentiapartof the harmory.

Most of the playersuseanartificial finger nail madeof turtle shellor celluloid.

To gain familiarity with the measuremenprocedurewe chosesomepoints of the
soundboardo computethe impulse responsesvith a simplehammer(pencil) anda mi-
crophoneB&K, type4191with preamplifiertype 2669.1s wasvery importantto prepare
the setupbeforeenteringthe anechoiacoom, andspecialconcernaboutsmall objectsis
necessaryn ordernotto droparnything ontothelowerwedgesAll thecableconnections
mustbeisolatedfrom the steelgrid.

Thegraphicsarein appendixn Fig. 6, andevenwith sucha coarsesxperimentwe can
seetheresonancesaracteristiof stringinstrunents.

Thereis alsoa graphin Fig.(9) with the frequeny responsef a pluck in the lower
pitchedG stringsrecordedn anormalfurnishedroomwith a“Shure” microphonemodel
smb7 at30 cmdistantfrom the soundioard.
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Figure4: Pictureof a Portuguesguitarandpoint hit duringthe experiment

Figure5: Two setupdor measurementsf the sazin anechoiachamber

3.2. TheTurkish Saz

The Sazis aninstrunmentfrom thefamily of thelong-neckutes,whichincludethe Greek
(andlrish) Bouzouki,Indian Sitar, Afghan Tumlbur, DamluraandDutar, andthe Persian
Setar

It's ancestarthe kopuz,is first referred in writings of the8 centuryandis different
from thesazfamily in thesensehatit hadthebodycoveredwith leatherthestringswere
madeout of horsehair andit hadno frets.

Sazmeansmusicalinstrunmentin Persian.lIt is a traditionalinstrunment from Turkey
andtherearemary differentsizesfor it, but all havre commoncharacteristicsuchas: The
body of the instrunentis almondshapedtypically madeof a single pieceof mulberry
wood, with or without sound-haé. The instrumenthasthin neck with tied, movable,
nylon frets,anda smallbridgemadeof wood. Mostinstrunentshave 3 doublecoursef
metalstringswith the3rd coursedoubledn octaves. Thebaglamanodelhasanadditional
third stringin thefirst course pneoctase lowerthanthe others.

The mostcommontuning schemeis G D A, startingfrom the 3rd course,but other
tuningsareused,suchas:ED A, GD G,ADA, AEA, AD G,andmary others.The
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String | Pitch | Frequeng [Hz] | Type

1 A3 220 plain steel
2 A3 220 plainsteel
3 A2 110 woundsteel
4 D3 146.83 plainsteel
5 D3 146.83 plain steel
6 G3 | 196 plain steel
7 G2 |98 woundsteel

Table?2: 7 steelstrings- pitchfor the Saz

playing techniqueincludesthe usea soft plectrum,in back andforth movement. The
right handfingershit the soundleardin a rhythmic way, andleft handthumbalsofrets
thestringsasin the Portugueseguitar.

Nowadays,constructorsstartto make the body of the instrumentin lute-typestaved
juniperwood. Spruceis usedfor the soundbard, which is no longercurved, like in the
past,andkelebekwoodfor thefingerboard.

Websourcesaboutthe sazcanbefoundat:

http://  www-perso nal.umic h.edu/"mh uey/instr uments.ht m#saz
http:// home3.swi pnet.se/ %7Ew-35053/sazandb .htm

The measurementsf the sazwere performedwith an excitation signalgeneratedy
the impulse-forcehammey recording, simultaneously the soundradiatedto the B&K
microphonethe accelerationn a point nearto the bridge,andthe force signalfrom the
hammer All measuremendevicesaredescribedn Table3. The microphonewasagain
placedat 1 meterfrom thetop and4 experimens werecarriedout. Both hardandsofttip
for thehammemwereusedandthe holdingmethodvariedbetweertheuseof rubberbands
or layingit onablanketin theanechoiadoom,asshavn in Fig. 5. Therubberbandswere
guite stretchedand one could easily hearthat therewas somecouplingto the body of
theinstrumentsopossiby we canfind somedifferencespeciallyin thelow frequencies.
Although for the hammerexcitation Janssorsaysthatthereare no specialrequirements
for theholding.

The measurementf the admittanceof the bridgeimpliesthatthe accelerometeis hit
by thehammer Evento fastertheaccelerometen thebridgeis problematt. Insteadwve
fastenit in the soundboardnearbythe bridge,andthuscalculatea transferfunctionthat
is closeto theadmittance.

Oneevidenceshawn in Figs. 7, 8, 9, and 10 is the pro-eminenceof the peaksand
valleys for the accelerometeresults. Anothernoticeablefactis the difficulty of analysis
athighfrequenciesThehigherthespectrumthemorestrictbecomeherequirements$or
theattackanglesandreproducibilityof theexperiment. A deepeianalysisof thegraphics
andexperimens shouldbe carriedoutin thefuture.
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Equipment Manufacturer Type Obsenation
CondenseMicrophone Bruel&Kjeer 4179 high SNR andsensibiity
MicrophonePreamplifier | Briel&Kjeer 2660

MicrophonePower Supply | Briel&Kjeer 2804 usesa batteryof 9V
ICPR Accelerometer PCBR Piezotronics 309A 1.1gweight

ICPR Impulse Hammer | PCBR Piezotronics 086C01 100gweight
ComputeMainframe Hewlett Packard HP E1421B| Soft FrontPanel
RubberBands hold theinstrument
ElectricCables with BNC connectors

Table3: Equipmentandmaterialsusedin the measuremenirocedureof the Saz
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A. GRAPHICS

Microphone responses of the Portuguese guitar
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Figure6: Frequenyg responsesf the body of the Portuguesguitardueto 2 hits on the
soundboardpointsD andC), anda pluckin the 9thand10thstrings
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Figure7: Frequeng responsef the body of the sazdueto onehit with hardtip on the
bridge,usingrubberbandsasholding method
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Figure8: Frequeng responsef the body of the sazdueto onehit with soft tip on the
bridge,usingrubberbandsasholding method
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Figure9: Frequenyg responsef the body of the sazdueto onehit with hardtip on the
bridge,laying theinstrunenton theground
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Figure10: Frequenyg responsef the body of the sazdueto onehit with softtip on the
bridge,laying theinstrumenton theground
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