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Abstract:ȱCarbonȱ FibreȱReinforcedȱPolymerȱ compositeȱ (CFRP)ȱ isȱwidelyȱ usedȱ inȱ theȱ aerospaceȱ
industry,ȱ butȱ isȱ proneȱ toȱ delamination,ȱ whichȱ isȱ aȱmajorȱ causesȱ ofȱ failure.ȱ StructuralȱHealthȱ
Monitoringȱ(SHM)ȱsystemsȱneedȱtoȱbeȱdevelopedȱtoȱdetermineȱtheȱdamageȱoccurringȱwithinȱit.ȱOurȱ
motivationȱisȱtoȱdesignȱcostȬeffectiveȱnewȱsensorsȱandȱaȱdataȱacquisitionȱsystemȱforȱmagnetostrictiveȱ
structuralȱhealthȱmonitoringȱofȱaerospaceȱcompositesȱusingȱaȱsimpleȱRLCȱcircuit.ȱTheȱdevelopedȱ
systemȱ isȱ testedȱonȱmagnetostrictiveȱFeSiBȱandȱCoSiBȱactuatorȱribbonsȱusingȱaȱbendingȱrig.ȱOurȱ
resultsȱshowȱdetectableȱsensitivityȱofȱinductorsȱasȱlowȱasȱ0.6ȱΐHȱforȱaȱbendingȱrigȱradiiȱbetweenȱ600ȱ
toȱ 300ȱmmȱ (equivalentȱ toȱ 0.8ȱ toȱ1.7ȱmStrain),ȱwhichȱ showȱ aȱ strainȱ sensitivityȱ resolutionȱofȱ0.01ȱ
ΐStrainȱ(surfaceȱarea:ȱ~36ȱmm2).ȱThisȱvalueȱisȱatȱtheȱdetectabilityȱlimitȱofȱourȱfabricatedȱsystem.ȱTheȱ
bestȱresolutionȱ(1.86ȱΐStrain)ȱwasȱobtainedȱfromȱaȱ70Ȭturnȱcopperȱ(~64ȱΐH)ȱwireȱinductorȱ(surfaceȱ
area:ȱ~400ȱmm2)ȱthatȱwasȱpairedȱwithȱaȱFeSiBȱactuator.ȱ

Keywords:ȱ structuralȱ healthȱ monitoring;ȱ composites;ȱ magnetostrictiveȱ actuator;ȱ sensors;ȱ dataȱ
acquisitionȱsystemȱ

ȱ

1.ȱIntroductionȱ

DueȱtoȱtheirȱhighȱstrengthȬtoȬweightȱratio,ȱcarbonȬfibreȱreinforcedȱpolymerȱcompositesȱ(CFRPs)ȱ
areȱwidelyȱreplacingȱtheȱmetalsȱtraditionallyȱusedȱinȱtheȱaviationȱindustry.ȱTheȱsuperiorȱpropertiesȱ
ofȱCFRPsȱareȱattributedȱ toȱ theȱ layeredȱstructuresȱofȱ theȱcompositesȱwhichȱcombineȱ theȱbestȱofȱ itsȱ
constituentȱmaterials.ȱHowever,ȱtheseȱcomplexȱstructuresȱareȱproneȱtoȱdamageȱlikeȱmatrixȱcracking,ȱ
fibreȱpullȬout,ȱandȱdelaminationȱ[1].ȱCompositeȱstructuresȱusedȱinȱaircraftsȱandȱhelicoptersȱcanȱsufferȱ
fromȱ seriousȱ degradationȱ dueȱ toȱ aerodynamicȱ loading,ȱ exposureȱ toȱ harshȱ environment,ȱ cyclicȱ
loading,ȱsuddenȱimpacts,ȱoperatorȱabuse,ȱandȱnegligence.ȱTheseȱdamagesȱcanȱleadȱtoȱsafetyȱconcernsȱ
andȱunplannedȱmaintenanceȱ[2].ȱ ȱ

Theseȱdamages,ȱwhetherȱvisibleȱorȱbarelyȱvisible,ȱcanȱsignificantlyȱreduceȱ theȱstrengthȱofȱ theȱ
materialȱ [3].ȱ Inȱ theseȱ circumstances,ȱ structuralȱ healthȱ monitoringȱ (SHM)ȱ systemsȱ needȱ toȱ beȱ
implementedȱ toȱ effectivelyȱ detectȱ andȱ monitorȱ damage.ȱ Theȱ useȱ ofȱ suchȱ aȱ systemȱ allowsȱ theȱ
remainingȱserviceȱlifeȱofȱtheȱmaterialȱtoȱbeȱefficientlyȱpredictedȱpriorȱtoȱfailure.ȱIfȱtheȱdetectedȱdamageȱ
isȱ serious,ȱ emergencyȱmaintenanceȱ canȱ beȱ performedȱ beforeȱ catastrophicȱ failureȱ [1].ȱ Fibreȱ opticȱ
sensors,ȱpiezoȬelectricȱ sensors,ȱelectricalȱ strainȱgauges,ȱacousticsȱandȱultrasonicȱsensorsȱareȱmajorȱ
SHMȱtechniquesȱwhichȱareȱcurrentlyȱbeingȱinvestigatedȱtoȱdetectȱdamageȱinȱcompositesȱ[2].ȱExistingȱ
SHMȱtechnologiesȱsuchȱasȱultrasonicȱwaveȱdetectionȱsystem,ȱacousticȱwaveȱpropagation,ȱvibrationȱ
basedȱSHMȱetc.ȱareȱusedȱ toȱdetectȱcracksȱandȱdelaminationȱ inȱcomposites,ȱbutȱhaveȱprovenȱ toȱbeȱ
unreliableȱasȱtheyȱareȱincapableȱofȱcrackȱdetectionȱatȱtheȱmicroȱlevelȱandȱareȱtriggeredȱonlyȱafterȱaȱ
seriousȱdamageȱhasȱoccurred.ȱHowever,ȱtheyȱareȱstillȱinȱuseȱdueȱtoȱtheȱlackȱofȱanȱalternativeȱSHMȱ
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technologyȱwhichȱcanȱovercomeȱtheseȱdrawbacksȱ[4�6].ȱTheȱaftermathȱofȱmajorȱdamageȱdetectionȱ
(delamination,ȱimpactȱdamage,ȱfatigue,ȱetc.)ȱinȱcriticalȱcomponentsȱ(airframeȱorȱjetȱengine),ȱinvolvesȱ
safetyȱissues,ȱmaintenanceȱcostsȱandȱoperationalȱdisruptionȱ[7].ȱOtherȱnotableȱdisadvantagesȱofȱtheȱ
existingȱSHMȱmethodsȱare:ȱtheyȱareȱexpensive,ȱdifficultȱtoȱinstall,ȱhaveȱcomplexȱgeometries,ȱrequireȱ
lambȬwaveȱgeneration,ȱreliesȱonlyȱonȱaȱcomputerȱwithoutȱcrossȱverification,ȱasȱwellȱasȱrequireȱlargeȱ
batteryȱbackupȱtoȱoperateȱ[8,9].ȱ

OneȱalternativeȱtoȱthisȱmethodȱisȱtoȱincorporateȱmagnetostrictiveȱmaterialsȱinȱaȱsensorȬactuatorȱ
setupȱ [10].ȱMagnetostrictionȱ isȱ theȱ propertyȱ ofȱ ferromagneticȱmaterials,ȱwherebyȱwhenȱ theyȱ areȱ
placedȱ inȱ aȱmagneticȱ field,ȱ theyȱ experienceȱ aȱ changeȱ inȱ theirȱphysicalȱdimensions.ȱThisȱ effectȱ isȱ
attributedȱtoȱtheȱcouplingȱofȱmagneticȱandȱelasticȱforces.ȱDependingȱonȱtheȱexternalȱmagneticȱfield,ȱ
theȱmaterialȱcanȱeitherȱexpandȱorȱshrinkȱinȱtheȱdirectionȱofȱtheȱfieldȱ[11,12].ȱTheȱinverseȱofȱthisȱeffectȱ
knownȱasȱtheȱVillariȱeffect,ȱwhichȱmeansȱtheȱmagnetisationȱofȱtheȱmaterialȱchangesȱasȱaȱfunctionȱofȱ
anȱappliedȱstressȱ [13].ȱTheȱabilityȱofȱmagnetostrictiveȱmaterialsȱ toȱexperienceȱ theseȱchangesȱmakeȱ
themȱgoodȱcandidatesȱforȱtheirȱuseȱasȱsensorsȱandȱactuatorsȱ[14].ȱInȱtheȱsensorȬactuatorȱsetup,ȱtheȱ
actuatorsȱareȱmagnetostrictiveȱmaterialsȱwhichȱareȱembeddedȱintoȱtheȱCFRP.ȱThisȱcanȱbeȱeitherȱinȱtheȱ
formȱofȱparticlesȱ[15],ȱwiresȱ[16]ȱorȱribbonsȱ[10].ȱActuatorsȱinȱtheȱformȱofȱmagnetostrictiveȱwiresȱmadeȱ
upȱofȱFe78Si7B15ȱandȱCo78Si7B15ȱembeddedȱoverȱCFRPȱhaveȱbeenȱsubjectedȱtoȱtensileȱloadingȱtoȱstudyȱ
damageȱdetectionȱ[16].ȱTerfenolȬD,ȱaȱhighlyȱnonȬlinearȱmaterialȱhasȱbeenȱcommonlyȱusedȱasȱactuatorȱ
inȱ mostȱ ofȱ theȱ previousȱ workȱ dueȱ toȱ itsȱ largeȱ magnetostrictionȱ [15,17,18].ȱ However,ȱ aȱ majorȱ
disadvantageȱofȱusingȱTerfenolȬDȱisȱitsȱcostȬeffectiveness.ȱSinceȱtheȱSHMȱsystemȱwillȱbeȱappliedȱtoȱaȱ
largeȱsurfaceȱareaȱofȱtheȱaircraft,ȱitȱisȱimportantȱtoȱconsiderȱtheȱcostȱandȱweightȱofȱtheȱmaterialsȱwhenȱ
selectingȱ theȱactuator.ȱCobaltȬbasedȱandȱ ferrousȬbasedȱmagnetostrictiveȱmaterialsȱareȱsomeȱofȱ theȱ
availableȱcostȬeffectiveȱoptions,ȱwhichȱallowȱeasyȱfabricationȱdueȱtoȱtheirȱstrength,ȱductilityȱandȱeasyȱ
workabilityȱ[19].ȱTheȱcombinedȱuseȱofȱmagnetostrictiveȱCoSiBȱribbonsȱasȱanȱactuatorȱandȱaȱsuitableȱ
magneticȱsensorȱwasȱseenȱtoȱenableȱdamageȱdetectionȱinȱcompositesȱ[10].ȱMagnetostrictiveȱactuatorsȱ
inȱtheȱformȱofȱparticlesȱhaveȱbeenȱembeddedȱoverȱaȱCFRPȱcantileverȱbeamȱwithȱaȱsensingȱcoilȱwoundȱ
aroundȱ itȱ toȱ detectȱ delaminationȱ [20,21].ȱHowever,ȱ theȱ useȱ ofȱ particlesȱ asȱ actuatorsȱ canȱ causeȱ
agglomeration,ȱwhichȱ inhibitsȱ theȱmechanicalȱpropertiesȱofȱCFRPȱ therebyȱ inducingȱdelaminationȱ
[22].ȱAlso,ȱitȱisȱnotȱpracticallyȱpossibleȱtoȱwindȱcoilsȱaroundȱanȱentireȱaircraft.ȱRecentȱresearchȱhasȱ
provedȱ thatȱ theȱuseȱofȱmagnetostrictiveȱribbonsȱasȱactuatorsȱcanȱgiveȱhighȱqualityȱresultsȱasȱ theyȱ
possessȱexcellentȱmagnetoȬmechanicalȱpropertiesȱ[10].ȱFurthermore,ȱFeSiBȱribbonsȱcanȱbeȱmagnetisedȱ
andȱdemagnetisedȱeasilyȱ[23].ȱIronȱhasȱbetterȱmagnetostrictiveȱpropertiesȱwhenȱcomparedȱtoȱcobaltȱ
[24].ȱDueȱtoȱtheirȱamorphousȱstructureȱtheyȱshowȱexcellentȱductility,ȱhighȱtensileȱstrength,ȱresistanceȱ
toȱcorrosion,ȱlowȱeddyȱcurrentȱloss,ȱandȱlowȱhysteresisȱlossȱ[25,26].ȱConsideringȱtheȱaboveȱproperties,ȱ
ferrousȬbasedȱ andȱ cobaltȬbasedȱmagnetostrictiveȱ ribbonsȱ areȱ chosenȱ toȱ beȱ usedȱ asȱ actuatorsȱ forȱ
sensingȱdelamination.ȱ ȱ

Theȱsensorȱ toȱbeȱusedȱ inȱconjunctionȱwithȱ theȱactuatorȱ isȱdesignedȱusingȱ theȱprincipleȱofȱanȱ
inductanceȱ coil.ȱ Inȱmostȱ ofȱ theȱ previousȱwork,ȱ theȱ sensorsȱ developedȱ areȱ aȱ combinationȱ ofȱ anȱ
excitationȱcoilȱandȱaȱsensingȱcoil,ȱwhichȱareȱusedȱforȱdetectingȱcrackȱpropagationȱ[17,20,27,28].ȱTheȱ
workingȱprincipleȱofȱinductionȱcoilsȱisȱelectromagneticȱinductanceȱ[29].ȱInȱgeneral,ȱtheyȱcanȱbeȱeitherȱ
woundȱaroundȱaȱmagneticȱcoreȱorȱ leftȱwithoutȱaȱcoreȱ(i.e.,ȱairȱcore).ȱAirȱcoreȱsensorsȱrepresentȱanȱ
inductanceȱcoilȱwoundȱonȱaȱnonȬferromagneticȱmaterialȱsuchȱasȱglass,ȱplasticȱetc.ȱ[30].ȱTheȱinductanceȱ
coilȱinȱanȱairȱcoredȱsensorȱrangesȱfromȱaȱsingleȱloopȱcoilȱtoȱmultiȱloopȱcoils.ȱAirȱcoredȱsensorsȱareȱ
beneficialȱoverȱferriteȱcoredȱsensorsȱasȱtheȱlossesȱarisingȱfromȱmagneticȱhysteresisȱandȱeddyȱcurrentsȱ
areȱlowerȱ[29].ȱInȱsomeȱcases,ȱtheȱexcitationȱcoilȱandȱsensingȱcoilȱareȱwoundȱoverȱaȱUȬshapedȱmagneticȱ
coreȱwhereȱtheȱexcitationȱcoilȱactsȱasȱanȱelectromagnetȱwhichȱexcitesȱtheȱatomsȱinȱtheȱactuator.ȱThisȱ
inducesȱanȱopenȱcircuitȱvoltageȱacrossȱtheȱsensingȱcoil.ȱWhenȱstrainȱisȱappliedȱoverȱtheȱmaterial,ȱtheȱ
sensingȱcoilȱpicksȱupȱtheȱchangeȱinȱrootȱmeanȱsquareȱ(RMS)ȱvalueȱofȱtheȱvoltage,ȱwhichȱcorrespondsȱ
toȱtheȱdamageȱoccurringȱinȱtheȱmaterialȱ[27].ȱ

Byȱusingȱmagnetostrictiveȱactuatorsȱalongȱwithȱaȱsparseȱarrayȱofȱinductanceȱsensors,ȱanȱeffectiveȱ
damageȱdetectionȱ systemȱ canȱ beȱ developedȱ forȱ structuralȱ healthȱmonitoringȱ inȱ composites.ȱ Theȱ
benefitȱofȱusingȱaȱsparseȱarrayȱasȱcomparedȱtoȱaȱcompactȱarrayȱisȱthatȱitȱisȱcapableȱofȱcoveringȱaȱlargerȱ
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area.ȱThisȱinȱturnȱimpliesȱthatȱtheȱuseȱofȱfewerȱsensorsȱforȱtheȱsameȱareaȱwhichȱinȱturnȱleadsȱtoȱlowerȱ
overallȱ weightȱ andȱ reducesȱ theȱ needȱ forȱ complexȱ connections.ȱ Finally,ȱ anyȱ localisedȱ damageȱ
occurringȱinȱaȱcompositeȱcanȱbeȱinvestigatedȱfromȱdifferentȱangles.ȱ

2.ȱRLCȱCircuitȱforȱDamageȱSensingȱ

Forȱtheȱdamageȱsensingȱsystem,ȱanȱRLCȱcircuitȱwasȱdeveloped.ȱItsȱmainȱadvantageȱisȱthatȱitȱisȱ
easyȱ toȱ constructȱ therebyȱmassivelyȱ reducingȱ theȱ requirementȱofȱ complexȱ circuitry.ȱThisȱ inȱ turnȱ
makesȱtheȱoverallȱsensingȱsystemȱlessȱbulky,ȱlightȱandȱeasyȱtoȱoperate.ȱTheȱnumberȱofȱcomponentsȱ
involvedȱareȱfew,ȱwhichȱcontributesȱtoȱmakingȱitȱaȱveryȱcostȬeffectiveȱsystemȱwhenȱconsideredȱforȱ
largeȱscaleȱmanufacturing.ȱAnotherȱnotableȱadvantageȱofȱusingȱanȱRLCȱcircuitȱisȱitsȱhighȱtunabilityȱ
[31].ȱFigureȱ1ȱshowsȱaȱtypicalȱseriesȱRLCȱcircuitȱdrivenȱbyȱanȱACȱsource,ȱsuchȱasȱaȱfunctionȱgenerator.ȱ
Capacitorsȱ(C1)ȱandȱinductorsȱ(L1)ȱareȱenergyȱstorageȱcomponents,ȱwhereȱtheȱformerȱstoresȱelectricalȱ
energyȱandȱtheȱlatter,ȱmagneticȱenergy.ȱInȱtheȱabsenceȱofȱaȱresistor,ȱtheȱRLCȱcircuitȱbecomesȱanȱLCȱ
oscillatorȱ circuit,ȱwhereȱ theȱ electromagneticȱ energyȱofȱ theȱ circuitȱ isȱ constant.ȱWhenȱ aȱ significantȱ
resistanceȱisȱpresent,ȱasȱinȱtheȱcaseȱofȱRLCȱcircuits,ȱtheȱelectromagneticȱenergyȱdiminishesȱwithȱtime.ȱ
Thisȱisȱonȱaccountȱofȱitsȱdissipationȱinȱtheȱformȱofȱheatȱthroughȱtheȱresistor.ȱThisȱmeansȱtheȱchargeȱonȱ
theȱcapacitorȱandȱtheȱcurrentȱinȱtheȱinductorȱoscillateȱandȱtendȱtowardsȱzeroȱwithȱtime,ȱwhichȱleadsȱ
toȱaȱdecaying,ȱtransientȱresponseȱofȱtheȱRLCȱcircuitȱwithȱtime.ȱ

ȱ
Figureȱ1.ȱAȱseriesȱRLCȱcircuitȱwithȱanȱACȱsource,ȱwhereȱR1ȱisȱaȱresistor,ȱC1ȱisȱaȱcapacitorȱandȱL1ȱisȱanȱ
inductor.ȱ

Also,ȱtheȱRLCȱcircuitȱisȱanalogousȱinȱbehaviourȱtoȱaȱoneȬdimensionalȱspringȬmassȱsystem,ȱwhichȱ
inȱturnȱrepresentsȱaȱdampedȱharmonicȱoscillator.ȱTheȱsolutionȱofȱtheȱequationȱdescribingȱtheȱRLCȱcircuitȱ
isȱtherebyȱgivenȱas:ȱ ݍ ൌ ܳ݁ି௧చ ݐሺ߱ௗݏܿ   ߶ሻȱ (1)ȱ

whereȱqȱisȱtheȱchargeȱonȱtheȱcapacitorȱplates,ȱ ݁షഒ ȱdepictsȱtheȱexponentiallyȱdecreasingȱamplitudeȱofȱtheȱ

oscillations,ȱ ߱ௗ ൌ ට ଵ െ ቀ ோଶቁଶ ൌ ଵଶටቂସ െ ሺܴሻଶቃ depictsȱ theȱ dampedȱ frequencyȱ whereȱ Lȱ isȱ theȱ

inductance,ȱCȱisȱtheȱcapacitanceȱandȱRȱisȱtheȱresistance.ȱTheȱcosineȱtermȱdepictsȱoscillationȱofȱtheȱchargeȱ
withȱrespectȱtoȱtime.ȱ

Dependingȱonȱtheȱvalueȱofȱtheȱresistor,ȱtheȱRLCȱcircuitȱcanȱexperienceȱeitherȱanȱunderdamped,ȱ

overdampedȱorȱcriticallyȱdampedȱresponse.ȱTherefore,ȱ(i)ȱifȱܴ ظ ටସ ,ȱ theȱcircuitȱisȱoverdamped,ȱ(ii)ȱifȱܴ ൏ ටସ ,ȱ theȱcircuitȱisȱunderdamped,ȱandȱ(iii)ȱifȱܴ ൌ ටସ ,ȱ theȱcircuitȱisȱCriticallyȱdampedȱ[31]. Inȱtheȱ

underdampedȱcase,ȱtheȱchargeȱoscillatesȱwithȱanȱamplitudeȱthatȱexponentiallyȱdecaysȱtoȱzeroȱwithȱtime.ȱ
Inȱ theȱoverdampedȱcase,ȱ theȱchargeȱexperiencesȱnoȱoscillationȱandȱapproachesȱzeroȱ inȱaȱmonotonicȱ
fashion.ȱWhenȱtheȱreactanceȱofȱtheȱinductorȱandȱtheȱcapacitorȱbecomesȱequalȱtoȱeachȱother,ȱtheȱcircuitȱ
isȱsaidȱtoȱresonateȱatȱaȱresonanceȱfrequencyȱ(f)ȱgivenȱby:ȱ݂ ൌ 1

ȱܥܮξߨ2 (2)
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whereȱLȱisȱtheȱinductanceȱandȱCȱisȱtheȱcapacitance28.ȱAsȱlongȱasȱtheȱsystemȱremainsȱunderdamped,ȱtheȱ
unknownȱinductanceȱofȱanyȱconnectedȱinductanceȱcanȱbeȱdeterminedȱasȱlongȱasȱtheȱvalueȱofȱtheȱotherȱ
componentsȱareȱknown.ȱ

3.ȱMaterialsȱandȱMethodsȱ

3.1.ȱCharacterisationȱofȱRLCȱCircuitȱ

Inȱ orderȱ toȱ developȱ theȱ sensingȱ system,ȱ itȱ isȱ vitalȱ toȱ characteriseȱ theȱ circuitȱ forȱ differentȱ
combinationsȱofȱinductorȱandȱcapacitorȱvaluesȱwithȱanȱaimȱtoȱoperateȱtheȱcircuitȱinȱtheȱunderdampedȱ
regime.ȱThisȱisȱbecauseȱtheȱcircuitȱisȱcapableȱofȱanȱoscillatoryȱtransientȱresponseȱonlyȱinȱthisȱsetup.ȱ
Thisȱpreliminaryȱstepȱhelpsȱtoȱdownȱselectȱtheȱvariousȱcombinationsȱtoȱaȱfewȱworkingȱcombinationsȱ
thatȱcanȱbeȱusedȱinȱtheȱfinalȱdesign.ȱ ȱ

Toȱ fabricateȱ theȱ sensors,ȱplasticȱM3ȱwashersȱwereȱ chosenȱ asȱ theyȱprovideȱ aȱ frameȱ forȱ easyȱ
windingȱofȱtheȱcopperȱcoils.ȱCopperȱwireȱofȱdiameterȱ0.224ȱmmȱwasȱwoundȱaroundȱtheȱwashersȱinȱaȱ
clockwiseȱdirectionȱ toȱ fabricateȱpancakeȱ inductanceȱsensorsȱwithȱ30,ȱ50ȱandȱ70ȱ turnsȱasȱshownȱ inȱ
Tableȱ1.ȱ ȱ

Tableȱ1.ȱTableȱshowingȱtheȱvariousȱsensorsȱfabricatedȱwithȱtheirȱcorrespondingȱinductanceȱvalues.ȱ

No.ȱofȱTurnsȱofȱCopperȱCoilȱ Inductanceȱ(ΐH)ȱ
30ȱ 14.7ȱ
50ȱ 35.6ȱ
70ȱ 64.3ȱ

Fourȱdifferentȱcapacitorsȱwithȱcapacitancesȱ0.1,ȱ1,ȱ10ȱandȱ100ȱΐFȱalongȱwithȱtheȱfabricatedȱsensorsȱ
wereȱprimarilyȱchosenȱforȱdevelopingȱtheȱdataȱacquisitionȱsystem.ȱTheȱcapacitorsȱwereȱusedȱinȱpairsȱ
connectedȱinȱparallelȱtoȱgiveȱusableȱequivalentȱcapacitanceȱvaluesȱofȱ0.2,ȱ2,ȱ20ȱandȱ200ȱΐF.ȱInȱadditionȱ
toȱtheȱfabricatedȱsensors,ȱaȱFarnellȱairȬcoredȱsensorȱofȱinductanceȱ0.6ȱΐHȱwasȱalsoȱconsidered.ȱEachȱ
equivalentȱ capacitorȱwasȱ pairedȱwithȱ eachȱ inductorȱ andȱ theȱ responseȱ (whetherȱ overdampedȱ orȱ
underdamped)ȱwasȱtheoreticallyȱcalculatedȱasȱperȱtheȱconditionsȱmentionedȱabove.ȱTheȱACȱinputȱtoȱ
theȱcircuitȱwasȱdrivenȱbyȱaȱfunctionȱgeneratorȱinȱtheȱformȱofȱaȱsquareȱwaveȱwithȱaȱfrequencyȱofȱ1ȱkHzȱ
andȱ5ȱVȱpeakȬtoȬpeakȱvoltage.ȱTheȱoutputȱwasȱvisualisedȱonȱaȱdigitalȱoscilloscopeȱasȱseenȱinȱFigureȱ2ȱ
forȱtheȱvariousȱinductorȱandȱcapacitorȱcombinations.ȱ

(a)ȱ (b)ȱ

Figureȱ2.ȱ(a)ȱOscilloscopeȱoutputȱforȱanȱundampedȱtransientȱresponseȱofȱanȱRLCȱcircuitȱwhereȱLȱ=ȱ64.3ȱ
ΐHȱandȱCȱ=ȱ0.2ȱΐFȱwithȱtimeȱonȱtheȱxȬaxisȱandȱchargeȱacrossȱtheȱcapacitorȱalongȱtheȱyȬaxis.ȱ(b)ȱTheȱ
cursorsȱrepresentȱtimeȱperiodȱforȱtheȱoscillationȱwithȱtheȱhighestȱamplitude,ȱtheȱinverseȱofȱwhichȱgivesȱ
usȱtheȱresonanceȱfrequency.ȱ
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Fromȱtheȱcalculations,ȱitȱwasȱobservedȱthatȱtheȱ0.2ȱandȱ2ȱΐFȱcapacitorȱgaveȱanȱunderdampedȱ
responseȱforȱallȱinductorȱvaluesȱexceptȱtheȱstoreȬboughtȱ0.6ȱΐHȱFarnellȱinductor.ȱWhereas,ȱtheȱ200ȱΐFȱ
capacitorȱ gaveȱ anȱ overdampedȱ responseȱ forȱ allȱ inductorȱ values.ȱ Theȱ 20ȱ ΐFȱ capacitorȱ gaveȱ anȱ
overdampedȱresponseȱforȱallȱinductorȱvaluesȱexceptȱtheȱ64.3ȱΐHȱinductorȱ(70ȱturns).ȱInȱorderȱtoȱmakeȱ
theȱcircuitȱworkableȱforȱtheȱoffȬtheȬshelfȱ0.6ȱΐHȱFarnellȱinductorȱwithȱtheȱcapacitorsȱ0.2ȱandȱ2ȱΐF,ȱaȱ
shieldedȱ inductorȱofȱ inductanceȱ115.7ȱΐHȱwasȱaddedȱ inȱ seriesȱwithȱ it.ȱThisȱ increasedȱ theȱoverallȱ
inductanceȱofȱtheȱcircuitȱandȱchangedȱtheȱresponseȱfromȱoverdampedȱtoȱunderdampedȱmakingȱ itȱ
possibleȱ toȱobserveȱaȱresponseȱatȱanȱ inductanceȱvalueȱofȱ0.6ȱΐH.ȱTheȱ frequencyȱresponsesȱ forȱ theȱ
variousȱinductorȱcombinationsȱwithȱtheȱ0.2ȱandȱ2ȱΐFȱcapacitorsȱfromȱtheȱoscilloscopeȱwereȱcomparedȱ
withȱtheȱtheoreticallyȱcalculatedȱfrequencyȱusingȱequationȱ[2].ȱFigureȱ3ȱrepresentsȱtheȱdeviationȱinȱ
theȱtheoreticallyȱcalculatedȱandȱexperimentallyȱderivedȱresonanceȱfrequenciesȱforȱtheȱ0.2ȱandȱ2ȱΐFȱ
capacitors.ȱInȱFigureȱ3aȱitȱcanȱbeȱobservedȱthatȱatȱhigherȱfrequencyȱthereȱisȱaȱlargerȱdeviationȱbetweenȱ
theȱexperimentalȱandȱtheoreticalȱvalues.ȱThisȱcanȱbeȱexplainedȱwithȱtheȱhelpȱofȱequationȱ[2].ȱFromȱ
whichȱitȱcanȱbeȱunderstoodȱthatȱfrequencyȱandȱinductanceȱareȱinverselyȱproportional.ȱWhichȱmeansȱ
theȱmeasurementȱerrorȱ fromȱ theȱ inductorȱwillȱalsoȱdecreaseȱatȱ lowerȱ frequency.ȱThisȱexplainsȱ theȱ
reasonȱforȱlowerȱpercentageȱerrorȱatȱlowerȱfrequency.ȱInȱFigureȱ3bȱitȱcanȱbeȱobservedȱthatȱforȱaȱ2ȱΐFȱ
capacitorȱ theȱ differenceȱ betweenȱ experimentalȱ andȱ theoreticalȱ valuesȱ areȱ muchȱ largerȱ whenȱ
comparedȱtoȱ0.2ȱΐFȱcapacitor.ȱThisȱisȱdueȱtoȱtoleranceȱfactor.ȱWhenȱtheȱcapacitorsȱwereȱmeasuredȱ
withȱanȱRLCȱmeterȱ0.2ȱΐFȱcapacitorȱgaveȱanȱactualȱcapacitanceȱvalueȱofȱ0.185ȱΐFȱandȱ2ȱΐFȱgaveȱaȱ
valueȱofȱ1.402ȱΐF.ȱTheȱpercentageȱdifferenceȱbetweenȱtheȱmeasureȱvaluesȱandȱnominalȱvalueȱ(markedȱ
value)ȱ isȱ 7.5%ȱ andȱ 29.9%ȱ becauseȱ ofȱwhichȱ 2ȱ ΐFȱ capacitorȱ givesȱ largerȱdifference.ȱAsȱ theȱ strainȱ
sensitivityȱofȱtheȱ0.2ȱΐFȱcapacitorȱisȱhigherȱthanȱthatȱofȱtheȱ2ȱΐFȱcapacitor.ȱHowever,ȱthisȱresultȱisȱnotȱ
enoughȱtoȱruleȱoutȱtheȱpossibilityȱofȱusingȱ2ȱΐFȱcapacitorȱandȱtheȱbendingȱrigȱtestȱwillȱbeȱdiscussedȱ
usingȱbothȱtheȱ0.2ȱandȱtheȱ2ȱΐFȱcapacitor.ȱ

ȱ ȱ
Figureȱ3.ȱ(a)ȱResonanceȱfrequencyȱofȱtheȱRLCȱcircuitȱusingȱ0.2ȱΐFȱcapacitors.ȱ(b)ȱShowsȱtheȱResonanceȱ
frequencyȱofȱ theȱRLCȱ circuitȱusingȱ 2ȱ ΐFȱ capacitors.ȱ Inȱbothȱ theȱ figureȱ theȱ redȱdotsȱ representȱ theȱ
experimentallyȱ derivedȱ andȱ theȱ blackȱ dotsȱ representȱ theȱ theoreticallyȱ calculatedȱ resonanceȱ
frequencies.ȱ

3.2. InductanceȱSensorsȱandȱDataȱAcquisitionȱ

Usingȱ theȱmethodologyȱ fromȱ theȱ previousȱ section,ȱ aȱ simpleȱ systemȱ canȱ beȱ developedȱ forȱ
magnetostrictiveȱSHMȱofȱcomposites.ȱAnȱArduinoȱNanoȱ(CoolȱComponentsȱLtd,ȱStockbridge,ȱUK)ȱ
withȱ theȱATMEGA328ȱADCȱprocessorȱ isȱ selectedȱasȱ theȱmicrocontrollerȱ forȱ thisȱ system.ȱAȱquadȱ
comparatorȱLM339ȱisȱattachedȱtoȱtheȱArduino,ȱwhichȱconvertsȱanȱanalogueȱsignalȱintoȱaȱdigitalȱsignal.ȱ
TheȱLM339ȱisȱchosenȱasȱitȱisȱfasterȱthanȱaȱtypicalȱoperationalȱamplifierȱ(opȬamp;ȱaȱtypicalȱopȬampȱhasȱ
aȱslewȱrateȱofȱ11ȱV/ΐSȱwhereas,ȱtheȱLM339ȱhasȱaȱslewȱrateȱofȱ0.5ȱV/ΐS).ȱInȱaddition,ȱopȬampsȱtakeȱ
moreȱtimeȱtoȱrecoverȱfromȱsaturationȱsinceȱtheyȱoperateȱatȱaȱlinearȱfrequencyȱwithȱnegativeȱfeedback.ȱ
Also,ȱ whenȱ highȱ frequencyȱ signalsȱ areȱ involved,ȱ theyȱ endureȱ delaysȱ inȱ theȱ orderȱ ofȱ tensȱ ofȱ
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microseconds.ȱHence,ȱtheȱLM339ȱ isȱwidelyȱusedȱwhenȱtwoȱoutputȱvoltagesȱhaveȱtoȱbeȱcompared.ȱ
LM339ȱisȱaȱ14ȱpinȱIC,ȱwhichȱcanȱtakeȱfourȱinputȱsignalsȱandȱcanȱgiveȱfourȱoutputsȱsimultaneously.ȱ
Sinceȱ theȱLM339ȱ canȱ inputȱ fourȱ signals,ȱ itȱ enablesȱ theȱ systemȱ toȱprocureȱdataȱ fromȱ fourȱ sensorsȱ
concomitantly.ȱThisȱhelpsȱtoȱmonitorȱcrackȱgrowthȱmoreȱprecisely.ȱTheȱdesignedȱcircuitȱdiagramȱforȱ
suchȱaȱdataȱacquisitionȱsystemȱisȱillustratedȱinȱFigureȱ4.ȱTheȱArduino�sȱbuiltȬinȱcomparatorȱcannotȱbeȱ
usedȱasȱ(1)ȱItsȱclockȱspeedȱisȱinsufficientȱtoȱdetermineȱsmallȱchangesȱinȱinductance,ȱandȱ(2)ȱItȱcannotȱ
beȱusedȱtoȱpickȱupȱmoreȱthanȱoneȱsignal.ȱAȱmultiplexerȱmayȱbeȱusedȱtoȱovercomeȱ(2)ȱbutȱwillȱlikelyȱ
introduceȱadditionalȱnoiseȱtoȱtheȱsystem,ȱandȱisȱalsoȱmoreȱexpensiveȱthanȱtheȱLM339.ȱ

ȱ

Figureȱ4. Circuitȱdiagramȱforȱtheȱdataȱacquisitionȱsystemȱwithȱfourȱinputs.ȱ

Whenȱtheȱvoltageȱinȱcircuitȱturnsȱpositive,ȱtheȱLM339ȱbeginsȱtoȱfloat,ȱandȱthusȱrequiresȱaȱpullȱupȱ
resistor.ȱWhenȱ theȱ circuitȱbecomesȱnegative,ȱ theȱLM339ȱ outputsȱ toȱground.ȱWhenȱaȱ5ȱVȱpulseȱ isȱ
appliedȱfromȱtheȱArduinoȱpinȱ13,ȱtheȱcomparatorȱwillȱgenerateȱaȱsquareȱwave.ȱ

Fromȱ theȱ resonantȱ frequencyȱ Equationȱ (2),ȱ theȱ inductanceȱ inȱ theȱ sensorȱ dependsȱ onȱ theȱ
capacitanceȱinȱtheȱdataȱacquisitionȱsystem.ȱHence,ȱitȱisȱnecessaryȱtoȱchooseȱtheȱcorrectȱcapacitorȱvalueȱ
toȱ makeȱ theȱ sensorȱ moreȱ sensitiveȱ toȱ detectȱ evenȱ aȱ smallȱ changeȱ inȱ inductanceȱ dueȱ toȱ theȱ
magnetostrictionȱ fromȱ theȱ actuator.ȱ Sensitivityȱ variationȱ inȱ theȱ sensorȱ dueȱ toȱ theȱ changeȱ inȱ
capacitanceȱisȱdiscussedȱinȱtheȱbelowȱsections.ȱUsingȱtheȱdesignȱshownȱinȱFigureȱ4,ȱtheȱprintedȱcircuitȱ
boardȱ (PCB)ȱwasȱdesignedȱusingȱAutodeskȱAutoCADȱwhichȱ isȱ shownȱ inȱFigureȱ5a,ȱbȱ showsȱ theȱ
fabricatedȱdataȱacquisitionȱsystem.ȱ

ȱ
(a)ȱ

ȱ
(b)ȱ

Figureȱ5.ȱ(a)ȱDesignȱofȱPCBȱ(b)ȱFabricatedȱPCBȱ
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3.3. SampleȱFabricationȱ

Amorphousȱ Fe78Si7B15ȱ andȱ Co78Si7B15ȱ ribbonsȱ fabricatedȱ byȱ arcȬmeltingȱ followedȱ byȱ rapidȱ
injectionȱonȱ toȱaȱwaterȬcooledȱwheelȱ suppliedȱbyȱVacuumschmelzeȱwereȱ selectedȱasȱ theȱactuatorȱ
materials.ȱ Twillȱ weaveȱ carbonȱ fibreȱ prepregȱ VTCȬ401ȱ suppliedȱ byȱ SHDȱ Compositesȱ Ltd.ȱ wasȱ
employedȱforȱsampleȱfabrication.ȱUsingȱtheȱtechniqueȱofȱvacuumȱbagging,ȱcompositeȱlaminatesȱwithȱ
dimensionsȱofȱ170ȱ×ȱ120ȱ×ȱ4.5ȱmmȱwereȱfabricatedȱforȱtheȱtrialȱbendingȱtests.ȱMagnetostrictiveȱribbonsȱ
madeȱofȱFe78Si7B15ȱandȱCo78Si7B15ȱwereȱplacedȱalongȱtheȱmiddleȱplyȱasȱwellȱasȱonȱtheȱtopȱsurfaceȱofȱtheȱ
compositeȱlaminates.ȱOnlyȱoneȱribbonȱisȱused,ȱinȱcomparisonȱtoȱpreviousȱstudiesȱ[32].ȱTheȱlaminateȱ
wasȱsealedȱunderȱvacuumȱatȱȬ0.04ȱbarȱandȱlaterȱmaintainedȱinȱanȱautoclaveȱatȱ6ȱbarȱpressure.ȱTheȱ
curingȱcycleȱwasȱinitialisedȱwithȱaȱtemperatureȱrampȱrateȱofȱ3ȱ°C/minȱuntilȱtheȱcompositeȱreachedȱ60ȱ
°C.ȱFollowingȱthisȱitȱwasȱheldȱatȱ60ȱ°Cȱforȱ60ȱmin.ȱAgain,ȱtheȱtemperatureȱwasȱrampedȱupȱtillȱ120ȱ°Cȱ
atȱtheȱrateȱofȱ3ȱ°C/min.ȱItȱwasȱthenȱheldȱatȱ120ȱ°Cȱforȱ60ȱminȱafterȱwhichȱitȱwasȱcooledȱdownȱtoȱroomȱ
temperature.ȱTheȱcompositeȱlaminateȱwasȱcutȱintoȱtheȱdesiredȱsampleȱdimensionsȱofȱ150ȱ×ȱ25ȱ×ȱ4.5ȱ
mmȱusingȱaȱtileȱcutter.ȱ

4.ȱExperimentalȱTestingȱ

4.1. SHMȱSchemaȱ

Whenȱdamageȱoccursȱinȱaȱcompositeȱembeddedȱwithȱmagnetostrictiveȱactuator,ȱdueȱtoȱinverseȱ
magnetostriction,ȱi.e.,ȱtheȱVillariȱeffect,ȱtheȱactuatorȱundergoesȱanȱincreaseȱinȱitsȱmagnetisation.ȱThisȱ
interactsȱwithȱtheȱmagneticȱfieldȱpresentȱaroundȱtheȱinductor,ȱwhichȱcreatesȱanȱinducedȱvoltageȱinȱ
theȱ circuitȱ seenȱ asȱ aȱ changeȱ inȱ inductanceȱ inȱ theȱ sensor.ȱTheȱ changeȱ inȱ inductanceȱ changesȱ theȱ
resonantȱ frequencyȱ ofȱ theȱdataȱ acquisitionȱ system,ȱwhichȱ isȱ recordedȱ byȱ theȱArduino.ȱTheȱdataȱ
acquisitionȱsystemȱconvertsȱtheȱoutputȱsignalȱfromȱtheȱsensorsȱtoȱaȱdigitalȱform,ȱwhichȱcanȱbeȱfurtherȱ
processed.ȱPostȬprocessingȱtheȱdataȱimprovesȱtheȱsignalȬtoȬnoiseȱratioȱandȱgeneratesȱuserȬreadableȱ
inductanceȱvalues.ȱHence,ȱ inȱaȱ sparseȱarrayȱofȱ sensors,ȱ ifȱ anyȱ sensorȱ experiencesȱaȱ changeȱ inȱ itsȱ
inductance,ȱthisȱsensorȱcanȱbeȱidentifiedȱviaȱtheȱchange.ȱFromȱthisȱidentification,ȱitȱcanȱbeȱassertedȱ
thatȱdamageȱhasȱoccurredȱ inȱ thatȱ regionȱofȱ theȱcomposite.ȱFigureȱ6bȱdepictsȱ theȱ functionalȱblockȱ
diagramȱwithȱtheȱvariousȱstepsȱinvolvedȱinȱtheȱbendingȱrigȱtest.ȱ

ȱ ȱ
(a)  (b) 

Figureȱ6.ȱ(a)ȱFunctionalȱblockȱdiagramȱofȱtheȱsystemȱ(b) Experimentalȱsetupȱforȱbendingȱrigȱtest.ȱ

 ȱ
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4.2.ȱExperimentalȱSetupȱ

Theȱfabricatedȱsamplesȱwereȱtestedȱusingȱbendingȱrigsȱofȱradiiȱ300,ȱ400,ȱ500ȱandȱ600ȱmm.ȱTheseȱ
correspondȱtoȱstrainȱvaluesȱofȱ0.83,ȱ0.98,ȱ1.24,ȱandȱ1.66ȱmStrainȱ(10ƺ3ȱxȱstrain),ȱrespectively.ȱAȱsensorȱ
wasȱfixedȱtoȱtheȱmiddleȱofȱtheȱsampleȱaboveȱtheȱactuatorȱribbon.ȱWhenȱstressȱisȱappliedȱtoȱtheȱsample,ȱ
itȱcreatesȱdeformationȱwithinȱtheȱsample.ȱThisȱcreatesȱaȱchangeȱinȱmagnetizationȱinȱtheȱactuator,ȱwhichȱ
inȱturnȱchangesȱtheȱinductanceȱinȱtheȱsensor,ȱwhichȱisȱrecordedȱbyȱtheȱdataȱacquisitionȱsystem.ȱTheȱ
changeȱinȱinductanceȱwithȱrespectȱtoȱdifferentȱbendingȱrigȱradiiȱandȱwithȱdifferentȱcapacitanceȱvaluesȱ
wasȱobtained.ȱTheȱobtainedȱdataȱcanȱbeȱplottedȱasȱaȱfunctionȱofȱtimeȱforȱloadingȱandȱunloading.ȱTheseȱ
valuesȱwereȱobtainedȱusingȱBKȱprecisionȱRLCȱmeterȱasȱshownȱinȱFigureȱ7.ȱTheȱtestȱwasȱconductedȱinȱ
aȱFaradayȱcageȱtoȱpreventȱtheȱinfluenceȱofȱanyȱexternalȱmagneticȱfield.ȱ

ȱ

Figureȱ7.ȱSetupȱofȱbendingȱrigȱtestȱwithȱRLCȱmeterȱwithȱtheȱmainȱcomponentsȱlabelled.ȱ

5.ȱResultsȱandȱDiscussionȱ

5.1.ȱValidatingȱFabricatedȱSensorȱElectronicsȱ

Followingȱtheȱfabricationȱofȱtheȱdataȱacquisitionȱsystem,ȱtheȱoutputȱsignalȱfromȱitȱwasȱobservedȱ
usingȱanȱoscilloscope.ȱFigureȱ8aȱshowsȱtheȱRLCȱtransientȱresponseȱofȱtheȱcircuit.ȱTheȱgraphȱshowsȱ
dampedȱoscillationsȱofȱchargeȱwithȱrespectȱtoȱtimeȱwhichȱisȱtypicalȱforȱanȱunderdampedȱRLCȱcircuit.ȱ
Figureȱ8bȱshowsȱtheȱsquareȱwaveȱoutputȱfromȱtheȱcomparator.ȱ

ȱ ȱ
(a)  (b) 
Figureȱ8.ȱ(a)ȱRLCȱresponseȱ(b)ȱComparatorȱoutput.ȱ

TheȱoscilloscopeȱresultsȱwereȱsimilarȱtoȱthoseȱobtainedȱfromȱtheȱpreliminaryȱresultsȱasȱinȱFigureȱ
2.ȱThisȱ suggestsȱ thatȱ theȱ fabricatedȱdataȱacquisitionȱ systemȱwasȱ inȱgoodȱworkingȱorder.ȱWhenȱaȱ
ferromagnetȱwasȱbroughtȱ inȱproximityȱofȱ theȱsensor,ȱaȱchangeȱwasȱobservedȱ inȱ theȱoutputȱofȱ theȱ
sensors.ȱOnȱtheȱoscilloscope,ȱthisȱwasȱvisualisedȱasȱaȱdecreaseȱinȱtheȱamplitudeȱandȱtimeȱperiodȱofȱ
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theȱunderdampedȱoscillations,ȱtherebyȱincreasingȱtheȱresonantȱfrequency.ȱBringingȱtheȱmagnetȱcloseȱ
toȱtheȱsensorȱchangesȱtheȱmagneticȱfieldȱaroundȱtheȱsensorȱwhichȱcausesȱtheȱeddyȱcurrentsȱgeneratedȱ
toȱdecreaseȱ theȱ inductanceȱofȱ theȱsensor.ȱThisȱdecreaseȱ inȱ inductanceȱ isȱseenȱ inȱ theȱoutputȱofȱ theȱ
systemȱasȱaȱdecreaseȱinȱtheȱtimeȱperiodȱofȱtheȱdampedȱoscillations.ȱ

5.2.ȱChangeȱinȱInductanceȱDuringȱLoadingȱandȱUnloadingȱ

Toȱmakeȱ theȱcircuitȱmoreȱsensitiveȱ toȱ theȱchangeȱ inȱ inductanceȱasȱwellȱasȱ toȱdownselectȱandȱ
shortlistȱtheȱcapacitorsȱforȱtheȱdataȱacquisitionȱsystemȱaȱbendingȱrigȱtestȱwasȱperformedȱwithȱ0.2ȱΐFȱ
capacitorȱandȱ2ȱΐFȱcapacitorȱwithȱaȱcompositeȱ sampleȱwithȱCoSiBȱ ribbonȱonȱ top.ȱTheseȱ testsȱareȱ
performedȱutilisingȱtheȱbuiltȱdataȱacquisitionȱsystemȱandȱanȱexemplarȱofȱtheȱsetupȱisȱshownȱinȱFigureȱ
9.ȱTheȱobtainedȱresultsȱareȱshownȱinȱFigureȱ10.ȱ ȱ

ȱ

Figureȱ9.ȱCFRPȱwithȱ fourȱ sensorsȱonȱ theȱ topȱ surfaceȱ connectedȱ toȱ theȱ fabricatedȱdataȱacquisitionȱ
system.ȱ

ȱ ȱ ȱ
(a)ȱ (b)ȱ (c)ȱ

ȱ ȱ ȱ
(d)ȱ (e)ȱ (f)ȱ

Figureȱ10.ȱCont.ȱ
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ȱ ȱ ȱ
(g)ȱ (h)ȱ (i)ȱ

Figureȱ10.ȱ(a�i)ȱChangeȱinȱinductanceȱresultsȱofȱtheȱbendingȱrigȱtestȱforȱcompositeȱwithȱCoSiBȱribbonȱ
onȱtopȱ(a,d,g)ȱrepresentsȱtheseȱresultsȱforȱ0.2ȱΐFȱcapacitor;ȱ(b,e,h)ȱrepresentsȱtheseȱresultsȱforȱ2ȱΐFȱ
capacitorȱandȱ(c,f,i)ȱrepresentsȱchangeȱinȱinductanceȱresultsȱobtainedȱfromȱtheȱRLCȱmeter.ȱ

InȱFigureȱ10a,d,gȱcorrespondsȱ toȱ theȱchangeȱ inȱ inductanceȱofȱaȱbendingȱ rigȱ testȱwithȱ0.2ȱΐFȱ
capacitorȱandȱwithȱtheȱ30,ȱ50ȱandȱ70ȱturnsȱinductors,ȱwhileȱFigureȱ10b,e,hȱcorrespondsȱtoȱtheȱchangeȱ
inȱinductanceȱofȱaȱbendingȱrigȱtestȱwithȱ2ȱΐFȱcapacitorȱandȱwithȱ30,ȱ50ȱandȱ70ȱturnsȱinductors.ȱFigureȱ
10c,f,iȱcorrespondȱtoȱtheȱchangeȱinȱinductanceȱwithȱ30,ȱ50ȱandȱ70ȱturnsȱinductorsȱwithȱandȱtheȱdataȱ
wasȱbeingȱobtainedȱbyȱconnectingȱtheȱinductorȱtoȱaȱRLCȱmeter.ȱFromȱtheȱgraphȱitȱcanȱbeȱobservedȱ
thatȱusingȱaȱ2ȱΐFȱcapacitorȱgivesȱaȱhigherȱmagnitudeȱofȱchangeȱinȱinductanceȱwhenȱcomparedȱtoȱtheȱ
0.2ȱΐFȱcapacitor.ȱItȱisȱnecessaryȱtoȱhaveȱaȱhigherȱmagnitudeȱofȱchangeȱinȱinductanceȱtoȱeffortlesslyȱ
detectȱtheȱdamageȱoccurringȱinȱcomposites.ȱItȱcanȱalsoȱbeȱobservedȱthatȱwhenȱtheȱ0.2ȱΐFȱcapacitorȱisȱ
usedȱalongȱwithȱtheȱ30ȱturnsȱinductorȱandȱtheȱ70ȱturnsȱinductor,ȱtheȱmeasuredȱchangeȱinȱinductanceȱ
remainsȱtheȱsameȱforȱbothȱbendingȱrigȱradiiusȱofȱ400ȱandȱ500ȱmm.ȱWhichȱprovesȱthatȱ0.2ȱΐFȱisȱnotȱ
sensitiveȱtoȱtheȱappliedȱstress.ȱSimilarȱbehaviourȱisȱobservedȱwhileȱusingȱtheȱ50ȱturnsȱinductorȱforȱ
theȱbendingȱrigȱofȱ300ȱmmȱandȱ400ȱmmȱradii.ȱConsideringȱtheseȱsensitivityȱissues,ȱusingȱaȱ0.2ȱΐFȱ
capacitorȱwouldȱ notȱ beȱ ableȱ toȱ provideȱ necessaryȱ informationȱ aboutȱ theȱ damageȱ occurringȱ inȱ
composites.ȱ

Theȱchangeȱinȱinductanceȱresultsȱofȱ2ȱΐFȱcapacitorȱareȱalmostȱtheȱsameȱasȱtheȱresultsȱobtainedȱ
usingȱtheȱLCRȱmeter.ȱForȱexample,ȱwhenȱtheȱfabricatedȱ30ȱturnȱinductorȱisȱsubjectedȱtoȱaȱbendingȱ
testȱwithȱrigȱradiusȱ300ȱmm,ȱaȱchangeȱinȱinductanceȱofȱ1.5ȱΐHȱisȱobservedȱfromȱtheȱfabricatedȱdataȱ
acquisitionȱ system.ȱ Whenȱ theȱ sameȱ experimentȱ isȱ repeatedȱ withȱ theȱ RLCȱ meterȱ aȱ changeȱ inȱ
inductanceȱofȱ 1.15ȱ ΐHȱ isȱobserved.ȱTheȱdifferenceȱ isȱ 23%ȱwhenȱ comparingȱ theȱ resultsȱ fromȱ theȱ
fabricatedȱdataȱacquisitionȱsystemȱandȱRLCȱmeter.ȱSimilarȱchangeȱinȱinductanceȱisȱalsoȱobservedȱforȱ
theȱotherȱbendingȱrigȱradii.ȱWhenȱtheȱ50Ȭturnȱinductorȱwasȱsubjectedȱtoȱbendingȱtestȱwithȱtheȱ300ȱ
mmȱradii,ȱtheȱfabricatedȱdataȱacquisitionȱsystemȱgaveȱaȱchangeȱinȱinductanceȱofȱ2.62ȱΐH.ȱWhenȱtheȱ
sameȱtestȱisȱrepeatedȱwithȱtheȱRLCȱmeterȱasȱtheȱdataȱacquisitionȱsystem,ȱtheȱmaximumȱchangeȱinȱ
inductanceȱobservedȱwasȱ2.27ȱΐH,ȱwhichȱ isȱshownȱ inȱFigureȱ10f.ȱThisȱshowsȱaȱdifferenceȱofȱ13%ȱ
whenȱcomparedȱtoȱtheȱchangeȱinȱinductanceȱobtainedȱfromȱtheȱfabricatedȱdataȱacquisitionȱsystem.ȱ
Whenȱ theȱ fabricatedȱ70ȱ turnȱ inductorȱwasȱsubjectedȱ toȱ theȱbendingȱ testȱwithȱ theȱ fabricatedȱdataȱ
acquisitionȱsystemȱaȱmaximumȱchangeȱinȱinductanceȱofȱ3.5ȱΐHȱwasȱobservedȱforȱ300ȱmmȱradii.ȱWhenȱ
theȱsameȱexperimentȱhadȱbeenȱrepeatedȱwithȱanȱRLCȱmeterȱ theȱmaximumȱchangeȱ inȱ inductanceȱ
observedȱwasȱ6.2ȱΐH.ȱTheȱpercentageȱdifferenceȱbetweenȱbothȱtheȱresultsȱisȱ56%.ȱFromȱthisȱitȱcanȱbeȱ
observedȱasȱtheȱnumberȱofȱturnsȱinȱtheȱinductorȱincreasesȱtheȱresultsȱshowȱlargerȱdeviationȱbetweenȱ
theȱfabricatedȱdataȱacquisitionȱsystemȱandȱtheȱRLCȱmeter.ȱ

Fromȱtheȱpreviousȱresultsȱitȱcanȱbeȱobservedȱthatȱasȱtheȱnumberȱofȱturnsȱincreasedȱtheȱchangeȱ
inȱmagnitudeȱ ofȱ theȱ inductanceȱ increased.ȱ Toȱ detectȱ theȱ damageȱ occurringȱ inȱ composites,ȱ itȱ isȱ
importantȱtoȱhaveȱaȱsystemȱwhichȱgivesȱtheȱhighestȱchangeȱinȱmagnitudeȱofȱtheȱinductanceȱwhenȱ
theȱdamageȱoccurs.ȱFromȱtheȱbendingȱtestȱresults,ȱitȱcanȱbeȱconcludedȱthatȱhavingȱ2ȱΐFȱcapacitorȱinȱ
theȱdataȱacquisitionȱsystemȱalongȱwithȱtheȱfabricatedȱairȱcoredȱinductorȱofȱ70ȱturnsȱwillȱbeȱtheȱbestȱ
combinationȱtoȱdetectȱtheȱdamageȱoccurringȱinȱtheȱcomposites.ȱItȱisȱalsoȱimportantȱtoȱselectȱtheȱrightȱ
magnetostrictiveȱactuatorȱ toȱbeȱcoupledȱalongȱwithȱ theȱsensorȱforȱdevelopingȱaȱproperȱstructuralȱ
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healthȱmonitoringȱsystemȱforȱcomposites.ȱAsȱdiscussed,ȱearlierȱCoSiBȱandȱFeSiBȱribbonsȱcoȬcuredȱ
alongȱwithȱcompositesȱwereȱsubjectedȱtoȱbendingȱrigȱtest.ȱTheȱresultsȱofȱtheȱtestȱareȱshownȱinȱFigureȱ
11.ȱ Fromȱ theȱ results,ȱ itȱ canȱ beȱ observedȱ thatȱ thatȱ FeSiBȱ ribbonsȱ haveȱ aȱ largerȱmagnetostrictionȱ
responseȱwhenȱcomparedȱtoȱCoSiBȱribbons,ȱasȱtheȱlaminatesȱwithȱFeSiBȱribbonsȱproducedȱaȱhigherȱ
changeȱ inȱ inductanceȱ comparedȱ toȱ laminatesȱ withȱ CoSiBȱ ribbons.ȱ Theȱ maximumȱ changeȱ inȱ
inductanceȱwasȱobservedȱwhenȱtheȱmagnetostrictiveȱribbonsȱwereȱplacedȱonȱtopȱofȱtheȱcompositeȱ
laminate,ȱcomparedȱtoȱtheȱribbonsȱbeingȱplacedȱinȱtheȱmiddleȱofȱtheȱlaminate.ȱForȱexample,ȱlaminateȱ
withȱFeSiBȱribbonȱonȱtopȱgaveȱaȱmaximumȱchangeȱofȱinductanceȱofȱ18ȱΐHȱwithȱaȱ70ȱturnȱinductorȱ
whenȱtestedȱwithȱaȱbendingȱrigȱofȱ300ȱmm.ȱLaminateȱwithȱCoSiBȱribbonȱonȱtopȱwithȱtheȱsameȱsensorȱ
andȱbendingȱrigȱgaveȱaȱmaximumȱchangeȱinȱinductanceȱofȱ4.2ȱΐH.ȱWhereasȱwhenȱtheȱsameȱtestȱwasȱ
repeatedȱforȱlaminatesȱcontainingȱFeSiBȱandȱCoSiBȱribbonsȱinȱtheȱmiddleȱinȱwhichȱlaminatesȱwithȱ
FeSiBȱ ribbonsȱgaveȱmaximumȱ changeȱ inȱ inductanceȱofȱ 6ȱ ΐHȱ andȱLaminatesȱwithȱCoSiBȱgaveȱ aȱ
changeȱofȱ3.8ȱΐH.ȱFromȱtheseȱresultsȱitȱcanȱbeȱconcludedȱthatȱFeSiBȱribbonsȱwithȱactuatorȱonȱtopȱ
gaveȱtheȱbestȱchangeȱinȱinductanceȱwhichȱwillȱbeȱhelpfulȱinȱachievingȱstructuralȱhealthȱmonitoringȱ
systemȱinȱcomposites.ȱ

ȱ

Figureȱ11.ȱChangeȱinȱinductanceȱvsȱnumberȱofȱturnsȱvsȱrigȱradiusȱusingȱdifferentȱactuatorȱmaterials.ȱ

Theȱdataȱshowsȱthatȱactuatorsȱplacedȱonȱtheȱtopȱlayerȱofȱtheȱcompositeȱcouponsȱshowȱaȱbetterȱ
response.ȱTheȱstrainȱsensitivityȱresolutionȱofȱtheȱFeSiBȱtopȱ(30ȱturns:ȱ0.496,ȱ50ȱturns:ȱ0.817,ȱandȱ70ȱ
turns:ȱ1.86ȱΐStrain)ȱareȱhigherȱthanȱthatȱofȱtheȱCoSiBȱtopȱ(30ȱturns:ȱ0.047,ȱ50ȱturns:ȱ0.024,ȱandȱ70ȱturns:ȱ
0.211ȱΐStrain).ȱFromȱtheseȱresultsȱitȱcanȱbeȱconcludedȱthatȱtheȱFeSiBȱribbonȱasȱanȱactuatorȱalongȱwithȱ
theȱ70ȱ turnsȱcoilȱ (hasȱ theȱhighestȱ strainȱ sensitivityȱ resolution)ȱwouldȱ functionȱbestȱasȱ theȱ sensorȬ
actuatorȱforȱtheȱprototypeȱsystemȱinȱthisȱwork.ȱPreviousȱstudiesȱusingȱthreeȱribbonsȱperȱcompositeȱ
couponȱreportȱstrainȱsensitivityȱresolutionȱofȱ17ȱandȱ25ȱΐStrainȱforȱribbonȱspacingsȱofȱ20ȱandȱ10ȱmmȱ
respectivelyȱ(utilisingȱanȱinductanceȱpickȱupȱcoil),ȱwhichȱareȱapproximatelyȱanȱorderȱofȱmagnitudeȱ
largerȱthanȱtheseȱresults.ȱForȱcomparison,ȱfibreȱBraggȱgratingsȱhaveȱaȱstrainȱsensitivityȱresolutionȱofȱ
2000ȱΐStrainȱ[33,34]ȱwhileȱpiezoelectricȱsensorsȱareȱatȱ150ȱΐStrainȱ[35].ȱTheȱlowerȱresolutionȱcanȱbeȱ
mitigatedȱthroughȱtheȱuseȱofȱdataȱprocessionȱstrategiesȱandȱtheȱuseȱofȱmultipleȱsensorsȱinȱaȱsparseȱ
array.ȱFurtherȱlightweightingȱwasȱattemptedȱbyȱusingȱtheȱdesignedȱdataȱacquisitionȱsystemȱwithȱaȱ
Coilcraftȱ0.6ȱΐHȱinductorȱsensorȱpurchasedȱfromȱFarnellȱhasȱbeenȱsubjectedȱtoȱbendingȱrigȱtestȱwithȱ
aȱcompositeȱcouponȱutilisingȱaȱCoSiBȱribbonȱ(top)ȱasȱanȱactuator.ȱ

TheȱresultsȱforȱtheȱchangeȱinȱinductanceȱforȱeachȱbendingȱrigȱradiusȱisȱshownȱinȱFigureȱ12a.ȱTheȱ
dataȱobtainedȱdidȱnotȱshowȱmuchȱchangeȱ inȱ inductanceȱdueȱ toȱaȱhighȱnoiseȱ level.ȱRandomȱnoiseȱ
typicallyȱhasȱaȱpeakȬtoȬpeakȱtoȱstandardȱdeviationȱratioȱbetweenȱ6ȱandȱ8.ȱTheȱcalculatedȱvaluesȱofȱtheȱ
dataȱinȱFigureȱ12aȱrevealsȱratiosȱofȱ5.16,ȱ5.17,ȱ4.87,ȱandȱ4.65ȱrespectivelyȱforȱ600,ȱ500,ȱ400,ȱandȱ300ȱmmȱ
radiiȱrespectively.ȱThisȱsuggestsȱthatȱmostȱofȱtheȱsignalȱwouldȱbeȱlostȱwithinȱtheȱnoise.ȱToȱreduceȱtheȱ
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noiseȱlevelȱandȱtoȱincreaseȱtheȱsensitivityȱofȱtheȱsensor,ȱaȱshieldedȱinductorȱofȱinductanceȱ115.7ȱΐHȱ
wasȱaddedȱinȱseriesȱtoȱtheȱ0.6ȱΐHȱinductor.ȱFigureȱ12bȱshowsȱtheȱbendingȱrigȱtestȱresultsȱafterȱtheȱ
additionȱofȱtheȱshieldedȱinductor.ȱTheȱpeakȬtoȬpeakȱtoȱstandardȱdeviationȱratioȱofȱtheseȱnewȱvaluesȱ
areȱ3.77,ȱ3.92,ȱ3.44,ȱandȱ3.52ȱrespectivelyȱforȱ600,ȱ500,ȱ400,ȱandȱ300ȱmmȱradiiȱrespectively;ȱitȱisȱclearȱ
fromȱtheseȱvaluesȱthatȱtheȱnoiseȱlevelȱdecreasedȱcomparedȱtoȱtheȱcaseȱwhereinȱthereȱwasȱnoȱshieldedȱ
inductor.ȱAccordingly,ȱaȱvisualȱinspectionȱofȱbothȱfiguresȱshowȱthatȱaȱchangeȱinȱsignalȱcanȱnowȱbeȱ
observed.ȱ Theȱ strainȱ sensitivityȱ resolutionȱ inȱ Figureȱ 12bȱ isȱ calculatedȱ asȱ 0.01ȱ ΐStrain,ȱwhichȱ isȱ
approximatelyȱanȱorderȱofȱmagnitudeȱsmallerȱ (0.211ȱΐStrain)ȱ thanȱ theȱ70Ȭturnȱcoilȱweȱhadȱ testedȱ
earlierȱwhenȱpairedȱwithȱtheȱCoSiBȱribbonȱ(top).ȱItȱisȱnotȱclearȱhowȱtheȱstrainȱsensitivityȱresolutionȱisȱ
linkedȱtoȱdamageȱdetectability.ȱTheȱresultsȱthusȱalthoughȱdemonstratingȱtheȱtuneabilityȱofȱtheȱdataȱ
acquisitionȱ system,ȱalsoȱhighlightsȱadditionalȱworkȱ thatȱneedsȱ toȱbeȱperformedȱonȱ sensorȱdesignȱ
and/orȱacquisitionȱstrategiesȱinȱadditionȱtoȱcomparativeȱworkȱthatȱmustȱbeȱdoneȱtoȱlinkȱtheȱresolutionȱ
toȱdamageȱdetectability.ȱ

ȱ

(a)ȱ (b) 
Figureȱ 12.ȱ (a)ȱ Changeȱ inȱ inductanceȱ withȱ offȬtheȬshelfȱ 0.6ȱ ΐHȱ Farnallȱ inductorȱ (b)ȱ Changeȱ inȱ
inductanceȱbyȱaddingȱshieldedȱinductorȱinȱseriesȱtoȱtheȱFarnallȱ0.6ȱΐHȱinductorȱwhereȱtheȱlinesȱareȱaȱ
guideȱtoȱtheȱeye.ȱ

6.ȱPotentialȱApplicationsȱ

Magnetostrictiveȱ structuralȱ healthȱ monitoringȱ techniqueȱ hasȱ potentialȱ applicationsȱ inȱ theȱ
aerospaceȱ industryȱ toȱ detectȱ andȱmonitorȱ cracksȱ inȱ criticalȱ aerospaceȱ componentsȱ likeȱ airframe,ȱ
fuselage,ȱetc.ȱThisȱsystemȱcanȱalsoȱbeȱimplementedȱinȱtheȱenergyȱsectorȱtoȱmonitorȱandȱdetectȱdamageȱ
inȱoilȱandȱgasȱtransportationȱpipelines,ȱnuclearȱpowerȱplants,ȱandȱalsoȱtoȱdetectȱcracksȱinȱwindȱturbineȱ
blades.ȱMagnetostrictiveȱstructuralȱhealthȱmonitoringȱcanȱalsoȱbeȱusedȱtoȱmonitorȱdamagesȱoccurringȱ
inȱdams,ȱtunnelsȱandȱmines.ȱ

7.ȱLimitationsȱandȱFutureȱPossibleȱEvolutionȱ

Theȱcurrentȱdataȱacquisitionȱhasȱbeenȱlimitedȱtoȱfourȱinputsȱwhichȱcanȱbeȱimprovedȱtoȱhigherȱ
numberȱofȱinputsȱforȱimplementingȱstructuralȱhealthȱmonitoringȱonȱlargerȱscale.ȱDevelopmentsȱinȱ
theȱdataȱacquisitionȱsystemȱhasȱtoȱbeȱmadeȱtoȱincreaseȱtheȱsensitivityȱandȱtoȱreduceȱtheȱnoiseȱwhileȱ
usingȱaȱcommerciallyȱavailableȱairȬcoredȱinductorȱofȱlowerȱinductanceȱasȱsensor.ȱ ȱ

8.ȱConclusionsȱ

Inȱthisȱwork,ȱaȱlowȬcostȱdataȱacquisitionȱsystemȱthatȱcanȱbeȱusedȱwithȱmagnetostrictiveȱsystemsȱ
hasȱbeenȱdesignedȱaroundȱtheȱfollowingȱprinciples:ȱ

1) WeȱinvestigatedȱpossibleȱLCȱcombinationsȱtoȱdetermineȱdampingȱandȱfrequencyȱresponses.ȱ
Weȱfoundȱthatȱtheȱ200ȱΐFȱcapacitorȱwasȱnotȱsuitableȱasȱitȱgaveȱoverdampedȱresponseȱforȱallȱ
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theȱinductors.ȱTheȱ2ȱΐFȱwasȱchosenȱasȱtheȱcapacitorȱforȱtheȱdataȱacquisitionȱsystemȱasȱitȱgaveȱ
theȱbestȱsensitivityȱresultsȱforȱallȱsensorsȱinȱtheȱbendingȱrigȱtest.ȱ ȱ

2) CopperȬcoilȱinductorsȱ(sensors)ȱwereȱfabricated,ȱtestedȱandȱcomparedȱalongsideȱoffȬtheȬshelfȱ
inductorȱcoils.ȱFromȱtheȱresults,ȱtheȱfabricatedȱsensorsȱgaveȱbestȱchangeȱinȱinductanceȱinȱtheȱ
bendingȱrigȱtest.ȱTheȱoffȬtheȬshelfȱFarnellȱinductorȱgaveȱveryȱnoisyȱresultsȱwhenȱtestedȱwithȱ
theȱRLCȱmeter.ȱHowever,ȱusingȱaȱshieldedȱinductorȱinȱseriesȱwithȱitȱgaveȱaȱbetterȱresult.ȱ

3) Theȱ efficacyȱ ofȱ FeSiBȱ andȱCoSiBȱ asȱmagnetostrictiveȱ ribbonȱ actuatorsȱwereȱ investigatedȱ
utilisingȱtheȱfabricatedȱsetup.ȱFeSiBȱgaveȱtheȱmaximumȱchangeȱinȱinductanceȱasȱcomparedȱ
toȱCoSiBȱinȱtheȱbendingȱrigȱtests.ȱ ȱ

Experimentalȱ resultsȱ showȱ thatȱ aȱhighȱ inductanceȱvalueȱ isȱ requiredȱ toȱ enableȱ sensingȱ Ȭȱ thisȱ
disallowsȱmostȱ offȬtheȬshelfȱ inductorsȱ asȱ theirȱ inductanceȱ valuesȱ areȱ tooȱ small.ȱHowever,ȱ itȱ isȱ
favourableȱtoȱuseȱlowȱinductanceȱsensorsȱtoȱminimiseȱweightȱloading.ȱWeȱenableȱthisȱbyȱconnectingȱ
aȱshieldedȱinductorȱinȱseries.ȱ
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