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Abstract:Aimingattheproblemsoflowreliabilityandcomplexoperationoftraditionalcoin-taptestofcompositematerial,this
paperintroducesthegreysystemtheoryandachievesbetterperformance.Theresponsesignalsofcoin-tapareclassified
throughthegreyclusteringbasedonrelationanalysis,andcorrespondingimprovementsaremadetothecalculationmethodof
therelationdegreeofnearness.First,thetimehistoryofaccelerationistakenasthesystembehaviorsequence.Theimproved
correlationcalculationmethodisusedtosolvetherelationdegreeofnearnessbetweenthesequences,andthematrixofdegree
ofgreyrelationisconstructedbasedonthis.Then,thesequencegroupsaresummarizedthroughthematrix,andtheresponse
signalsofcoin-taparequalitativelyclassifiedaccordingtothelocationofthereferencesequence.Finally,thedefectdetectionof
compositematerialsiscompletedwithoutpre-testing.Thetestresultsshowthattheaccuracyofthecoin-taptestbasedon
improvedgreyclusteringreaches100%,whichsimplifiestheoperationstepswhileensuringthereliabilityofthecoin-taptest
results.
Keywords:non-destructivetesting;coin-taptest;greyclusteringbasedonrelationanalysis;compositematerial

0 Introduction
 Compositematerialsarewidelyusedinaviation,
aerospace and otherindustrialfields,and the
installedcapacityofcompositematerialscanreach
50%ofaircraftstructuralweight[1].Duetoprocess
limitations,compositematerialsmayhavedefectsor
damagesduringtheformingprocess,which will
affectthe original structures and functions of
compositematerials,andcauseseriousaccidentsin
severecases.Therefore,non-destructivetesting
technologyforcompositematerialsisveryimportant.
 Asoneoftheoldestnon-destructivetesting
methods,coin-taptestiswidelyusedduetoitscheap
andfastadvantages.Initially,theoperatorhelda
smallhammerorcointotaponthesurfaceofthe
material,andthesoundofthetapwasusedtojudge
theintegrity of the structure. However,the
detectioneffectwasoftenlimitedbytheexperienceof
theoperator.Inordertoimprovethereliabilityof
coin-taptest,scholarshaveconductedalotof
researchandmadecorrespondingprogress.Cawleyet
al.establishedaphysicalmodelofcoin-taptest,

whichprovidesatheoreticalbasisforcoin-taptest
technology.Theyusdthedurationofimpactforceto
judgethedefects,freefrom theconstraintsof
subjectiveexperience.Atthe sametime,they
pointedoutthatwhenthematerialvibrationcauses
thepulsetoproducea“tail”,theimpactdurationwill
becomedifficultto measure[2-3].Kim usedfinite
elementmodeling (FEM)softwaretoconducta
simulation analysis of spring-mass model,and
concludedthatthemaximumimpactforcechangeis
relatedtothedecreaseinstiffness.Hecarriedout
thenumericalsimulationofthetaptest,which
perfectedthephysicalbasisofthetapdetection
method[4-5].Esolaetal.analyzedthepercussive
sound,andconfirmedthatlargerdefectscanbe
detectedbyfrequencycontentanalysis,anddiscussed
thelimitationsofthemethod[6].Erikusedneural
networktoanalyzetheaccelerationsignaloftapping
response, and proposed a defect evaluation
procedure[7].
 Inpracticalapplications,theaccuracyofusingthe
maximumimpactforcefordefectidentificationis
relativelylow,thereforeitisrarelyused.Sincethe
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workingenvironmentofcoin-taptestisproneto
noiseinterference,theusageofsoundfrequenciesfor
defectanalysisisnotreliable.Thetestbasedon
impactdurationisthemostwidelyused,However,
aspre-testsforthesuitablevoltageisessentialfor
themethod,itisprettyhardtoaccuratelymeasure
thedurationoftheimpulseforce.Whetheritisto
inspectdefectsdirectlythroughtheduration of
impactforceoruseneuralnetworksfordataanalysis,
alargeamountofsampledataandpre-testsare
required, which makes the coin-tap test very
complicated.Therefore,itisparticularlyimportant
tofindasimpleandaccurateidentificationalgorithm
forcoin-taptest.
 Greysystemtheoryisusedtostudysystemswith
someinformation known and someinformation
unknown.Ithasnorequirementsonthenumberof
samplesandsmallamountofcalculation.Ithasbeen
appliedinthefieldoffaultdiagnosis[8-9].Thereisa
greyrelationshipbetweentheinternaldefectsofthe
materialandthecoin-tapresponsesignal,whichcan
beanalyzedasagreysystem.Accordingtothe
relatedliterature,thisisthefirststudyofgrey
systemforcoin-taptest.Inthispaper,thegrey
systemtheoryintothecoin-taptestofcomposite
materialsisintroduced,andtheresponsesignalsof
coin-tapareclusteredthroughthegreyclustering
basedonrelationanalysistorealizetheclassification
ofthedefectresponsesignalandthenondestructive
responsesignal.Thedefectidentificationworkis
completedbyusingsmallsampledatawithoutthe
needforpre-tests.Andthereliabilityofthecoin-tap
testisensuredwhilesimplifyingtheworkingsteps.

1 Problemdescription
 Basedontheprincipleofcoin-taptest,Cawley
established a spring-mass model, modeling the
internaldefectsofthematerialasaspringwitha
certainstiffness,whosestiffnessisthatofthelayer
(s)abovethedefect[3].Thevibrationmodelisshown
inFig.1.

Fig.1 VibrationmodelofthesysteminRef.[2]

 Assumingthatthestiffnessofthematerialdefect
iskandthemassofthehammerisM,thekinematic
equationbasedonthemodelisestablishedas

M̈x+kx=0. (1)

 Thegeneralsolutionis

x(t)=C1cos k
Mt+C2sin k

Mt (2)

orexpressedas

x=Asin k
Mt+α  , (3)

wheretisthetime,Arepresentstheamplitudeof
systemvibration,andαrepresentstheinitialphase.
Thevaluesoftheseparametersaredeterminedbythe
initialconditions.Therelationship between the
parameterscanbeexpressedas

A= C1+C2, (4)

α=arctanC1C2.
(5)

 Eq.(3)showsthatwhenthemassofthehammer
isconstant,thevibration characteristicsofthe
systemsuchastheperiodofvibrationandthe
circularfrequencydependonthestiffnessofthe
defectmodel.Previousstudieshaveshownthatthe
sizeandlocationofmaterialdefectswillchangethe
stiffnessvalueofthedefectmodel,whichleadstothe
differencein the coin-testresponse signal. At
present,thedurationoftheimpactforceisoften
usedasthebasisforidentificationofdefects.The
longerthedurationoftheimpactforce,thehigher
thedegreeofdefects.Intheactualtest,the
comparisonresultsofthecoin-tapresponsesignalof
thesoundareaandthedefectiveareaareshownin
Fig.2.

Fig.2 Pulsewidthsunderdifferentthresholds

 Cawleypointedoutthatthevibrationofthetested
materialwillleadtothegenerationofthe“tail”of
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theimpactforce.AsshowninFig.2,the“tail”of
theimpactforceextendsthepulsewidthandmakes
theexactimpactdurationdifficulttomeasure.In
ordertoeliminatetheinterferencecausedbythe
“tail”,itisoftennecessarytosetthevoltage
thresholdinthemeasurementandtakethetimewhen
thevoltagewaveformexceedsthethresholdasthe
characteristicvalue[10].Ifthesetvoltagethresholds
aredifferent,theobtainedcharacteristicvalueswill
bedifferent,andthewrongthresholdmayleadto
erroneousdetectionresults.However,selectingan
appropriatevoltagethresholdrequiresalotofpre-
tests,whichwillincreasethecomplexityofcoin-tap
test.
 Accordingtotheprincipleofthegreysystem,
thereareinformationdifferencesbetweenthecoin-tap
responsesignalsindifferentareas.Howtofindthe
informationdifferencebetweenthecoin-tapresponse
signalsbasedonthelimitedinformationspaceisthe
keyofsolvingthedefectidentificationproblem.

2 Improvementofgreyclusteringmodel
2.1 Greyrelationalanalysis
 Toanalyzeasystem,adatasequenceneedstobe
selectedfirstlytoreflectthebehaviorofthesystem.
Thebasicideaofgreyrelationalanalysisistojudge
whethertheconnectioniscloseaccordingtothe
similarityofthegeometricshapesofthesequence
curves.Thecloserthecurvesare,thegreaterthe
correlationbetweenthecorrespondingsequenceswill
be[11].
 Supposing Xi isthe system factor andits
observationdataonserialnumberkisxi(k),where
i=1,2,…,m,k=1,2,…,n,thebehaviorsequence
offactorXicanbeexpressedas

Xi =(xi(1),xi(2),…,xi(n)), (6)

whereiandkrepresenttheserialnumbersofsystem
factorsandobservationdata,respectively.
 AssumingthatXiandXjhavethesamelength,let

Si-Sj =∫
n

1
(Xi-Xj)dt, (7)

thenthedegreeofgreyrelationofXiandXjbasedon
theproximityperspectivecanbeexpressedas

ρij = 1
1+|Si-Sj|

. (8)

 TheclosertheXiistoXj,thegreaterthedegree
ofgreyrelationwillbe.

2.2 Improvedcalculationmethodofdegreeof
greyrelation

 Thetraditionalcalculationmethodofdegreeof
greyrelationhasthefollowingcharacteristics:
 WhenXiandXjcoincide,orXiswingsaroundXj,
andtheareaofXiaboveXjisequaltotheareaofXi

belowXj(seeFig.3),wecanobtainρij=1.

Fig.3 Twodifferentcurveswithρij=1

 InFig.3,the“positivedifference”and“negative
difference”betweenthetwosequenceswilloffset
eachotheroutinthecalculationofthedegreeofgrey
relation,which willproducetheleastdesirable
calculationresultsfortheresearch.
 Inordertomakethealgorithmmorepertinent,we
taketheoveralldifferenceofthesequencesinto
accountandimprovethecalculationmethodofthe
degreeofgreyrelation.
 Let

Si-Sj =∫
n

1
|Xi-Xj|dt, (9)

thenthedegreeofgreyrelationofXiandXjbasedon
theproximityperspectivecanbeexpressedas

ρij = 1
1+Si-Sj

10

. (10)

 Theimprovedcalculationmethodfullyconsiders
thepossibleinfluenceofthedifferencebetweenthe
curveshapes.Therefore,thedegreeofgreyrelation
calculatedbythismethodcandescribethecloseness
ofthecurveinspacemoreaccurately.

2.3 Greyrelationalclusteringmethod
 Gray correlation clustering is a method of
classifyingobservation objectsaccordingto grey
correlationmatrix.Aclustercanberegardedasa
collectionofobservationobjectsthatbelongtothe
sametype.
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 Assumingthattherearenobservationobjectsand
eachobjectcontainsmdatafeatures,thesequences
obtainedareasfollows:

X1=(x1(1),x1(2),…,x1(n)),

X2=(x2(1),x2(2),…,x2(n)),

︙

Xm =(xm(1),xm(2),…,xm(n)). (11)

 Foralli≤j(i,j=1,2,…,m),thedegreesofgrey
relationbetweenXiandXjarecalculated,andthe
matrixofdegreesofgreyrelationcanbeformedas

A=

ρ11 ρ12 … ρ1n
… ρ2n
⋱ ︙

ρmn

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁􀪁

. (12)

 Takingthecriticalvaluer∈[0,1],whenρij≥r
(i≠j),XiandXjcanberegardedasthesame
category[12].

3 Designofcoin-taptest
 Thecompositelaminatewithpre-defectsisusedas
thetestobject.ThetestpieceisshowninFig.4.
The tapping response signal collected in the
experimentisanaccelerationcurvethatchangeswith
time,whichisadescriptionoftheimpactforce
characteristicsduringthetappingprocess.Incoin-
taptest,itistheexistenceofinternaldefectsthat
changestheimpactcharacteristics,whichmakesthe
differencebetweenthesoundofthesoundareaand
the one of the defective area[13]. Therefore,
clusteringanalysisontheaccelerationcurvesofthe
responsesignalsindifferentregionsmakesitpossible
todetectwhethertheregionscorrespondingtoeach
groupofresponsesignalshavedefectsordamages.

Fig.4 Compositelaminatewithpresetdefects

 AsshowninFig.4,ninepointsareselectedand
markedonthesurfaceofthematerial.Amongthem,
thepointslabeled1to5areinthesoundarea,and
thepointslabeled6to9areinthedefectivearea.A

percussion hammer with a built-in piezoelectric
accelerationsensorisusedtostriketheninemarked
points respectively. The acceleration signal is
collectedthroughthedataacquisitioncardUSB-6009
withthesignalsamplingfrequencyof48kHz.Inthe
processofdatacollection,thesamplingfrequency
andsamplingdurationareremainedconstant,and
ninesetsofcurveswithequaltimeinterval,length
anddimensionareobtained,asshowninFig.5.

Fig.5 Datasequencesofcoin-tapresponsesignals

 AsshowninFig.5,nineobservationobjectsare
setintheexperiment,eachofwhichcontains27data
features,corresponding to the voltage values
observedatdifferenttimes.Amongthem,X1isa
knownbehaviordatasequenceofthesoundarea,
whichissetasa standard sequenceforlater
classificationreferenceandthisdatacanbecollected
bytappingacompletetesttemplateinpractical
applications.

4 Dataanalysis
4.1 Clusteringanalysisbasedontraditional

degreeofgreyrelation
 AccordingtoEq.(6),thedegreeofgreyrelation
ofXiandXjiscalculated.Meanwhile,thematrixof
degreeofgreyrelationisobtained,asshownin
Table1.
 Inthetest,whenthestiffnessofacertainareaof
thematerialisreducedbymorethan20%,thispart
isdefinedasthedamagesite.Therefore,without
lossofgenerality,letr=0.8.
 Accordingtotheprincipleofgreyrelational
clustering,thesequencegroupwithdegreeofgrey
relationgreaterthanorequalto0.8isselected.Then
thedataareobtainedas

{X12,X16},

{X26}. (13)
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 Intheabovedata,thesamesetofsequencesare
regarded asthe same category.Therepetitive
sequencegroupissummarizedandmergedtoobtain
thefinalsequencegroupas

{X1,X2,X6}. (14)

 SincesequenceX1iscontainedinthesequence
group,itisconsideredthatX1,X2andX6arethe

responsesequencesofthesoundarea,andX3,X4,
X5,X7,X8andX9aretheresponsesequencesofthe
defectivearea.
 Intheactualsituation,thepointslabeled1to5
locatedinthesoundarea,andthepointslabeled6to
9aresituatedinthedefectivearea.Itcanbeseen
thatthesoundareaandthedefectiveareacannotbe
effectivelydistinguished.

Table1 Matrixofdegreesofgreyrelation

ρij

X1 X2 X3 X4 X5 X6 X7 X8 X9

X1 1 0.971 0.736 0.491 0.466 0.936 0.285 0.396 0.614

X2 1 0.721 0.498 0.459 0.911 0.283 0.391 0.603

X3 1 0.418 0.559 0.776 0.318 0.461 0.787

X4 1 0.314 0.475 0.220 0.281 0.375

X5 1 0.481 0.424 0.725 0.658

X6 1 0.291 0.407 0.641

X7 1 0.505 0.347

X8 1 0.527

X9 1

4.2 Clusteringanalysis
 Theclusteringanalysisisperformed.Accordingto

Eq.(8),thedegreesofgreyrelationofXiandXjare
calculated,andthematrixofdegreesofgreyrelation
isobtained,asshowninTable2.

Table2 Matrixofdegreesofgreyrelation

ρij

X1 X2 X3 X4 X5 X6 X7 X8 X9

X1 1 0.913 0.805 0.883 0.836 0.597 0.573 0.609 0.645

X2 1 0.786 0.851 0.821 0.597 0.567 0.602 0.639

X3 1 0.866 0.886 0.677 0.658 0.703 0.751

X4 1 0.817 0.644 0.615 0.656 0.698

X5 1 0.669 0.645 0.690 0.736

X6 1 0.780 0.859 0.827

X7 1 0.877 0.823

X8 1 0.898

X9 1

 Accordingtotheprincipleofgreyrelational
clustering,thesequencegroupwithdegreeofgrey
relationgreaterthanorequalto0.8isselected,and
thedataareobtainedas

{X12,X13,X14,X15},

{X24,X25},

{X34,X35},

{X45},

{X68,X69},

{X78,X79},

{X89}. (15)
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 Intheabovedata,thesamesetofsequencesare
regarded asthe same category.Therepetitive
sequencegroupissummarizedandmergedtoobtain
thefinalsequencegroupas

{X1,X2,X3,X4,X5},

{X6,X7,X8,X9}. (16)

 Theninegroupsofsequencesarefinallydivided
intotwocategories,whereX1,X2,X3,X4andX5are
classifiedintoonecategory,andX6,X7,X8andX9
areclassifiedintotheothercategory.SinceX1isthe
standardreferencesequenceoftheknownlossless
area,itisconsideredthatX1,X2,X3,X4andX5are
theresponsesequencesofthesoundarea,andX6,
X7,X8andX9aretheresponsesequencesofthe
defectivearea.
 Intheactualsituation,thepointslabeled1to5are
locatedinthesoundarea,thereforethepointslabeled
6to9aresituatedinthedefectivearea,sothe
classificationresultiscompletelyconsistentwiththe
actualsituation,andthedefectdetectionratereaches
100%.
 Bycomparingtheresultsobtainedbythetwo
algorithms,itcanbeseenthat,comparedwiththe
traditionalgreycorrelationclusteringmethod,the
improvedgreycorrelationclusteringmethodgreatly
improvesthedetectionaccuracy,anditis more
suitablefortheclassificationofcoin-tapresponse
signals.

5 Conclusions
 Inthisstudy,acoin-tap methodofcomposite
materialsnon-destructivetestingbasedonimproved
greycorrelationclusteringmethodisproposed.The
improved calculation method ofdegree ofgrey
relationisconstructedtoperformclusteringanalysis
onthecoin-tapresponsesignalandeliminatethe
influenceofsubjectivefactors.Asmallsampleof
dataareusedtocompletethedefectdetectionwork
andsimplifytheoperationsteps.Thetestresults
revealthelackofthereliabilityofclusteringanalysis
basedontraditionaldegreeofgreyrelation.After
improvingthecalculationmethodofdegreeofgrey
relation,thedefectdetectionratereaches100%,
whichcanaccuratelyclassifythecoin-tapresponse
signalsofthesoundareaandthedefectivearea.At
thesametime,althoughthe “tail”ofthepulse
generatedbythevibrationofthematerialhasagreat

impactonthepulsewidthofthecoin-tapresponse
signal,it has a relativelylow impact on the
amplitude.Sincetheimprovedcalculationmethodof
degreeofgreyrelationfocusesontheclosenessof
sequencecurvesinspace,theinterferencecausedby
the“tail”ofthepulseisalmostnegligibleinthegrey
correlationanalysis,whichcanimprovethereliability
ofthecoin-tapmethodofcompositematerial.
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基于改进灰色聚类的复合材料无损敲击检测方法

于晓文1,徐莉萍1,李 健1,王 伟2

(1.河南科技大学 机电工程学院,河南 洛阳471003;

2.洛阳精海仪机电设备有限公司,河南 洛阳471003)

摘 要: 针对传统复合材料敲击检测方法可靠性低、操作复杂的问题,引入了灰色系统理论,基于灰色关

联聚类方法对敲击响应信号进行分类,并对接近关联度的计算方法进行了相应的改进。首先以加速度的时

间历程作为系统行为序列,利用改进的计算方法对各序列间的接近关联度进行求解并构建灰色关联矩阵。
然后通过灰色关联矩阵对序列组进行归纳合并,根据参考序列所在位置对敲击响应信号进行定性分类,最

终在无需预先试验的情况下,完成了复合材料的缺陷检测工作。试验结果表明,基于改进灰色聚类的敲击检

测方法准确率达到100%,在简化操作步骤的同时保证了敲击检测结果的可靠性。
关键词: 无损检测;敲击检测;灰色关联聚类分析;复合材料
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