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基于虚拟仪器的宏微复合光栅尺测量系统

李彦锋,杨志军,孙晗,张炫山,熊少旺,李乾
(广东工业大学 机电工程学院 广东省微纳加工技术与装备重点实验室,广州510006)

摘 要:为适应微电子制造装备中精密位移反馈装置的要求,提出并设计了一种新型宏微复合光栅尺测

量系统.测量系统采用LabVIEW虚拟仪器系统高速采集图像数据,通过图像处理算法对放大后的光栅

栅纹进行边界处理,将其细化为线再转化为像素点,并补偿运动过程中的微量位移来提高精度.实验结

果表明:电机速度为1mm/s,行程为100mm内时,该系统产生的位移误差可控制在1.5μm内,分辨率

可达0.275μm.与传统光栅尺测量中需对莫尔条纹进行电子细分相比,本测量系统可以有效消除光栅尺

破损、污染、倾斜、光源不稳定等干扰给测量带来的影响,同时保持微米级别的测量精度,特别适用于敞

开式光栅尺长行程的测量领域.
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MeasurementSystemofMacro-microCompositeGratingRuler
BasedonVirtualInstrument

LIYan-feng,YANGZhi-jun,SUNHan,ZHANGXuan-shan,XIONGShao-wang,LIQian
(GuangdongProvincialKeyLaboratoryofMicro-NanoManufacturingTechnologyandEquipment,

SchoolofElectromechanicalEngineering,GuangdongUniversityofTechnology,Guangzhou510006,China)

Abstract:Inordertomeettherequirementsofprecisiondisplacementfeedbackdevicesinmicroelectronics
manufacturingequipment,amacro-microcompositegratingrulermeasurementsystemisproposed.
First,theLabVIEWvirtualinstrumentsystemisusedforimagedataacquisitionwithhigh-speed.Then,
theboundaryoftheamplifiedrastergratingpatternisturnedintolineswithimageprocessingmethod,
whicharelaterconvertedintopixelpoints,andthe microdisplacementinthe motionprocessis
compensatedtoimprovetheaccuracy.Theexperimentresultsshowthattheproposedsystemcanbeused
tokeepthedisplacementerrorto1.5μmandtheresolutionto0.275μmwiththemotorspeedof1mm/
sandthedistanceof100mm.Comparedwiththetraditionalgratingrulermeasurementwithmoiréfringe
electronicallysubdivided,theproposedmeasurementsystemcaneffectivelyeliminatetheinterference,
suchasgratingscaledamage,pollution,tiltandlightsourceinstability,onthemeasurementwhile
maintainingthemicron-levelmeasurementaccuracy,whichisespeciallysuitableforthelong-distance
measurementofopen-scalegratingruler.
Keywords:Precisionmeasurement;Macro-microcomposite;Digitalimage;Gratingruler;Moiréfringe;
Virtualinstrument;Displacementmeasurement
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0 Introduction
Precisionmeasurementtoolsareusedextensivelyinnumericalcontrolmachines,mechanicaland

electronicintegrationequipment,industrialrobotsandotherfields[1-3].Withthediscoveryofthemoiré
fringeandthedevelopmentofgratingmeasurementtechnology,thegratingruler,whichusestheoptical
gratingprincipletoperformpreciselineorangulardisplacementmeasurements,hasbeencommonlyused
asadisplacementfeedbackdeviceinprecisionmeasurement[4-6].Forexample,thegratingrulerisusedto
detectthecoordinatesofthetoolandworkpieceintheComputerNumericalControl(CNC)machine,as
wellastoobserveandtrackthecuttererrorinordertocompensatefortoolmotionerror[7-8].In
microelectronicmanufacturingequipment,thegratingrulerisalsousedtodetectfaultsintheprinted
circuitonline.Thetraditionalmeasuringtechniqueofthegratingrulerinvolvesthecollection,subdivision
andcalculationofthemoiréfringebymeansofanelectroniccircuitundertheilluminationofalightsource
soastoobtainthedisplacementandjudgethemotiondirection[9-11].However,themeasurementspeedis
restrictedbythecomplexconditionsofhighresolutionandaccuracy,andthehighresolutionincreasesthe
difficultyofelectroniccircuitsubdivisionwhichrequiresahighlycontrolledworkingenvironmentandis
easilydisturbedbyexternalfactors[12].

Atpresent,withtherapiddevelopmentsincomputersandmathematics,digitalimageprocessing
technologyhasplayedamuchimportantroleforexpandingapplicationsinaerospace,robotics,industrial
controlandotherfields.Also,thistechnologyisusedindynamicmeasurementofgratingruler[13-16].

Virtualinstrumenttechnologyhasthefunctionofsimulatingtherealinstruments,whichutilizes
modularhardwareandflexiblesoftwaretocompletetheapplicationofvarioustesting,measurementand
automation.ThemostrepresentativesystemofvirtualinstrumenttechnologyandproductsisNational
Instruments(NI)[17-18].LabVIEWisadevelopmentenvironmentofagraphicalprogramminglanguage
developedbyNI.Itisanengineeringsoftwarethatisspeciallydesignedfortestingandcontrolling
applications.UserscannotonlyapplypowerfulfunctionstodesignHumanMachineInterface(HMI)that
meettheirrequirements,butalsoquicklyaccessthehardwareandreaddata,selecthighcostperformance
industrialcontrolcomputersandacquisitioncardsandsensorsforonlineprogramming,testmeasurement,
andengineeringcontrol[19-20].

Inthiswork,virtualinstrumentanddigitalimageprocessingtechnologyarecombinedforapplication
intheprecisionmeasurementfieldtomeasurethegratingrulerdisplacement,whichcanbeoperated-
controlledinrealtimeandobserved-debuggedonline.Theproposed methodisstable,accurateand
feasible,andisparticularlysuitablefor measuringthedynamicdisplacementofthegratingruler.
Furthermore,itoffersanew,accuratemeasurementmethod,whichismuchlessaffectedbycomplex
conditions,forresearchersinthemeasurementanddetectionfield.

1 Testsystemset-upandalgorithmimplementation
1.1 Testsystemset-up
  ThissystemusestheLabVIEWsoftwareto
constructanimageacquisitionanddisplacement
detectiondevice withaPXIchassis,animage
grabber,an opticalimaging module,and a
precisionmotionplatform.Thesystemhardware
equipmentincludesaCMOScamera,animage
acquisition-processingmodule,anobjectivelens,a
coaxial microscope tube,a light source,an
incrementalgratingrulerwitha40μmpitch,anda
display.Thegratingrulerisfixedontheprecise
motion platform of the linear motor and
synchronized with the platform .Under the

Fig.1 Schematicdiagramofthegratingruler
measurementsystem

irradiationofaparallellightsource,themagnifyinggratingimageisacquiredbyanobjectivelens.There
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aftertheimageacquisitioncardtransfersthecollectedimageinformationtothesignal-processingmodule
ontheLabVIEWsoftwareplatform,whichisequippedwithaPXIchassis.Theimagesarerecorded,
subdividedandcalculated,inordertopresentthereal-timegratingrulerdisplacementonthedisplay.The
principleoftheopticaltestillustratedinFig.1.
1.2 Implementationofmacro-microcompositemeasurement
1.2.1 Imagepreprocessing

Inthissystem,thefirststepinvolvesprocessingthemonoimagesobtainedbytheacquisitioncard.
ThesystemusestheflexibleonlinedesignofLabVIEWtoobtainthecameraRegionofInterest(ROI),
andthentransformstheelementsofthebinaryimagedigitalmatrixAm×nintoaBooleanmatrixB1×nafter
settingathresholdvalue.
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τ
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(1)

Here,therowsandcolumnsrepresentthenumberofpixelscorrespondingtotheROIlengthandwidth,
respectively.ThemaximumandminimumelementsinthematrixA1aftersummingbycolumnisA1maxand
A1min,andthethresholdτis

τ= A1max+A1min( )/2 (2)
TheelementsinthematrixB1×narerespectively

b1i=
1,b1i>τ
0,b1i≤τ{ (3)

Thecontinuouselement0correspondstothegratingfringe,andthecontinuouselement1correspondsto
thespacingbetweentwogratingfringesinB1×n.Itisassumedthatthefirstandlastcolumnsofthe
continuouselement0inmatrixB1×narepandq,andthecorrespondingpositionsofml(themedianlines)
ofgratingfringesinthematrixB1×nare

ml=
p+q
2

(4)

1.2.2 Macro-microcompositemeasurement
Next,themacro-microcompositemeasurementalgorithmisproposedthatthemacromeasurement

displacementisobtainedbycountingthemedianlineofaspecificmatrixB1×nlocation.Whenthemedian
lineisinthesamecolumnasthecountlocation,bycountingamedianline,thefixedcountpositionisa
columnfixeddeterminedinamatrix.Andthedisplacementofmacromeasurementis

S1=(N-1)×W,N>0 (5)
whereNisthenumberofmedianlines,Wisthepitchofgratingruler.
  Furthermore,themicromeasurementisthe
sumoftwopartsintheindexmatrixintheROI:
oneisthedistancebetweenthefixedcountposition
andthenearestmedianlineofthecountposition,
S21,asshowninFig.2(a),andtheotherisa
medianlineleavingthefixedcountposition,S22,
asshowninFig.2(b).Forexample,intheruler
motiondirectionofasshowninFig.2,therearek1
andk2pixelsofthemedianlineintheindexarea
nearthecountposition.k1andk2aretheminimum
columnvaluescorrespondingtothemedianlinesin Fig.2 Schematicofdisplacementmeasurement

thematrixatthestartandstoptimerespectively,andthemicromeasurementdisplacementis

S2=
(k1-k2)×ρ, N=0

k1×ρ+(W-k2×ρ), N>0{ (6)
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Andthemotiondisplacementis
S=S1+S2 (7)

Themaximumresolutionδis

δ=ρ
2X

(8)

whereρisthecameraimagesensorpixelsize,andXisthemagnificationofobjectivelens.

2 Experimentalstudy
SoftwaredesignofthetestsystemonLabVIEWthatincludesthefrontpanelofHMIandtheback

panel-blockdiagramprogram.Thefrontpanelincludespaneloperationofanaloginstruments,andit
controlsthedevicebythecorrespondingcommandparametersoftheframe,deviceinterfacesandother
settings.Furthermore,theimageanddisplacementdataofgratingrulercanbedisplayedandmonitoredin
realtimeinthefrontpanel.TheprogramflowchartasshowninFig.3(a).Aftertheimagebinarization,a
binaryimageisobtained,accordingtothealgorithmdescribedinSection1,thealgorithmofmacro-micro
compositemeasurementisdesignedastheflowchartinFig.3(b).Andthesystemisprogrammedand
debuggedbytheblockflowdiagramonbackpanelasshowninFig.4.

Fig.3 Flowcharts

Fig.4 Thefrontpanelofvirtualmeasuringplatformforgratingrulerdisplacement
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BytheimagingpreprocessingwhichisproposedinSection1.2.1,themedianlinesofgratingfringes
haveturnedintocorrespondingcolumnsinBooleanmatrix,asshowninFig.5.Withthemovementofthe
gratingruler,thecorrespondingcolumnsintheBooleanmatrixarealsomoving.Finally,themotionofthe
gratingimage(planemotion)istransformedintolinesandthenchangeintopointsmotion.Andthe
measurementaccuracyisimprovedbycompensatingthetracedisplacementbetweenthedistanceofthe
gratingpitch.

Fig.5 Illustrationofanalysisofthemeasurement

ThesystemshowninFig.6issetuptovalidatetheabovenovelmethod.Themotortestedplatform
itselfcontainsa20μmpitchRGS20-PCofRenishawgratingruler.Theresultsofthedisplacementdetected
bytheproposed methodiscomparedtothetraditionalmethodusingcountsof moiréfringesand
subdivision.Intheexperiment,bygivingdifferent motorspeeds,theresultsofthetestsystem
displacementarerecordedrepeatedly.AndthelaserinterferometerRENISHAW XL-80isusedasa
comparisonofthecorrespondingrecorddisplacementwith±1.5μm.

Fig.6 Testsystemfortheproposedmacro-microcompositeofgratingruler

  Thegratingimagesarereceivedbyusingan
imageacquisitiondeviceofNIPXIe-1435anda
CMOSarraywith2048×2048pixelsofBasler
aceacA2040-180km,thesizeoftheCMOSsensor
pixelsis5.5μm×5.5μm,andtheROIofthis
systemis512×256.Accordingtothespectral
response of the camera, a red light with
wavelengthrangeof620~760nmisselected.The
testsystememploysanobjectivelens(10×),and
anadjustablelightintensitylightsourcecontroller
toverifythetestresultsunderdifferentlight
intensity .Alltheexperiments have donein

Fig.7 Measurementerrorsobtainedbydifferentmethod
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dynamiccondition,wherethevibrationisreducedbythemarbleplatform.Themeasurementisoperated
withthespeedincreasedfrom0bythemotor.Agroupofdataistested,theanalysisofthedisplacement
resultsisshowninFig.7.

AstheresultsshowninFig.7,comparedwiththetraditionalmethod,theproposedmacro-micro
compositemeasurementmethodcanobtainrelativelystablemeasurementaccuracy,anditsmeasurement
errorislessthan1.5μm.However,themeasurementaccuracyofthetraditionalmethodisintensely
volatilityanditsmaximumerrorisupto5μm.Withthestatisticalanalysis,thestandarddeviationofthe
novelmethodis0.95μm,whichismuchlessthan2.97μmthatoftraditionalmethod,itprovesthatthe
measurementaccuracyobtainedbytheproposed methodissignificantlyimprovedcomparedtothe
traditionalmethod.

3 Dataanalysisanddiscussion
Traditionalgratingmeasurementtechnologycanbeeasilyinterferedbyexternalfactors.Forexample,

thegratingrulermaybepollutedanddamagedduringmanufacturingandlong-termuse,especiallyinopen
gratings.Also,lightsourceunevenness,gratingrulerinstallationerror,temperaturechanges,vibration,
andotherfactorscausetheelectricalsignalsfluctuationsandintroduceerrorsintothemeasurement
system.Intheexperiment,theerrorsofthissystemoriginatefromthemicrodisplacementmeasurement
andmanufacturingerrorofthegratingruler.

ThecameraacquisitionoftheincompleteandtiltedgratingrulerimagesisillustratedinFigs.8(a)and
(b),theangleofthegratingfringeis1°.Fig.8showsthatthedamageorcontaminateexistsinthe
boundaryorpartofthegratingimage.Accordingtotheproposedmethod,theedgeisextractedwiththe
digitalimagematrixelementintheROI.AsshowninFigs.8(c)and(d),thismethodcaneffectivelyfilter
outtheinterferenceinformationsuchascontaminationanddamageofgratingruler,whilethetiny
inclinationofthegratingrulerdoesnotaffecttheextractionofthegratingboundary.Thenthemedianlines
ofthegratingsareobtainedbythecontinuouselement0inBooleanmatrixwhichcorrespondedtothe
columninthematrixshowninFigs.8(e)and(f).Thereafter,byrepetitiousexperiments,theobtained
medianlines distance under differentlightintensitiesarecompared with the number ofpixels
correspondingtoatheoreticalpitchinTable1.Thenumberofpixelscorrespondingtothegratingwitha
40μmpitchis72.7.

Fig.8 Analysisoftheimages

6-2002101



LIYan-feng,etal:MeasurementSystemofMacro-microCompositeGratingRulerBasedonVirtualInstrument

Table1 Measurementerrorofmedianlineswithdifferentlightintensity
Lightintensity/lx Averagevalue Theoreticalvalue Maximumerror

400 72.64 72.7 0.8
2000 72.65 72.7 0.7
3000 72.73 72.7 0.8

Withthenovelmethodofmacro-microcompositemeasurement,therearenoerrorsofcounting
medianlinesin macro measurement,butthemicro measurementerrorwhichleadstoerrorsinthe
reconstructedmidline,consequentlyresultingindisplacementerror,arisesfromthegratingboundary
detection.Moreover,micro measurement,whichdoesnotcauseacumulativeerror,iscompensated
betweentwocontinuousmedianlines.Table1obviouslyshowsthatthespacingbetweenthegratingfringe
medianlinesmaximumerrorisnomorethan1pixel,andthestandarddeviationislessthan0.5indifferent
conditions.Inthispaper,thegratingfringesareamplifiedandthenrefinedintolines,sothemovementof
gratingrulerturnsintoapointmovement.Furthermore,themethodofsettingdifferentthresholdsby
addingpixelmatrixbycolumnsplaysanimportantroleinfilteringanddenoising,andincreasesthe
robustnessofourmeasurementsystem,particularlyinthecaseofstronginterference.

4 Conclusion
Theproposed measurementsystem ofamacro-microcompositegratingrulerbasedonavirtual

instrumentincludesanacquisitionsystemdesignedbyapplyingtheLabVIEWvirtualinstrumentsystem
forhigh-speedacquisitionimagedataandanovelalgorithmusingtheimageprocessingmethodtoperform
theboundaryprocessingoftheamplifiedrastergratingpatternintolines.Thestudyprovidesaccurate
experimentalresults,whichareobtainedfrom thelaserinterferometer,thenovelsystem andthe
traditionalsystem,tocomparedifferentmeasurementsystems.Theresultshowsthatthemeasurement
erroroftheproposedmacro-microcompositemeasurementislessthan1.5μm whilethemeasurement
errorofthetraditionalmethodisupto5μm.Itprovesthatthemeasurementaccuracyobtainedbythe
proposedmethodissignificantlyimprovedcomparedtothetraditionalmethod.Moreover,theproposed
measurementsystemcaneffectivelysolvethegratingscaledamage,pollution,tilt,lightsourceinstability
andotherinterferencetothemeasurement.

Overall,thepresentednovelsystemcanmakefulluseofadvancedcomputerhardware,software,and
digitalimagetechnology,inordertoobtainhigherdevelopmentefficiencyandmorecompletesystem
functions.Theonlinemeasuringsystemofthegratingscaledisplacementcandirectlyprocess,transform,
andcalculateusingthemagnifiedgratingrulerimageonthevirtualinstrument.Futureworkwillinvolve
applyingthismethodtoadedicatedprocessor,constructingasystemandtestingwithalineararray
camera,inordertoreducecomputationtimeandincreasethemeasurementrange.
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