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1 Introduction

The explosion of an airbagcausedractureof the covers(Fig. 1) at certainpredefined
sites.Thetaskof theengineergonstructinghe airbagsystemss to optimizethe process
of deformationandsubsequenfractureof the airbagcovers. Usually this is doneby FE
calculations.The accurag of the numericalsimulations,however, stronglydependson
theexactknowledgeof theloadingconditionsj.e. thelocaldependencef thepressuren
time, andon the materialbehaior whichis givenby a setof rateandtemperaturelepen-
dentmaterialparametersBoth the time sequencef the pressureaswell asthe material
parametersre difficult to determine. Thereforethe numericalresultsfor the transient
3-D deformationof the airbagcovershave to be comparedwith resultsof experimentsn
which the time dependentdeformationsare measuredAs for a correctevaluationof the
deformationgmary measurememointsareneededn smalltime intervalls, only optical

andfullframe measurememhethodsaresuitable.



2 Experimental procedure

2.1 Measuring methods

Theout-of-planedeformationsareexpectedo belargecomparedo thein-planedeforma-
tion. Besideghis the deformationrateis high andthe surfaceof the testobjectexhibits
poor reflectvity. Thereforesomeof the well establishedB-D measuringmethodslike
electronicspecklepatterninterferometry(ESPI)for instancecannotbe applied.It turned
out thatthe bestway to solve the problemis to measurdhe in-planedeformationsand
out-of-planedeformationsby separatanethodgWolf, 1996]. For the determinatiorof
the in-plane deformationsa white light specklecorrelationmethodseemedo be most
suitable. This methodyields the in-planedisplacementsFor the out-of-planedeforma-
tion fringe projectionis used. With this methodthe contourof the airbagcover canbe
determined Fromthe contourmapof thedeformedcover andfrom anadditionalcontour

mapof areferencestatethe out-of-planedisplacementield canbe calculated.

2.2 Measuring setup

The setupfor the measuremenf all threecomponent®f the displacemenvectorfield
of thedynamicallydeformedair bagcoversconsistof a specklecorrelationsystemwith
awhite light sourceof 250W anda CCD camera/cameral) andof a fringe projection
systemwith afringe projectorandanadditionalCCD camergcamera). Theopticalaxis
of thetwo systemdie in the sameplane(Fig. 2). The camerasare high speedKODAK
CCD cameraswith frame ratesof 4500 per secondandan imagesize of 256x256pix-
els. For synchroneousecordingof the specklepatternthe camerasnustbe synchronized
electronically A spectraleparatiorof thetwo systemss necessaryo supplythe corre-
spondingmeasurementformationto eachsystem.This is performedby applicationof
spectrafilters, respectrely, andby matchingof the spectrakensitvity of the camerago
thefrequeng of thefilters. For the specklesystembluefilters areusedandred onesfor

thefringe projectionsystem.
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Figure 1: Steeringwheel Figure2: Measuringsetup.

with airbagcover.

2.3 Object surface preparation

In orderto receve sufiiciently high fringe modulationthe reflectvity of the originally
black surfaceof the coversis increasedy a thin coatingof white paint. The speckles,
however, areartifically createdby air brushingthe surfaceof the airbagwith red paint.
Becausehereflectvity of theredlight from thefringe projectoris the samefor the white
backgroundf the specklepatternandfor the red speckleghe specklexannotbe “seen”
by thefringe camera.On the otherhandthe specklesappeatblackin the specklecamera

becausehey do notreflectthebluelight.

2.4 Speckle correlation

The determinationof an in-planedisplacementector field by specklecorrelationis a
problemof patternrecognition. Theimageof the surfaceis dividedinto correlationsub-
setsof e.g. 32x32 pixels. The patternof one subsetin the undeformedstateis then
searchedn the surfaceof the deformedstateby directdigital crosscorrelation. In con-
trastto methodswhich arebasedn variationalprinciples[Suttonetal, 1986]this method
needso interpolationof the discretepixel data. Mathematicalbperationsarerestricted
to multiplication of the discreteFourier transformsof the subsetf the deformedand
undeformedstatesandto a backtransformatiorof their product. The maximumof the

correlationfunction of a subseis identifiedasthe correlationpeak. It providesthe posi-



tion of the patternin the deformedstate.
If the grey level of the referencesubsetat pixel positionm, n is givenby f(m,n) and

thegrey level of thedeformedsubseby g(m, n) thenthe Fouriertransformof f andg are
F(u,v) = F{f(mn)} (1)

G(U,V) = -{]:{g(ma n)} (2)

Thecorrelationfunctionfollows from
Kgt (m,n) = F ~[F (u,v) - G*(u, V)] 3)

with G* beingtheconjugatecomplex of thefunctionG. In patternrecognitionG* is called
amatchedfilter. It is known thatfor patternswhich have nearly uniform distribution of
amplitudesin the frequeng spacethe relevantinformationis containedin the phased
of the Fouriertransformof the pattern. Thereforefilters which primarily aresensitve to
phaseinformationseemto be of greatbenefitfor solving patternrecognitionproblems.
One of thesefilters is the phase-onlyfilter (POF) [Hoernerand Gianino, 1984]. 1t is

definedby
G*(u,V)

Ghor(U,v) = e 19UY) — .
POF( ) ‘G(U,V)‘

(4)

With thisfilter the correlationfunctionfollows from

Kpor(m,n) = 71{ E((:’\X)| : F(u,v)} : (5)

This filter we usedsucessfullyfor the evaluationof specklepatterngGutmann,1994].

Thereforewe alsoappliedit in thisinvestigation.

2.5 Fringe projection

Theintensitydistribution of a sinusoidaimodulatedringe patternrecordedby thefringe
cameras givenby

| (m,n) = b(m,n) +a(m,n) - sing(m, n) (6)

asa function of the pixel position (m, n), containingthe backgroundntensityb andthe

fringe amplitudea. The phasedifferenceAd(m, n) betweenthe phasevalue ¢qp; (M, n)
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Figure3: Block diagrammof the PLL.

of an objectpoint andthe correspondingphasevalue ¢, atthe samepositionm on a

referenceplaneyieldsthe heightor contourh(m, n) of the objectby therelation
h(m,n) = s(m,n) - Ad(m,n) (7)

with s being the scalingfunction which is determinedoy geometriccalibrationof the
fringe projectionsystem.

Fromthe contourmapof the deformedcover andfrom anadditionalcontourmap of
areferencestatethe out-of-planedisplacementield is calculated.

The mostaccuratemethodto determinethe phasedistributionsis basedon temporal
phaseshifting with subsequerphaseunwrapping.n the highly dynamicmeasuringask
underconsiderationhowever only one fringe patternfor eachtime instantis available.
Thereforethe phasecalculationmustbe performedby one-imagdechniquesinsteadof
using Fourier transformmethod[Takeda,1982] which is recommendedh literaturewe
useda new method. It is basedon a phaselocked loop (PLL) [Rodriguezand Servin,
1993]. By this methodthe phaseunwrappingprocesscan be avoided completely The

only conditionis thatthereareno discontinuitiesor stepsin the contourof the object.

2.6 Phaselocked loop and itsdigital ssmulation

Fig. 3 shaws the block diagrammof the phaselocked loop circuit for real time fringe
evaluation.It consistf four mainparts:Multiplier, voltagecontrolledoscillator(VCO),
low passfilter andintegrator The signalU;(t) is generatedy the fringe camerawhen
scanninghefringe patternwith anintensitydistribution given by eqn. (6). After cutting

off thetime independenpartof the signalandnormalisingits amplitudeto 1 U; readsas



follows
Uy (t) = sin(wo-t+ da(t)). (8)
ThesignalU,(t) is choserto beequivalentto theintensitydistribution of thefringe pattern

onthereferenceplane,i.e.

Ua(t) = cos(wo - t+ ¢2(t)) - 9)

U1 andU, aremultiplied in the multiplier andlow passfiltered. For small phasediffer-

encesd\d = ¢1 — d» thisyieldsthesignal

Uat) = 580(0) (10)

For eachrow which hasto be scannedhe processstartsat the referenceplane(locking
period)sothat¢; = ¢» or Ap = 0. Whenthe scanningprocesseachedhe contourof
the object ¢, beginsto differ from ¢, i.e. Ad is no longerzero. During a smalltime
interval &t a changed(A¢) of the phasedifferenceis produced.This causeghe control
procedureof the PLL circuit to startby changinghe frequeng of the PLL circuit to start

by changingthefrequeng of thesignalU, in the VCO accordingto
wyco(t) = wp+ 2K - Uga(t) = wo + K- 3(Ad). (11)

in orderto compensat&(A¢). In thisequatiork is afeedbackparametewhich hasto be
properlyselectedWolf, 1996].

As we areinterestedn A (t) we have to integratethe outputUy(t).

Thecontourof theairbagcoversneednotto bedeterminedn-line. Thereforeit is not
necessaryo usethe analogueversionof the PLL [Lichtenbeger, 1998]. The electronic
circuit canbe simulateddigitally [Rodriguezand Servin,1993]. As wyco(t) is changing
accordingto Ad(t), i.e. wyco(t) = @, it followsfrom eqn.(11)

d(Ad)
= Ua(t). (12)

Neglectingthelow passfilter in the PLL circuit, U4(t) canbereplacedoy Us(t) = U4(t) -
Ua(t). Fromeqgn.(8) and(9) werecevethedifferentialequationl3 aftresettingd, (0) = 0
andreplacingt by x andUx (t) by I (x) accordingo equation(6)

d(A¢)
dx

= 2K -1(X) - coq wox+ Ad). (13)



However, theconstanbackgoundntensityb of | yieldsanoffsetin A¢. Thereforenstead
of 1 (x) thederivative dl (x) /dx is usedin eqn. (13). For numericalevaluationof (13) the
differentialsarereplacedoy finite differencewith a stepwidth Ax = 1. The equationfor

the calculationof the phasedifferenceA¢ atthe pixel positionsm,nthenreads
Ap(m+1,n) =Ad(m,n) +K-[I (m+1,n)—I(m,n)]- cosjcpm+Ad(m,n)]. (14)

Thenumericalintegrationproceduréhasthe sameeffect asthelow pasdfilter in theelec-

tronic circuit (Fig. 3).

3 Resaults

reference state deformed state

t=0,00 ms t=1,33 ms
Figure4: Referencestateanddeformedstate.Shovn on theleft sidearethe speckleand
fringeimagesandontheright sidethein-planevectorsandgrey level codedout-of-plane

deformation.

Fig. 4 shonvs anexamplefor the 3-D deformationof anairbagcover which is gained
by the combinationof digital specklecorrelationand fringe projectionas describedn
the precedingchaptersThein-planecomponenbdf the deformations muchsmallerthan
the out-of-planecomponent.The grey level codedout-of-planecomponenis scaledto
the maximumvalueof 13,2mm reachedust beforethe fracture. Figure5 showvs atime

seriesof thegrey level codedout-of-planedisplacementEachimagein Figure5 is scaled



t=0,00 ms t=0,22 ms t=0,44 ms
t=0,66 ms t=0,88 ms t=1,11 ms

Figure5: Time sequencef the grey level codedout-of-plane-displacemenff anairbag

cover.

to the minimum andmaximumdisplacemenvaluesin theimage. It canbe seenthatthe

deformatiorof theairbagcover startsin thefour cornersandnotin thecenterof thecover.

4 Conclusion

Digital specklecoorelationandfringe projectioncanbe combinedto measuredynamic
3-D deformationan caseswvherethe rangesof in-planeand out-of-planedisplacements
differ remarkably This methodshave beensuccessfullyappliedto studythe highly dy-
namic deformationsof air bag coversdirectly after the ignition of the inflator. It was
necessaryo usea single-imageprocedureto determinethe phasedistributions of the
fringe patterndrom fringe projection. The digital simulationof a PLL circuit provedto
be an alternatve to Fourier transformmethodsbecauseno phaseunwrappinghasto be

performed.
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