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1 Introduction

The explosionof an airbagcausesfractureof the covers(Fig. 1) at certainpredefined

sites.Thetaskof theengineersconstructingtheairbagsystemsis to optimizetheprocess

of deformationandsubsequentfractureof theairbagcovers. Usually this is doneby FE

calculations.The accuracy of the numericalsimulations,however, stronglydependson

theexactknowledgeof theloadingconditions,i.e. thelocaldependenceof thepressureon

time,andon thematerialbehavior which is givenby asetof rateandtemperaturedepen-

dentmaterialparameters.Both thetime sequenceof thepressureaswell asthematerial

parametersare difficult to determine. Thereforethe numericalresultsfor the transient

3-D deformationof theairbagcovershave to becomparedwith resultsof experimentsin

which thetime dependentdeformationsaremeasured.As for a correctevaluationof the

deformationsmany measurementpointsareneededin small time intervalls, only optical

andfullframemeasurementmethodsaresuitable.



2 Experimental procedure

2.1 Measuring methods

Theout-of-planedeformationsareexpectedto belargecomparedto thein-planedeforma-

tion. Besidesthis thedeformationrateis high andthesurfaceof the testobjectexhibits

poor reflectivity. Thereforesomeof the well established3-D measuringmethodslike

electronicspecklepatterninterferometry(ESPI)for instancecannotbeapplied.It turned

out that the bestway to solve the problemis to measurethe in-planedeformationsand

out-of-planedeformationsby separatemethods[Wolf, 1996]. For the determinationof

the in-planedeformationsa white light specklecorrelationmethodseemedto be most

suitable.This methodyields the in-planedisplacements.For theout-of-planedeforma-

tion fringe projectionis used. With this methodthe contourof the airbagcover canbe

determined.Fromthecontourmapof thedeformedcoverandfrom anadditionalcontour

mapof a referencestatetheout-of-planedisplacementfield canbecalculated.

2.2 Measuring setup

Thesetupfor themeasurementof all threecomponentsof thedisplacementvectorfield

of thedynamicallydeformedair bagcoversconsistsof a specklecorrelationsystemwith

a white light sourceof 250W anda CCD camera(camera1) andof a fringe projection

systemwith afringeprojectorandanadditionalCCDcamera(camera2). Theopticalaxis

of the two systemslie in thesameplane(Fig. 2). Thecamerasarehigh speedKODAK

CCD cameraswith frameratesof 4500per secondandan imagesizeof 256x256pix-

els.For synchroneousrecordingof thespecklepatternthecamerasmustbesynchronized

electronically. A spectralseparationof thetwo systemsis necessary, to supplythecorre-

spondingmeasurementinformationto eachsystem.This is performedby applicationof

spectralfilters, respectively, andby matchingof thespectralsensitivity of thecamerasto

thefrequency of thefilters. For thespecklesystembluefilters areusedandredonesfor

thefringeprojectionsystem.
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Figure2: Measuringsetup.

2.3 Object surface preparation

In order to receive sufficiently high fringe modulationthe reflectivity of the originally

black surfaceof the coversis increasedby a thin coatingof white paint. The speckles,

however, areartifically createdby air brushingthe surfaceof the airbagwith red paint.

Becausethereflectivity of theredlight from thefringeprojectoris thesamefor thewhite

backgroundof thespecklepatternandfor theredspecklesthespecklescannotbe“seen”

by thefringe camera.On theotherhandthespecklesappearblackin thespecklecamera

becausethey do not reflectthebluelight.

2.4 Speckle correlation

The determinationof an in-planedisplacementvector field by specklecorrelationis a

problemof patternrecognition.Theimageof thesurfaceis dividedinto correlationsub-

setsof e.g. 32x32 pixels. The patternof one subsetin the undeformedstateis then

searchedin thesurfaceof thedeformedstateby directdigital crosscorrelation. In con-

trastto methodswhicharebasedonvariationalprinciples[Suttonetal, 1986]thismethod

needsno interpolationof thediscretepixel data. Mathematicaloperationsarerestricted

to multiplication of the discreteFourier transformsof the subsetsof the deformedand

undeformedstatesandto a backtransformationof their product. The maximumof the

correlationfunctionof a subsetis identifiedasthecorrelationpeak.It providestheposi-



tion of thepatternin thedeformedstate.

If thegrey level of thereferencesubsetat pixel positionm� n is givenby f
�
m� n� and

thegrey level of thedeformedsubsetby g
�
m� n� thentheFouriertransformof f andg are

F
�
u � v������� f

�
m� n�
	 (1)

G
�
u � v������� g � m� n�
	�� (2)

Thecorrelationfunctionfollows from

Kgf
�
m� n������
 1 � F � u � v��� G� � u � v��� (3)

with G� beingtheconjugatecomplex of thefunctionG. In patternrecognitionG� is called

a matchedfilter. It is known that for patternswhich have nearlyuniform distribution of

amplitudesin the frequency spacethe relevant information is containedin the phaseϕ

of theFourier transformof thepattern.Thereforefilters which primarily aresensitive to

phaseinformationseemto be of greatbenefitfor solving patternrecognitionproblems.

One of thesefilters is the phase-onlyfilter (POF) [Hoernerand Gianino, 1984]. It is

definedby

G�POF
�
u � v��� e
 iϕ � u � v� � G� � u � v��

G
�
u � v� � � (4)

With this filter thecorrelationfunctionfollows from

KPOF
�
m� n������
 1 � G� � u � v��

G
�
u � v� � � F � u � v����� (5)

This filter we usedsucessfullyfor the evaluationof specklepatterns[Gutmann,1994].

Thereforewealsoappliedit in this investigation.

2.5 Fringe projection

Theintensitydistribution of a sinusoidalmodulatedfringe patternrecordedby thefringe

camerais givenby

I
�
m� n��� b

�
m� n��� a

�
m� n��� sinϕ

�
m� n� (6)

asa functionof thepixel position
�
m� n� , containingthebackgroundintensityb andthe

fringe amplitudea. The phasedifference∆ϕ
�
m� n� betweenthe phasevalueϕobj

�
m� n�



U3 U4

U1

VCO
2U

Integrator
∆ϕ

Multiplier Low pass

Figure3: Block diagrammof thePLL.

of an objectpoint andthe correspondingphasevalueϕref at the samepositionm on a

referenceplaneyieldstheheightor contourh
�
m� n� of theobjectby therelation

h
�
m� n��� s

�
m� n��� ∆ϕ

�
m� n� (7)

with s being the scalingfunction which is determinedby geometriccalibrationof the

fringeprojectionsystem.

Fromthecontourmapof thedeformedcover andfrom anadditionalcontourmapof

a referencestatetheout-of-planedisplacementfield is calculated.

Themostaccuratemethodto determinethephasedistributionsis basedon temporal

phaseshifting with subsequentphaseunwrapping.In thehighly dynamicmeasuringtask

underconsideration,however only onefringe patternfor eachtime instantis available.

Thereforethephasecalculationmustbeperformedby one-imagetechniques.Insteadof

usingFourier transformmethod[Takeda,1982] which is recommendedin literaturewe

useda new method. It is basedon a phaselocked loop (PLL) [RodriguezandServin,

1993]. By this methodthe phaseunwrappingprocesscanbe avoidedcompletely. The

only conditionis thattherearenodiscontinuitiesor stepsin thecontourof theobject.

2.6 Phase locked loop and its digital simulation

Fig. 3 shows the block diagrammof the phaselocked loop circuit for real time fringe

evaluation.It consistsof four mainparts:Multiplier, voltagecontrolledoscillator(VCO),

low passfilter andintegrator. The signalU1
�
t � is generatedby the fringe camerawhen

scanningthefringe patternwith anintensitydistribution givenby eqn.(6). After cutting

off thetime independentpartof thesignalandnormalisingits amplitudeto 1 U1 readsas



follows

U1
�
t � � sin

�
ω0 � t � ϕ1

�
t �!�"� (8)

ThesignalU2
�
t � is chosento beequivalentto theintensitydistributionof thefringepattern

on thereferenceplane,i.e.

U2
�
t ��� cos

�
ω0 � t � ϕ2

�
t �!�#� (9)

U1 andU2 aremultiplied in themultiplier andlow passfiltered. For small phasediffer-

ences∆ϕ � ϕ1 $ ϕ2 this yieldsthesignal

U4
�
t ��� 1

2
∆ϕ

�
t �%� (10)

For eachrow which hasto bescannedtheprocessstartsat the referenceplane(locking

period)so that ϕ1 & ϕ2 or ∆ϕ � 0. Whenthe scanningprocessreachesthe contourof

the objectϕ1 begins to differ from ϕ2, i.e. ∆ϕ is no longerzero. During a small time

interval δt a changeδ
�
∆ϕ � of the phasedifferenceis produced.This causesthe control

procedureof thePLL circuit to startby changingthefrequency of thePLL circuit to start

by changingthefrequency of thesignalU2 in theVCO accordingto

ωVCO
�
t ��� ω0 � 2κ � U4

�
t ��� ω0 � κ � δ � ∆ϕ �%� (11)

in orderto compensateδ
�
∆ϕ � . In thisequationκ is a feedbackparameterwhichhasto be

properlyselected[Wolf, 1996].

As weareinterestedin ∆ϕ
�
t � we have to integratetheoutputU4

�
t � .

Thecontourof theairbagcoversneednot to bedeterminedon-line.Thereforeit is not

necessaryto usetheanalogueversionof thePLL [Lichtenberger, 1998]. Theelectronic

circuit canbesimulateddigitally [RodriguezandServin,1993]. As ωVCO
�
t � is changing

accordingto ∆ϕ
�
t � , i.e. ωVCO

�
t ��� d � ∆ϕ �

dt , it follows from eqn.(11)

d
�
∆ϕ �
dt

� 2κ � U4
�
t �%� (12)

Neglectingthelow passfilter in thePLL circuit,U4
�
t � canbereplacedbyU3

�
t � � U1

�
t ���

U2
�
t � . Fromeqn.(8) and(9) wereceivethedifferentialequation13aftresettingϕ1

�
0�'� 0

andreplacingt by x andU1
�
t � by I

�
x� accordingto equation(6)

d
�
∆ϕ �
dx

� 2κ � I � x��� cos
�
ω0x � ∆ϕ �%� (13)



However, theconstantbackgoundintensityb of I yieldsanoffsetin ∆ϕ. Thereforeinstead

of I
�
x� thederivativedI

�
x�!( dx is usedin eqn.(13). For numericalevaluationof (13) the

differentialsarereplacedby finite differenceswith astepwidth ∆x � 1. Theequationfor

thecalculationof thephasedifference∆ϕ at thepixel positionsm,nthenreads

∆ϕ
�
m � 1 � n��� ∆ϕ

�
m� n��� κ � � I � m � 1 � n� $ I

�
m� n���%� cos�ω0m� ∆ϕ

�
m� n���%� (14)

Thenumericalintegrationprocedurehasthesameeffect asthelow passfilter in theelec-

troniccircuit (Fig. 3).

3 Results

reference state
t=0,00 ms

deformed state
t=1,33 ms

Figure4: Referencestateanddeformedstate.Shown on theleft sidearethespeckleand

fringe imagesandontheright sidethein-planevectorsandgrey level codedout-of-plane

deformation.

Fig. 4 shows anexamplefor the3-D deformationof anairbagcover which is gained

by the combinationof digital specklecorrelationand fringe projectionasdescribedin

theprecedingchapters.Thein-planecomponentof thedeformationis muchsmallerthan

the out-of-planecomponent.The grey level codedout-of-planecomponentis scaledto

themaximumvalueof 13,2mm reachedjust beforethe fracture.Figure5 shows a time

seriesof thegrey level codedout-of-planedisplacement.Eachimagein Figure5 is scaled



t=1,11 mst=0,66 ms t=0,88 ms

t=0,44 mst=0,22 mst=0,00 ms

Figure5: Time sequenceof thegrey level codedout-of-plane-displacementof anairbag

cover.

to theminimumandmaximumdisplacementvaluesin theimage.It canbeseenthat the

deformationof theairbagcoverstartsin thefour cornersandnot in thecenterof thecover.

4 Conclusion

Digital specklecoorelationandfringe projectioncanbe combinedto measuredynamic

3-D deformationsin caseswherethe rangesof in-planeandout-of-planedisplacements

differ remarkably. This methodshave beensuccessfullyappliedto studythehighly dy-

namic deformationsof air bag coversdirectly after the ignition of the inflator. It was

necessaryto usea single-imageprocedureto determinethe phasedistributions of the

fringe patternsfrom fringe projection.Thedigital simulationof a PLL circuit provedto

be an alternative to Fourier transformmethodsbecauseno phaseunwrappinghasto be

performed.
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