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Digital Double-Pulse 

Holographic Interferometry 

for Vibration Analysis 

Different arrangements for double-pulsed holographic and speckle interferometry for 
vibration analysis will be described. Experimental results obtained with films (classical 
holographic interferometry) and CCD cameras (digital holographic inte1ferometry) 
as storage materials are presented. In digital holography, two separate holograms of 
an object under test are recorded within a few microseconds using a CCD camera 
and are stored ill a frame grabber. The phases of the two reconstructed wave fields 
are calculated from the complex amplitudes. The deformation is obtained from the 
phase difference. In the case of electronic speckle pattern interferometry (or image 
plane hologram), the phase can be calculated by using the sinusoid-fitting method. 
In the case of digital holographic intelferometry, the phase is obtained by digital 
reconstruction of the complex amplitudes of the wave fronts. Using three directions 
of illumination and one direction of observation, all the information necessary for the 
reconstruction of the 3-dimensional deformation vector can be recorded at the same 
time. Applications of the method for measuring rotating objects are discllssed where 
a derotator needs to be used. © 1996 John Wiley & Sons, illc. 

INTRODUCTION 

Double-pulse holography is an important tech

nique for vibration analysis of mechanically oscil

lating objects. Time average holographic and 

speckle techniques are appropriate for the analy

sis of harmonic vibrations, otherwise double

pulse techniques are needed. For the measure

ment of vibrations using double-pulse techniques, 

pulse separations in the range between 1 and 1000 

ILS are necessary. For the holographic recording 

a photographic plate or a thermoplastic camera 

is used. The hologram is usually reconstructed 

with a continuous laser and can be viewed with 

a CCD camera. The quantitative analysis can be 

carried out by using two reference beams. The 

process is time consuming, in particular if the 

development of a photographic film is needed. 
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The resolution of CCD cameras as well as com
puter capacity are increasing constantly. Schnars 

(1994) showed that it is now possible to record a 

hologram on a CCD camera and reconstruct it 

digitally. Pedrini et al. (1995) demonstrated the 

application of digital holographic interferometry 

to vibration measurements by using a double

pulse ruby laser. Two separate holograms of an 

object under test, which represent the unde

formed and the deformed state, are recorded 

within a few microseconds using a CCD camera 

and are stored in a frame grabber. Different types 
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of holograms can be recorded: Fresnel holo

grams, quasi-Fourier holograms, and image plane 

holograms. The Fresnel and the quasi-Fourier ho

lograms need the reconstruction of the wave 

fronts by simulation of the Fresnel diffraction. 

The phases of the two reconstructed wave fronts 

are calculated from the complex amplitudes. The 

deformation is obtaned from the phase difference. 

In the case of the image plane hologram (this 

arrangement is known as the electronic speckle 

pattern interferometry or ESPI), the phase can 

be calculated without reconstruction of the wave 

front by using the sinusoid-fitting method (Macy, 

1983; Pedrini et aI., 1993). 

In some cases a 2- or 3-dimensional (3-D) anal

ysis of the deformation is necessary. Additional 

sensitivity vectors can be generated by illuminat

ing the object from different directions (three di

rections of illumination and one direction of ob

servation). The sensitivity vectors are given by 

the half-angle between the illumination and obser

vation directions (Pedrini and Tiziani, 1994). 

DOUBLE-PULSE HOLOGRAPHIC 
INTERFEROMETRY FOR VIBRATION 
ANALYSIS OF ROTATING OBJECTS 

For the vibration analysis of rotating objects, a 

derotator is needed to compensate for the rota

tion. Different techniques are useful for image 

derotation. Most appropriate are an image dero

tating prism or mirror systems, where the optical 

elements rotate at half the speed of the object 

rotation (Tiziani et aI., 1981). 

For the noise analysis of rotating car tires, dou

ble-pulse holography was used to measure the 

amplitudes ofthe mechanical vibration. The mea

suring setup is shown schematically in Fig. 1. A 

ruby laser was used (pulse width 20 ns) for the 

object illumination with double-pulse technique. 

To compensate the rotation (freeze the object) a 

derotator was used together with a grating en

coder on the object for the syncronization. In 

particular the results of the front side of a car tire 

vibration occurring from tire contact with a road 

surface at a speed of 60 km/h was studied, for 

instance. The pulse separation was 40 fLS. The 

fringes representing vibration amplitudes (lines of 

equal deformation) are superposed in the holo

gram reconstruction on the car tire as a fringe 

pattern. To obtain an absolute value of the vibra

tion amplitude and frequency at a point, a hetero

dyne interferometer (vibrometer) was used. It 
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FIGURE 1 Setup for the noise analysis of rotating 

car tires. 

turned out that for the analysis ofthe interference 

fringes the information at a point as obtained by 

the vibrometer was very useful. In the holo

graphic setup in a car tire measuring arrangement, 

the pulse separation was adapted to the appro

priate car speed. Of course, no beam derotation 

is needed for the reference beam (Fig. I). The 

amplitude distribution (lines of equal amplitudes) 

are shown in Fig. 2. 

FIGURE 2 Mechanical deformation of a tire with the 

pulse separation of 40 JLS, showing lines of equal defor

mation. 
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FIGURE 3 Absolute vibration amplitude and fre

quenc y obtained by means of the vibrometer. 

The absolute vibration amplitude as well as the 

frequency obtained by means of the vibrometer 

are shown in Fig . 3 for one point leading to a 

reference for the fringe analysis of the double

pulse holographic technique . The frequency anal

ysis at a speed of 60 km/h is shown by the solid 

line. For comparison the noise spectrum obtained 

with a microphone (dotted line) is shown; good 

agreement could be obtained. 

In the arrangement for double-pulse hologra

phy , different storage materials, such as photo

graphic emulsions, photothermoplastic materials, 

as well as photopolymer or photorefractive crys

tals can be used. As a photorefractive storage 

material for holographic interferometry and 

speckle techniques , Bi l2Si02 (BSO) crystals can 

be used (Tiziani, 1982). 

The use of solid-state detectors is, however, 

very attractive for industrial applications even 

though the spatial resolution is limited. For CCD 

cameras the pixel size needs to be further reduced 

and the number of the pixels increased. However, 

a lot of progress has been made latel y and will 

be made in the future. Some of the applications 

will be described here . 

DOUBLE-PULSE ElECTRONIC SPECKLE 

PATTERN INTERFEROMETRY (DP-ESPI) 

FOR VIBRATION ANALYSIS 

Electronic Recording of Two Speckle 

Patterns of a Vibrating Object 

The system used is shown in Fig. 4. The beam 

coming from the ruby laser is separated into two 

beams, the object beam and the reference beam. 
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The object beam is enlarged by a diverging lens 

and illuminates the object (0). The object is im

aged on the CCD camera by the lens L. With the 

aperture in front of the lens, it is possible to 

choose the mean dimension of the speckle in the 

sensor plane . The CCD camera records the inter

ference between the light coming from the object 

and a reference . When the object vibrates , the 

intelference pattern changes. The first image was 

recorded with the first pulse and the second image 

with the second pulse. The two images are then 

subtracted one from the other and correlation 

fringes corresponding to the object deformation 

appear. For the experiments a ruby laser (wave

length 694 nm) , which can emit two high energy 

pulses separated by a few microseconds , was 

used. The problem is to record two images corre

sponding to the two pu lses by using a CCD cam

era. To pelform this task an interline transfer 

CCD camera was used. This camera consists of 

an array of photosensors each connected to a tap 

on a vertical shift register. When illuminated , the 

photosensors generate charges that , after a period 

of time , are transferred in the shift register that 

is covered to prevent generation of new charges. 

The time necessary to transfer the charges from 

the photosensors to the shift register is short (2 

or 3 f.LS for the camera used in the reported experi

ment) because it involves only a parallel transfer 

from each photosensor to the adjacent one. After 

the charge transfer the photosensors of the cam

era are ready to capture a new image . The first 

pulse was recorded and the charges transferred 

to the shift register ; after this transfer the second 

pulse was recorded . The two images (first image 

in the shift register and second image in the photo

sensors) can be read in two normal readout cy

cles , digitalized , and stored in the frame memory. 

Because the two laser pulses usually do not have 

the same energy , a normalization of the two re-

Ruby Laser 

FIGURE 4 Optical setup. 
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FIGURE 5 Speckle interferogram of a vibrat ing 

plate. 

corded speckle images is necessary. The images 

are then substracted one from the other and the 

absolute value is taken and stored in the frame 

grabber. Figure 5 shows the result for a vibrati ng 

plate after the subtraction between the two 

speckle pattern. The pulse separation was 100 

f-.Ls. It was even possible to record two separated 

images using pulse separation of 5 f-.LS. 

Quantitative Analysis of Fringes 

For a quantitative analysis in the case of a pulsed 

laser , all the information necessary to reduce an 

interferogram to a phase ma p shou ld be reco rded 

simultaneously. For this purpose the spat ia l-car

rier phase-shifting method was used. In the spa

tial-carrier phase-shifting method the reference 

beam is tilted by an angle B with respect to the 

optical ax is . In the image plane (where the CCD 

sensor is located) the speckle image of the object 

to be tested is then modulated with a carrier fre

quency hav ing a period PM = Ilfn = Alsin B. The 

angle is chose n suc h that the phase difference 

between the refe rence and object beam changes 

by a constant 0' = 2176. xfo (e.g. , 1712) from one 

pixel of the CCD camera to the other (where the 

pixel separat ion is 6.x) . To apply this method it 

is necessary that the speck les are st ill correlated 

after the image shift of one pixel ; this in volves 

the pixel size being greater than the period P\1' 

The fir st speckle pattern II(X, y) with the object 

in position 01 and the second Il(x, y) with the 

object in position 0 2 are recorded and stored in 

the frame grabber. Each recorded patte rn can be 

seen as a carrie r wave whose spatial freq uency 

is modu lated by the object information. This can 

be described mathemat icall y by the relation 

Ilx , y ) = Ir (x, y)12 + II/ (X, y)12 

+ Ir(x , y) lll/(x , y) l{cos[<PI (x, y) (la) 

+ 217foX]} 

12(x , y) = Ir(.\, y)12 + II/(x , y)12 + Ir(x , y)1 

II/(x, y) l{cos [<p2(x , y) (1 b) 

+ 217f(Y\']} 

which describes a set of carrier inte rference 

fringes of spatial frequenciesjo that are modulated 

in amplitude by lu(x , y )1 and in phase by <p(x, y). 

Three adjacent pixels can be used to calc ulate 

the phases <P I(X , y) and <P2(X , y ) , according to the 

standard phase shifting algorithm: 

<p(x , y) = arctan 

( 
I(x - 6.x , y) - I (x + 6.x, y ) 0') 

----~-- --~----~ ----~~ ---tan- . 
I (x - 6.x , y) + I (x + 6.x , y ) - 2I (x , y ) 2 

(2) 

Experimental Results 

Figure 6 shows a result obtained using the spatial

carrier phase-shifting method or sin usoid fitting. 

The object was a plate that was exci ted us ing a 

pendulum and the two pul ses were fired about 

1 ms after the impact of the pendulum with the 

plate. The pu lse separation was 100 f-.LS. The two 

images of the vibrating object were recorded with 

a CCD camera , digitalized , and stored in the 

frame memory. The filtered phase map is shown 

in Fig. 6(a). Figure 6(b) shows a pseudo-3-D rep

resentation of the deformation of the central part 

of the plate. 

2- and 3-D Vibration Measurements 

The resu lts presented are only I-D , meaning that 

they give only the deformation of the object along 

one sensitivity vector. In some cases a 2- or 3-D 

analysis of the deformation is necessary . More 

sensitivi ty vectors can be generated by observing 

the object from different directions or by illum i

nating the object from different directions (three 

directions of illu mination and one direct ion of 

observation) . The second possibility was chosen 

because it has the advantage that it does not need 

rectifications due to the distortion by different 

observation directions. Figure 7 shows the ar

rangement used for the measurement of 2-D de

formations. The sensitiv it y vectors are gi ven by 



a 

b 

FIGURE 6 Deformation of a plate between 150 and 

250 fLs after the impact of a pendu lum on the pla te: 

(a) phase map and (b) pseudo-3-D repre se ntation of 

the deformation. 
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FIGURE 7 Optical setup for 2-D speckle inte rfe r

ometry. 
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FIGURE 8 2-D measurement of a cognac glass: 

(a) phase map recorded with camera I leading to the 

deformation along the se nsitivity vector S I ; (b) phase 

map recorded with camera 2 resu lting in the deforma

tion a long the se nsi ti vity vector 52; (c) deformation 

along a line a t the height h of the glass. obtained by 

combination of the deformat ions along the se nsitivity 

vectors 5 1 and 5 2 . 

the half-angle between the illumination and obser

vation directions. Camera I records the interfer

ence between reference I and illumination I. It 

also gives the information of the deformation 

along the sensitivity vector sl , and analogously 

camera 2 measures the deformation along the vec

tor s2. To avoid unwanted interference , the sec

ond reference li llumination beam pai r is delayed 

by 6 m (coherence length of the ruby laser). For 

the 3-D case we use the same principle but with 

three cameras and three illumination directions. 

Figure 8 shows the results of the measurement 

of a vibrating cognac glass using the 2-D ar

rangement. 

ESPI for Vibration Measurements of 

Rotating Objects 

It is difficult to measure the vibration of rotating 

objects because the objects rotate between the 

two exposures too. To eliminate the object rota

tion , an image derotator was used. The image 
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derotator is a device by which the rotational mo

tion of the object is compensated optically. A roof 

edge prism rotating at half the speed of the object 

produces a stationary image. For this purpose 

an angular encoder measures the rotation of the 

object ; a derotator control unit drives a motor 

that rotates the prism. The arrangement used is 

shown schematically in Fig. 9. It should be men

tioned that the axes of rotation of the object and 

derotator need to be collinear and that the obser

vation and illumination direction coincide and are 

parallel to the rotation axis of the object and of 

the derotator. These two conditions are needed 

to obtain correlation fringes of good contrast cor

responding to the out of plane (parallel to the 

rotation axis) deformation . To satisfy these condi

tions , it is necessary to use beam splitter BS 1 and 

BS2 in front of the rotating prism of the derotato r 

to convey the derotated image to the CCD cam

era. The lens L2 images the object onto the CCD 

camera and another beam splitter is used to int ro

duce the reference wave. 

For the experiment a thin plate (thickness 0.5 

mm) with a diameter of 12 cm was used. This 

plate was driven by a small electric motor. For 

alignment of the system we adjusted at first the 

two rotating axes (object and derotator axis) so 

that they were parallel. This can be achieved eas

ily by illuminating the object (it can , for instance, 

be illuminated with white light not collinear to 

Cii 
en 
j 
C 

:0 
:J 
a: 

----"1 

~
angUlar enCOdr 

Object \ I -< 
1\ \ I I t \', 
: ... \ I I 
i \ \ I I 
i \ \ I I 
: .. \ I 
I ' I 
:... L j \ :.J,-
.'., - \- -- Sl..::::-~t' SS1 . \ ~ , 

\ r-I-, 

\ ,,(- -I ~" SSf 

\ L -'-API g I ~ . n~ o t~ L2 . 
'\I"I~ I I 

CCD·array I I I 
L - L~ __ .J 

DEROTATOR 

FIGURE 9 Optical setup for double-pulse speck le 

intelferometry with rotating object. 
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FIGURE 10 Double-pul se speckl e interferometry 

with a plate rotating at 3000 rpm. pul se separation 200 

f.1.s : (a) phase map and (b) pseudo-3-D repre sentation 

of th e deformation . 

the axis of rotation) and by adjusting the derotator 

until a stable image of the object is observed (it 

can be observed , for example, by a CCD camera). 

In order to have the virtual point source of diver

gence on the rotation axis , the rotating obj ec t can 

be illuminated with a He-N e laser that is collinear 

with the ruby laser. At the output of the de rotator 

we observed the illuminated object. The direction 

and the virtual diverging point of the illumination 

beam were adjusted unti l a stable speckle pattern 

was obtained. That means , the derotator compen

sates the in-plane rotation of the object and the 

virtual point of the illuminat ion source lies on the 

rotation axis. 

Figure 10(a) shows a phase map obtained with 

this arrangement and object as pointed out. In 

this case the frequency of rotation was 3000 rpm 

and the pulse separation 200 f.L S. It was observed 

that the contrast of the fr inges after the subtrac

tion was worse than in the case of stationary ob

jects. This is probably due to the fact that our 

illumination beam was not uniform , and thus a 

certain part of the object (because it rotates) was 

illuminated different ly between the two expo

sures. Hence the speckle correlation decreased 

and the fri nge contrast after subtraction was poor. 



For this reason the phase map contains quite a 

lot of noise , but an analysis is still possible as 

shown in Fig. 10 (b) in a pseudo-3-D representa

tion of the deformation . The phase map does not 

contain straight fringes that are generated from 

in-plane rotations ; this means that the system is 

quite well aligned and only the out of plane defor

mations are obtained. 

DIGITAL HOLOGRAPHY USING 
FRESNEl AND IMAGE-PLANE 
HOLOGRAMS 

Digital Fresnel Hologram 

Recording. Figure ll(a) shows an arrangement 

for the recording of an off-axis hologram using a 

plane wave as a reference. Recording a hologram 

using the arrangement of Fig. II (a) is referred to 

as a Fresnel hologram. The interference pattern 

is recorded by a CCD camera. The maximum 

spatial frequency that can be recorded using a 

CCD camera is limited by the resolution, i.e ., 

pixel size. (In our experiments we used a CCD 

camera with a pixel size t:J.x = II /-Lin.) To record 

a hologram of the entire object , the resolution of 

the camera must be sufficient to record the fringes 

formed by the reference wave and the wave from 

the object point farthest from the reference point. 

For the recording of a hologram it is necessary to 

have at least two sampled points for each fringe ; 

therefore , the maximum spatial frequency that 

can be recorded is Imax = 1!(2t:J.x). This means 

that the interference fringes obtained between the 

light coming from the object and the reference 

should have a period greater than 2t:J.x. This can 

be obtained in two ways. The first is by reducing 

the angle 8max between the light coming from the 

object and the reference (this can be achieved by 

increasing the distance d between the object and 

the camera). The object dimension is D ; for d ~ 

D we have 8max = D,Id. The second method is 

by a magnification of the interference pattern us

ing an optical system [see Fig . II(b)]. The magni

fication is M = a' I a. In other words , the lens 

for ms a reduced image of the object in the plane 

(XI' YI) ' If the reference is a point source located 

close to the object (this is not necessary but is 

convenient), the lens will image it as a point 

source in the plane (X I ' YI) close to the image of 

the object. In fact this lens reduces the angle 8 max 

on the CCD chip. In practice us ing the arrange-
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FIGURE 11 Experimental setup for double-pulsed 

rub y laser di gital holographic interferomet ry: (al w ith

out magnification of the inte rfe rence patte rn and (b) 

with magnification of the interference pattern. 

ment of Fig. II (b), the hologram of the demagni

fied image of the object is recorded. 

Digital Reconstruction of Hologram. The recon

struction of the hologram is carried out by simula

tion of the reference wave that illuminates the 

hologram. By Fresnel diffraction the complex am

plitude in a given plane at a distance z from the 

hologram can be calcu lated. This calculation can 

be carried out using a fast Fourier transform 

(FFT) algorithm . 

Experimental Results 

In our experiment the object used was a circular 

metal plate (diameter 20 cm) fixed at its center. 

The plate was excited by a loudspeaker (behind 

the plate) vibrating at a frequency of 1297 Hz. 

The distance between the object and the camera 

was 120 cm; the minimal period of the interfer

ence between the light coming from the object 

and the reference was thus AI8max == 4.2 /-Lm. For 

the record ing we used the arrangement shown in 
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a 

b 

FIGURE 12 Plate v ibrating with a frequenc y of 1297 

H z. pul se separation 150 J.LS: (a) phase map and 

(b) pseudo-3-D re presentation of the deformation. 

Fig. II (b), with a le ns located in front of the cam

era that magnifies the inte rfe rence pattern 6 times. 

Two ho lograms we re recorded with a pul se sepa

rat ion of 150 /1-S. F igure 12(a) shows the filtered 

phase map obtained by subtrac ting the recon

struc ted phases of the two holograms . Fig. 12(b) 

shows a pseudo-3-D rep resentation of the defor

mation. 

COMPARISON BETWEEN DIGITAL 

HOLOG RAPH IC INTERFEROMETRY 

AND ESPI 

Speed Consideration 

The most important difference between the digi tal 

ho lographic inte lfe rometry and the speckle inter

ferometry (or image plane digital holograph ic in

terferometry) is that in the first one we need a 

reconstruction to determine the phase ; in the sec

ond it is poss ib le to obtain the phase without 

any reconstruction. For the reconstruction of the 

hologram we used a n FFT a lgorithm, which is 

time consuming. The number of required opera

tions in this case is given by 2N1og2N, where 

N is the number of digita lized points. For o ur 

experiments we used an array wi th N = 5 12 x 

5 12 = 218 points; th us the nu mber of operations 

were 2 x 21 x 18 = 9.4 x 106 . Our PC (486 DX 

33) can carry ou t thi s calculat ion in about 20 s . 

However. we have to compare two phases; thi s 

time. therefore, has to be doubled. In add ition , 

other operations need to be performed: calcula

tion of the phase by using the arcustangens func

tion, subtrac tion between the two phases, and 

representation of the resu lt on a monitor . The 

time fo r one anal ys is wi th our compu ter takes 

about I min , but it could be speeded up 10 times 

by a faster PC . 

T he method wi thou t the reconst ruct ion is 

faste r because we calcu late the phase from three 

adjacent pixel s; the number of operation inside 

the paren theses is thus only 4N. In our experi

me nt with 5 12 x 5 12 pixel s thi s operation was 

carried out in about I s. 

Spatial Resolution Consideration 

In the image plane ho logram (speckle interferom

et ry) we have a reconst ruction which fi ll s more 

pixels but with reduced resolution. In the Fresnel 

hologram we have less image points but the reso

lution is better . Experimenta ll y it was possible to 

ve rify it by anal yzing frin ges obtained using the 

two method s . 

CONCLUSION 

The digita l double-pulsed ho lographic interferom

etry method s are powerful tools for the ana lysis 

of vibrations. In particular the pulse separation 

in the range of 0.0 I-I ms will a llow the study 

of transient events. The methods a llow a q uick 

analys is of the interferograms without the devel

opment of films and hologram reconstructions. 

At present the quantitative analys is is not as accu

rate as in the case of holographic in terferometry 

using films. In our experiment we reconstructed 

the hologram with 5 12 x 256 points only. If the 

deformation of the object between the two pul ses 

is too large , there will be too many fringes , which 

cannot be analyzed. It was demonstrated that a 

good result can be obtained using a standard CCD 

sensor if the number of fringes does not exceed 

20. The accuracy can be improved by using cam

eras with more pixels and of smaller pixel size 

that wi ll be available in the near future. 

T wo recording methods (Fresnel and image

plane holograms) were presented . The Fresnel 

hologram needed a digi tal reconstruction of the 

wave front using FFT transforms. When the holo-



gram is recorded in the image plane, we have two 

possibilities: digital reconstruction of the wave 

front or direct phase calculation using the spatial

carrier phase-shift (or sinusoid-fitting) method. 

The advantage of the sinusoid fitting is that it is 

much faster because it does not need any FFT 

calculation. The advantage of digital reconstruc

tion with respect to the direct phase calculation, 

is the simulation of the reconstruction of the wave 

fronts (amplitude and phase) in space. We can 

simulate the propagation of the wave front 

through lenses and apertures and reconstruct fo
cused (or defocused) images of the recorded ob

ject. It is thus a more general method than speckle 
interferometry where we can determine the inter

ference phase only in the plane of the camera 

sensor. 

The system can certainly be extended to deter

mine the three components of the deformation by 

illuminating the object from three directions and 

by observing with three cameras. Three-dimen

sional measurements are necessary for the modal 
analysis where the results have to be correlated 

with the numerical calculations. A system mea

suring two components of the deformation was 

tested in our laboratory. 
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