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The development ofa nondestructive, full-field, quantitative optical technique, and 
its feasibility to study dynamic deformations of opaque and diffusively reflecting 
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solids under transient loads, are discussed. The technique involves recording a se­
quence ofdynamically changing two-beam speckle interference patterns (also called 
holographic speckle patterns) of a rapidly deforming body which is doubly illu­
minated by a laser light source. The time sequence of speckle patterns is recorded 

S. Nemat-Nasser 
Fellow ASME. 

by means of a high-speed camera on an ultra-sensitive 35-mm film. The developed 
negatives are then digitized by a CCD camera into an image processing system. AnCenter of Excellence for Advanced Materials, 
initial speckle pattern corresponding to the undeformed state of the object is takenDepartment of Applied Mechanics
 

and Engineering Sciences,
 as the reference, and subsequent speckle patterns are digitally subtracted (recon­
structed) from it to produce time-varyingfringepatterns corresponding to the relative University of California, San Diego, 

LaJolla, CA 92093-0411 deformation of the test object. In order to gain confidence that the technique can 
be used to record truly transient deformation, it is tested here on a vibrating plate 
at resonance, thereby obtaining the evolution of the fringe pattern during 1/2 cycle 
of deformation corresponding to 160 JIS. 

1 Introduction 
Optical techniques such as holographic and speckle inter­

ferometry provide means by which one can obtain full-field, 
quantitative measurements of deformations of objects under 
different loading conditions. The nondestructive nature of such 
techniques makes them suitable for use in hostile environments 
where other types of probes may be damaged, or may interfere 
with the implementation of the experiment, rendering them 
ineffective. 

Speckle patterns are random 'intensity distributions, pro­
duced by a coherent light source, such as a laser, as it illu­
minates a diffusely reflecting body (Dainty, 1975). There are 
two types of fundamentally different speckle patterns; holo-. 
graphic speckle patterns which contain both phase and am­
plitude information simultaneously; and photographic speckle 
patterns which contain information pertaining only to the am­
plitude of the lightwave. In the latter case, the speckle patterns 
are obtained when a diffuse surface of an object is illuminated 
by a single coherent beam and the resulting scattered wavefront 
is recorded on a photographic emulsion medium. A double 
exposure of such speckle photographs, one exposure taken 
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before and another taken after deformation of the object, is 
then illuminated by laser beams at discrete points to generate 
the corresponding Young's fringes, used to quantify the dis­
placement components. Considerable effort has been devoted 
to this type of speckle-pattern photography, and detailed stud­
ies can be found in Francon (1979). Holographic speckle pat­
terns, on the other hand, are obtained when the scattered 
wavefront emanating from the diffuse surface of the object is 
recorded simultaneously with a reference wavefront on the 
photographic emulsion medium. The speckle pattern recorded 
in the original experiment of Gabor's in-line holography (Ga­
bor, 1948), leading to the hologram of the object, is an example 
of a holographic speckle pattern. Holographic interferometry 
is, in essence, the interference of two recorded holographic 
speckle patterns. Two such speckle patterns, corresponding to 
the undeformed and deformed state of the object, are recorded 
on the same photographic emulsion medium, hence involving 
double-exposure holography. The addition of these intensity 
variations produces fringe patterns that are directly related to 
the displacement of the object (Solid, 1969). Cartesian com­
ponents of the displacement vector can be separated and in­
dividually recorded by holographic interferometric techniques 
(Sciammarella and Gilbert, 1976). These methods have been 
complemented by powerful image processing techniques and, 
during the past decade, considerable research has been devoted 
toward facilitating computer-based holographic interferome­
tric techniques for quantitative measurements of displacement 
and strain fields of deforming bodies, making them an effective 
tool for experimental stress analysis (Sciammarella and Ah­
madshahi, 1984, 1986, 1988). Further advances in this field 
have led to what is known as electronic speckle-pattern inter­
ferometry, sometimes referred to as electronic holography 
(Stetson and Brohinsky, 1985). 

Speckle-pattern interferometry, be it holographic or pho­
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Fig. 1 Two point sources located on the ~, 'l"plane; the x, j-plane lies 
on the photographic emulsion plate 

tographic, has until now been limited to the study of static 
deformations, or at most, periodic deformations which occur 
when an object is under steady-state vibration. In the latter 
case, temporal modulation of the amplitude and/or phase of 
the illuminating lightwave (Aleksoff', 1971; and Ahmadshahi, 
1988) has made full-field quantitative measurements of dis­
placement and strain of vibrating bodies possible. Howeve~ 
in view of many technical problems, it has been stated as 
recently as 1989that "dynamic speckle-pattern interferometry 
is not possible" (see Jones and Wykes, 1989). Although there 
are in principle no inherent limitations preventing the use of 
such techniques to record transient deformation, a number of 
technical difficulties must be overcome before dynamic speckle 
interferometry becomes a viable technique. Among these, in­
tensity, resolution, and perhaps most importantly, image reg­
istration, have accounted for the preclusion of speckle 
techniques in the study of transient deformations until now. 

In this paper, we discuss the development of dynamic hol­
o~rap.hic-electronic speckle-pattern interferometry and its ap­
phc~tlOn to analyze the deformations of diffusely reflecting 
bodies under transient loads. The objective of this research is 
to show that holographic speckle interferometry is applicable 
to dynamic problems, and more importantly, to demonstrate 
how this technique can be realized. Other optical methods, 
such as photoelasticity (Dally, Riley, and Durelli, 1959; Dally, 
Durelli and Riley, 1960; Durelli and Riley, 1961) and moire 
(Riley and Durelli, 1962; Huntley and Field, 1989), have been 
employed with considerable success for dynamic stress and 
displacement analysis. However, they have many limitations. 
Michelson interferometry andsome shearing interferometers 
(Krishnaswamy, Tippur, and Rosakis, 1992) require that the 
material be either transparent or, when it is opaque, be highly 
polishable. Photoelastic studies can only be performed on 
transparent, birefringent materials. It is further limited because 
auxiliary information is needed for the separation of the prin­
cipal stresses. Moire methods utilize gratings that need to be 
ruled, etched, or embedded onto the specimen and thus do not 
qualify as nondestructive testing techniques. Even in those 
circumstances where gratings with minimal surface intrusion 
are used, elevated temperature may compromise the integrity 
of the grating. 

The technique described in this paper is complementary to 
the existing optical techniques in that it makes possible full­
field, nondestructive, time-sequence measurements of com­
ponents of the surface displacements of deforming bodies which 
are opaque and whose surfaces may not be polishable or which 
may degrade with temperature. The proposed method of dy­
namic holographic-electronic speckle-pattern interferometry 
can therefore be a valuable tool in the analysis of structural 
and/or material behavior over a relatively wide range of de­
formation rates and temperatures. 

In the following sections, the principles of holographic spec­
kle interferometry and the requirements of speckle correlation 
are first briefly outlined to lay the basis for the subsequent 
description of the proposed technique. 
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Fig. 2 .Photograph of a typical speckle pattern 

2 Holographic Speckle-Pattern Interferometry 
Consider two point sources located on the ~, 71-plane which 

are mutually coherent, linearly polarized, and are emitting light 
wavesof wavelength A; (Fig. 1). Ifthe x, y-plane (photographic 
emulsion plane) is relatively far from the~, 71-p1ane, the optical 
field on this plane is the sum of two plane waves, and the 
intensity recorded by the photographic emulsion is in the form 
of sinusoidal fringes, the orientation and spatial frequency of 
which depend on the location of the points on the L 71-plane, 
the distance L, and the wavelength A (Smith, 1969). The pres­
ence of a third point will result in recording the sum of three 
different sinusoidal fringes with different orientations and spa­
tial frequencies. This is due to interference between point 1 
and point 2, point 1 and point 3, and point 2 and point 3. 
Introducing a fourth point source on' the ~, 71-plane will lead 
to an intensity distribution which is the sum of the intensities 
of six different sinusoidal fringe patterns with distinct spatial 
frequencies and orientations. If, now, the ~, 71-plane is taken 
as a rough (diffuse) surface which is being illuminated by a 
coherent light source, according to Huygen's principle, each 
point on the surface acts as a point source similar to those 
shown in Fig. 1. The collection of the optical field of all such 
points on the photographic emulsion medium gives rise to a 
random intensity distribution known as the speckle pattern; 
(see Fig. 2 and Dainty (1975». For those who are involved 
with the study of deformations of solids, a speckle pattern can 
be thought of as a collection of fictitious marks on the surface 
of the specimen, and holographic interferometry is a process 
of monitoring their displacements. 

In typical off-axis holographic interferometry (Leith and 
Upatnieks, 1962;and Sciammarella, 1982)two speckle patterns 
are recorded on the same photographic emulsion medium. 
Furthermore, these speckle patterns are holographic; that is, 
the optical setup includes a reference beam and/or a double 
illumination of the surface of the object. We will consider the 
latter case in which two mutually coherent collimated beams 
illuminate the surface of the object. The corresponding scat­
tered wavefronts, WI and Wz, are simultaneously recorded on 
the film (Fig. 3). The electric fields of WI and Wz at the film 
plane can be expressed as 

E 1(x,y) =A (x,y)exp[ilh (x,y)], (1) 

Ez(x,y) =B(x,y)exp[i1/rz(x,y)]. (2) 

The recorded intensity then becomes 
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Fig. 3 Double illumination of a diffused surface 

T/2 

I, (x,y) = ~ [E I (x,y) +Ez(x,y)][E\ (x,y) +Ez(x,y)]dt, 
-T/Z 

=T{Az(x,y) +Bz(x,y) 

+2A(x,y)B(x,y)cos[1/t(x,y)]J, (3) 

where 

1/t (x,y) =1/tl (x,y) -1/tz (x,y) , (4) 
an overbar indicates the complex conjugate; T is the time 
interval during which the film is exposed; A (x, y) and B(x, 
y) are amplitudes, and 1/tl (x, y) and 1/tz (x, y) are the phases 
(related to the random height variations of the points on the 
surface) of the two scattered wavefronts; and i = ~ - 1. A 
second speckle pattern is recorded after the body has been 
deformed, and its intensity distribution is recorded as 

Iz(x,y) =T{Az(x,y) +Bz(x,y) +2A (x,y)B(x,y) 

x cos[1/t (x,y) + (K I - Kz)·d(x,Y) J •. (5) 

The sum of the two speckle patterns produces holographic 
interferometric fringes, 

I(x,y) =/1(x,y) +!z(x,y), 

or 

I(x,y) =T(2[Az(x,y) +F(x,y)] +4A (x,y)B(x,y) 

x cos[1/t (x,y) + (112)(KI - Kz)·d(x,Y)] 

X cost(lI2)(K l - Kz)·d(x,Y)]}, (6) 

with KI and Kzrepresenting the two illumination vectors (Solid, 
1969)and d(x, y) is the displacement vector. The corresponding 
scalar quantities K and d (x, y) represent the magnitude of the 
difference between the illumination vectors, and the projection 
of the displacement vector in the corresponding direction, re­
spectively. In Eq. (6), the first term in the right-hand side is 
the background intensity and the second term is composed of 
two sinusoidal parts: one part contains information regarding 
both surface roughness and deformation while the other part 
is related only to deformation of the object. It is this term that 
dramatically displays the fringe pattern seen in double exposure 
holography. Separate in-plane components of the displacement 
vector can be obtained by symmetric illumination of the object 
(Sciammarella and Gilbert, 1976), if the sensitivity vectors lie 
on the x, z and y, z-planes (Fig. 3); and the corresponding 
fringe patterns are then proportional to the x and y-components 
of the displacement vector, respectively. 

3 Speckle Correlation 
Experimentalists who employ the holographic interfer­

ometry technique to study object deformations are well aware 
of the stability requirements of the optical setup, and the re­
cording medium in particular. Any small disturbance to the 
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photographic emulsion medium will result in degradation of 
the contrast of the fringe pattern, to the extent that rigid-body 
motions of the hologram plane of the order of microns, could 
diminish them altogether. This behavior can be explained if 
we consider Eqs. (3) and (6), which are the speckle patterns 
before and after deformation. Suppose that before recording 
the second exposure, there is a rigid-body translation of the 
photographic recording medium by an amount Xo and Yo, in 
the x and y-directions, respectively. Then Eq. (5) would take 
on the following form: 

!z(x,y) = T[Az(x,y) +F(x,y) + 2A (x,y)B(x,y) 

x cos[1/t(x-xo,y-Yo) +Kd(x,y)]}. (7) 

In Eq. (7), we have assumed that A (x, y), B(x, y), and d(x, 
y) are all relatively slowly varying functions. Consequently, 
small shifts of the amount Xo or Yowill not change their form. 
The only term, however, that should be considered is the func­
tion 1/t(x, y), which is randomly varying and proportional to 
the roughness. Thus it changes completely, if small shifts are 
introduced. Finally, if the two speckle patterns of Eqs. (3) and 
(7) are added, the resulting intensity distribution will be 

l(x,y) = T{2[Az(x,y) +F(x,y)] +4A (x,y)B(x,y) 

x cos[(l12)[1/t (x,y) +1/t(x-xo,y-Yo) +Kd(x,y)] 

x cos[(112)[1/t (x,y) -1/t(x-xo,y-Yo) +Kd(x,y)]J . (8) 

In Eq. (8), the difference between 1/t(x,y) and its shifted version 
(the last line of the equation) is another random function which 
will overwhelm the term Kd(x, y), and thus no discernible 
fringes can be seen if such rigid-body translations occur. One 
can see, therefore, that holographic interferometric fringes are 
formed only when the speckle patterns corresponding to the 
undeformed and deformed states of the object are well aligned, 
and fringe contrast strongly depends on how precisely the two 
speckle patterns are correlated. 

4 Recording Dynamic Speckle Patterns 
The principle of the DHESPI (Dynamic Holographic-Elec­

tronic Speckle-Pattern Interferometry) technique is based on 
recording a sequence of holographic speckle patterns on a 
photographic emulsion medium using a high-speed camera, 
and subsequently digitizing the negatives by means of a CCD 
camera and an image processing system. The digitized speckle 
patterns are then registered utilizing image correlation tech­
niques. A reference speckle pattern corresponding to the un­
deformed (or a suitable preceding deformed) state of the object 
is subtracted from the remaining speckle patterns which are 
obtained during subsequent deformation. 

Figure 4 illustrates the dynamic recording of time-varying 
speckle patterns using a high-speed camera (Cordin model 
330A) and an image processing system. The scattered waves 
due to double illumination of the object are recorded by the 
high-speed camera as a sequence of snapshots on T-Max P3200 
Kodak film. The electric field due to the scattered waves at 
the film plane is 

E(x,y,t) =EI (x,y,t) +Ez(x,y,t) =A (x,y,t)exp[i1/tTl (x,y,t)] 

+B(x,y,t)exp[i1/tTZ(X,y,t)], (9) 

1/tTl (x,y,t) = 1/t1 (x,y) + (K1 - Ko)d(x,y,t) , (10) 

1/trz(x,y,t) =1/tz(x,y) + (Kz-Ko)d(x,y,t) , (11) 

where (KI - K o) and (Kz - K o) are sensitivity constants and 
d(x, y) is a component of the displacement vector in the 
direction of the sensitivity vectors. We will postpone to the 
next section the description of the procedure to separate and 
individually obtain the three components of the displacement 
vector. 

The sequence of exposures obtained by the high-speed cam­
era can be analyzed best through the use of a shuttering se­
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quence S; (t; T), where Tis the-period of the shutter sequence 
and the index n signifies the elements of the sequence. The 
intensity distribution of each negative is then 

Idx,y;nT) = r E(x,y,t) xE(x,y,t) xSn(t;T)dt, 
-QO 

n=O, 1,2,3, ... , N, (12) 

where the elements of the sequence {Snl are functions such 
that 

S .T) = \ nth arbitrary function 0:::; t s:T (13) 
n (t , to otherwise. 

The most useful function, achieved through the on-off switch­
ing of the light source, is the Dirac-Delta distribution, i.e., 

Sn(t;T) =fJ(t-nT) n=O, 1,2,3, ... , N, (14) 

so that each of the N + 1 arbitrary functions is an impulse 
and that they differ only by a shift in time. Therefore, the 
sequence of intensity distributions is 

I(x,y;nT) =E(x,y,nT) xE(x,y,nT) 

= [A 2(x,y,nT) +Bz(x,y,nT) +2A (x,y,nT) 

x B(x,y,nT)cos[~(x,y) + (K]-K2 )d (x ,y ,nT ) ] 

n=0,1,2,3, ... ,N (15) 

with ~(x, y) defined by Eq. (4). These intensity distributions 
are digitized and Stored by the image processing system to be 
correlated and reconstructed to produce time-varying fringe 
patterns. 

5 Quantitative Measurement 
The information carried by the speckle pattern of Eq. (15) 

relates to the surface roughness and a component of the dis­
placement vector. The corresponding in-plane components can 
be obtained in the following manner. Consider the case where 
the propagation vectors of the two collimated illumination 
beams lie on the x, z-plane (Fig. 5) and are written as 

21r ( . K]=}; sin 20lex + cos 20]ez) , (16) 

21r .
K2 =}; (- sm 20zex + cos 20zez) , (17) 

where 201 and 20z are the angles between the illumination 
vectors and the z-axis, taking on only positive values. The 
object displacement vector at any point in space and time is 
written as 

d (x,y,t) = u(x,y,t)ex + v(x,y,t)ey + w(x,y,t)e.. (18) 

where u(x, y, t) and vex, y, t) are the in-plane and w(x, y, 
t) the out-of-plane displacement components. Furthermore, 
the displacement vector at t = 0, corresponding to the un­
deformed state of the object, is taken as zero, 

d (x,y,O) = O. (19) 

The digitized speckle patterns obtained from the intensity 
distributions recorded on the film are then correlated and, as 
in the case of ESPI (Electronic Speckle-Pattern Interferome­
try), subtracted in order to generate holographic interfero­
metric fringes. The recorded speckle pattern corresponding to 
time t = 0 is selected as the reference image and subsequent 
images are subtracted from it, which results in a sequence of 
intensity distributions as ' 

q(x,y;nT) =I(x,y;nT) -I(x,y;O), n= 1,2,3, ... , N. (20) 

For example, if we consider the case where the illumination 
vectors lie on the x, z-plane, the speckle-pattern intensity dis­
tribution can be represented as 

I(x,y;nT) = [A 2(x,y) + BZ(x,y)] + 2A (x,y) 

xB(x,y) {cos[~(x,y) +kxu(x,y,nT) 

+kzw(x,y,nT)]J, n=O, 1,2,3, ... , N, (21) 

where 

kx=~ (sin 201+ sin 20z), (22) 

1r 
kz=-:;. (cos201-cos20z). (23) 

In this way Eq. (20) can be expanded to give 

q(x,y;nT) =4A (x,y)B(x,y) x sin[~(x,y) +kxu(x,y,nT) 

+ k, w(x,y,nT)] x sin[kxu(x,y,nT) + k, w(x,y,nT)], 

n = I, 2, 3, ... ,N. (24) 

Symmetric illumination of the specimen (201 = 2(2) results in 

q(x,y;nT) = 4A (x,y)B(x,y) x sin[kxu (x,y,nT)] 

xsin[~(x,y)+kxu(x,y,nT)], n= 1,2,3, ... , N. (25) 

Similar results can be obtained for the other in-plane com­
ponent of the displacement vector, if we symmetrically illu­
minate the specimen such that the propagation vectors lie on 
the y, z-plane, 
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q(x,y;nT) =4A (X,y)B(x,y) X sin [kyv (x,y,nT)] 

xsin[!f(x,y)+kyv(x,y,nT)], n=1,2,3, ... ,N, (26) 

with 

ky=~ (sin 203 + sin 2(3) 

211" . 
;=- sm 203 (27)

'Y 
It should be mentioned that, although some of the above 

equations are limited to small deformations, large deforma­
tions can also be accommodated by an incremental method. 
That is, consecutive pairs of speckle patterns may be sub­
tracted, instead of using the initial speckle pattern as the ref­
erence, to generate the interferometric fringes, and the total 
displacement would be obtained by the addition of all the 
corresponding increments. 
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6 Experiment 
To demonstrate the feasibility of the technique, the proposed 

method was used to get a time sequence of a periodically 
deforming object in order to enable direct comparison with 
conventional stroboscopic speckle methods. This is essential 
to gain confidence in the technique prior to using it to recover 
truly transient deformation. Thus the time evolution of the 
displacement of a vibrating cantilever beam at resonance is 
studied. The aluminum cantilever beam is 15.2 em long, 5 cm 
wide, and 0.4 ern thick (Fig. 7). An argon-ion cw laser is used 
as the light source which delivers 1.2 w/cm" power. Laser 
intensity limitations restrict the field of analysis to a rectangular 
region inscribed in a circular region 2.4 cm in diameter, as 
shown in Fig. 7. The cantilever beam is excited by an electro­
magnetic shaker. At a frequency of 3125 Hz, a plate-mode 
resonance is detected. The optical setup is shown in Fig. 8. 
The laser beam is passed through a Bragg-Cell, which provides 
a flash of light equal to 3.2 ms. This period is long enough to 
expose 80 frames of the high-speed camera which was set to 
operate at 25,000 frames per second. This corresponds to ex­
posure and interframe times of 20 JLs each. The beam is then 
passed through a pinhole and two well-corrected lenses of 175 
mm focal length, to produce a collimated beam 2.4 em in 
diameter. This beam is passed through a 50/50 partial mirror, 
providing two equal intensity collimated beams, one of which 
illuminates the cantilever beam at an angle of 20 deg with the 
normal, and the other at an angle of 55 deg with the normal; 
Fig. 8. The region is imaged onto the film track of the high­
speed camera by its internal lens system and three well-cor­
rected lenses of 381 mm, 381 mm, and 175 mm focal lengths, 
as shown in Fig. 8. The recording medium, T-MAX P3200 
Kodak film, is reported by the manufacturer to have a reso­
lution of approximately 40 lImm. The high-speed Cordin cam­
era used in this experiment is capable of at least the same 
resolving power since its resolution is reported to be 40 lImm 
at a speed of 2,000,000 frame per second. Therefore, it is 
expected that at lower speeds, specifically 25,000 frames per 
second used in this experiment, the resolution of the camera 
is considerably higher than the film, and consequently, it is 
the film that determines the spatial res'olution of the system. 
One of the internal relay lenses of the camera has a focal 
distance of approximately 300 mm, and an effective aperture 
was taken to be the width of the beam-splitting cube of the 
camera which was 8.5 mm. This gives a speckle size of roughly 
20 JL. As mentioned previously, the illuminations were not 
symmetric, so that the fringe patterns are due to a combination 
of in-plane and out-of-plane displacement components. Uti­
lizing Eqs. (22) and (23) we get for the sensitivity constants K; 
and K, the values of 9.67 rad/u and 6.77 rad/u, respectively. 
The modulus of the resulting sensitivity vector is then, K = 
11.8 rad!JL and the corresponding direction of approximately 
8 k = 35 deg. Therefore, the fringes can be thought of as 
representing the component of the displacement vector, mak­
ing an angle of 35 deg to the normal of the cantilever beam, 
and each fringe corresponds to 0.53 JL of this displacement. 

7 Results 
Figure 9 shows the time-frozen fringes of the vibrating beam 

corresponding to the maximum displacement, using ESPI and 
strobing technique. This was intended to verify the dynamic 
analysis of the subregion shown in the same figure. Figure 10 
shows the sinusoidal amplitude of the time-varying displace­
ment which can be written as 

w(x,y,t) =cos(211"Q!)!(x,y) , (28) 

where 0 = 3215 Hz, and lex, y) is the mode shape whose 
interferometric fringe pattern is shown in Fig. 9. 

The experiment is conducted in such a way that while the 
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Fig. 9 Time-frozen fringes corresponding to the maximum displace­
ment using electronic speckle-pallern interferometry and strobing tech­
nique; the evolution of fringe pallern in the rectangular subregion is 
studied by dynamic holographic-electronic speckle-pallern interfer­
ometry 

co.(2,,01); 0 = 3125 HZ 

+1 
40 80 120 160 200 240 80 320 

I I 

-I 
lime (IlS) 

Fig. 10 Flme-varylng amplitude of the mode function; dolled paral­
lelograms are schematic representations of the holographic speckle 
pallerns obtained at discrete times using a high-speed camera 

Fig. 11 Image digitization system 

cantilever beam is vibrating and the rotating mirror of the 
high-speed camera is rotating, a pulse of light of period 3.2 
us is applied by the Bragg-Cell, corresponding to 80 frames, 
eight of which are sufficient to complete one cycleof vibration. 
Taking the first' exposure frame at the maximum or the min­
imum of the amplitude of vibration (of which we have chosen 
the former), the deformation during the subsequent one-half 
cycle of vibration is analyzed. It should be noted that the two 
illumination beams, as described in Section 6, are not sym­
metric, and thus, both components u(x, y, t) and w(x, y, t) 
contribute to the total phase, Eq. (24). This is because sym­
metric illumination annihilates the term w(x, y, t), and the 
displacement component u(x, y, t) alone could not produce 
a sufficient number of fringes in the subregion shown in Fig. 
9. This is expected since the thickness of the cantilever beam 
is small compared to its other dimensions, and, therefore, 
membrane deflections are much higher in magnitude than in­
plane stretches. Hence the fringes obtained and shown in what 
follows are predominantly due to the out-of-plane displace­
ment component. 

Fig. 12 Holographic speckle pallern obtained at t = 0 P.s 

,i
 

Fig. 13 Holographic speckle pattern obtained at t = 40 P.s 

Figure 11 shows the setup used to digitize the negatives. A 
CCD camera and an image processing system are used to dig­
itize the developed negatives, mounted on a light table. Careful 
registration of the negatives is accomplished by (1) marking 
the specimen with three noncollinear dots at arbitrary loca­
tions, for course alignment; (2) mounting the CCD camera on 
a translation stage (Newport model 400)' for fine alignment; 
and, finally, (3) by cross-correlation of the digital images. 

Figures 12 and 13 show two digitized speckle patterns cor­
responding to t = 0 J.ts and t = 40 us, respectively. After 
registration, the two images are- subtracted and the results, 
obtained through the use of image processing techniques, is 
shown in Fig. 14. The intermediate processing stages leading 
to the final result involve: a 2-D low-pass filter, a narrow-band 
band-pass filtering in the vertical direction, followed by anar­
row-band band-pass Hilbert transform combination filtering 
in the vertical direction to normalize the amplitude variation 
of the fringe pattern (Ahmadshahi, 1998). Figure 15 shows the 
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Fig. 14 Enhanced fringe pattern obtained by subtracting the image 
shown in Fig. 13 from that shown in Fig. 12; the fringe pattern corre­
sponds to the difference between the maximum displacement and the 
displacement 40 P.s later in time 

Fig. 15 The result 'of subtraction of two holographic speckle patterns 
obtained at t = 0 P.s and t = 120 P.s 

result of subtraction of the digitized speckle pattern corre­
sponding to t = 120 Jl.s from that obtained at t = 0 us. Figure 
16 shows the result of 2-D low-pass and a I-D narrow-band 
band-pass filtering of the image shown in Fig. 15. Figure 17 
shows the result of I-D narrow-band low-pass filtering applied 
in the horizontal direction to Fig. 16. Finally, this image is 
normalized by generating an in-quadrature image using a com­
bination of a narrow-band band-pass filter and a narrow-band 
band-pass Hilbert transform; Fig. 18. All I-D filters are of 
finite-impulse-response linear-phase type, and their band-pass 
widths are ± 1 harmonic around the central frequency based 
on a 512 pixel resolution. Typical filter length is 101 samples. 
Figure 19 is the composite image of the evolution of the fringe 
pattern during 160 Jl.S. The figure represents the subtracted 
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Fig.16 The result of 2·0 band-pass filter applied to Fig. 15 

Fig. 17 The result of 1·0 low-pass filter applied in the horizontal di­
rection to Fig. 16 

speckle patterns obtained at t = 40 us, t = 80 us, t = 120 Jl.S 
and t = 160 us, from the reference speckle pattern obtained 
at t = 0 Jl.S. 

It is not possible to directly ascertain the accuracy of our 
results, since we have no theoretical solution to this particular 
problem. Furthermore, because of the asymmetric illumination 
of the specimen, the obtained fringe patterns are a combination 
of the in-plane and the out-of-plane components of the dis­
placement vector. Consequently, we have adopted a consist­
ency test and the accuracy of the results will be based upon 
how consistent the fringe patterns are with respect to each 
other. Specifically, we have chosen the fringe pattern corre­
sponding to deformation at t = 120 Jl.S as the base image to 
obtain the mode shape as given in Eq. (28). This is because 
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Fig. 18 Normalized fringes 
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Fig. 20 Actual displacement levels obtained from the fringe patterns 
at t = 120 p,s 

the signal-to-noise ratio of this image was found to be the 
highest compared to the other three fringe patterns. Figure 20 
shows the levels of displacements obtained from the fringe 
patterns shown in Fig. 18. Figures 21-23 show the comparison 
between the "actual" displacements and the "compared" dis­
placements occurring at t = 40 us, t = 80 ps, t = 160 us, and 
the corresponding absolute errors. By "actual" displacement 
we mean those calculated from the fringe patterns correspond­
ing to t = 40 us, t = 80 us, t = 160 us, The "compared" 
displacements are simply those obtained by multiplying the 
displacement levels of the base image at t = 120 us, Fig. 20, 
by the appropriate time-dependent factors (obtained from Eq. 
(28» which are 0.41, 0.59, and 1.18, respectively. 

Fig.19 Evolution of displacement in a rectangular subregion of a can­
tilever beam during 1/2 cycle of vibration obtained at t = 40 p,s, t = 80 
p,s, t = 120 p,s, and t = 160 p,S, from the reference obtained at t = 0 p,S 
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e. 12 
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13.136 
13.133 
8.130 RHS_ERROR = 13.1385 HICRONS 

Fig. 21 Actual displacements obtained from the fringe pattern at t = 
40 p,s compared for consistency with the displacements expected from 
appropriate time-dependent scaling of the base image at t = 120 p,s 
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13 . 10 
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Fig. 22 Actual displacements obtained from the fringe pattern at t = 
80 p,S compared for consistency with the displacements expected from 
appropriate time-dependent scaling of the base image at t = 120 p,s 

It is observed that the main contribution to the absolute 
error arises from the edges and the corners of the images. This 
is most likely due to the well-known edge distortions associated 
with discretized and finite length convolution operations used 
in the image processing. Furthermore, relatively long exposure 
times (20 p.s for each frame) are likely to introduce additional 
errors, since the fringe patterns involve some time-averaging, 
and therefore are not the sinusoidal ones which govern the 
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Fig. 23 Actual displacements obtained from the fringe pattern at t = 
160 p'scompared for consistency with the displacements expected from 
appropriate time·dependent scaling of the base image at t = 120 P.s 

static or stroboscopic interferometric fringes. This error can 
be minimized by reducing the exposure lime of each frame via 
synchronized ultra-short-duration laser pulses of sufficiently 
high power. 

8 Conclusions 
A nondestructive optical technique to quantitatively study 

the full-field transient deformation of diffusely reflecting bod­
ies is reported in this paper. The technique is a two-step process, 
whereby a sequence of holographic speckle patterns generated 
by doubly illuminating the surface of the specimen is first 
recorded by means of a high-speed camera during deformation 
of the object, and the developed negatives containing the record 
of the dynamic speckle patterns are subsequently sequentially 
digitized by a CCD camera and an image processing system. 
A reference speckle pattern corresponding to the undeformed 
state of the object, is used to subtract the remaining speckle 
patterns from it, and the result has been shown to produce 
fringe patterns of the components of the time-varying dis­
placement vector. 

For illustration purposes, the technique is applied to the case 
of a vibrating cantilever beam, and the evolution, a combined 
in-plane and out-of-plane components of the displacement vec­
tor during one-half cycle of the vibration, is determined. It is 
shown, however, that due to nonperfect alignment of the dig­
itized speckle patterns, the interferometric fringes produced 
by subtracting pairs of speckle patterns are of rather low con­
trast. Therefore, it is essential to employ image processing 
techniques to enhance the fringe contrast prior to making quan­
titative measurements. 

The high-speed camera used in our experiment has the ca­
pability of operating at 2,000,000 frames per second. For 80 
frames at this speed, the time resolution is 0.5 p'S, and so events 
that last tens of a microseconds can be analyzed using DHESPI. 

.InllrnAI nf Annlh",t MAl!hAnil!l': 

Lack of laser intensity, however, currently limits our analysis 
to relatively small regions and long exposure times. Use of a 
pulsed laser might alleviate this problem, and then, for in­
stance, detailed scrutiny of the displacement fields ahead of a 
rapidly moving crack can be studied through the use of Dy­
namic Holographic-Electronic Speckle-Pattern Interferometry 
in situations where other techniques may not be suitable. 
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