Yimin Gan, Wolfgang Steinchen (deceased)

Speckle methods, which are based on the well-
known speckle effect, play an important role in
experimental mechanics. The formation and some
important properties of speckle pattern are in-
troduced firstly. Dealing with changes in surface
intensity and positions of speckle patterns, speckle
methods can be grouped into speckle interferom-
etry and speckle correlation. The basic concepts
and evaluations of speckle interferometry and
speckle correlation are reviewed. Shearography,
a special class of speckle interferometry suit-
able for measurement in the field (e.g., industrial
applications), is introduced and used as a rep-
resentative method for strain measurement and
nondestructive testing (NDT).

Speckle pattern is an interference phenomenon which
has been investigated since the time of Newton. The
earliest observation of the phenomenon of speckling
appears to have been by Exner [23.1], nearly a cen-
tury ago, in connection with a study of the Fraunhofer
rings formed when a beam of coherent light is diffracted
by a number of particles of the same size distributed
at random [23.2]. A photograph of the Fraunhofer
rings covered with a speckle pattern was first pub-

23.1 Laser Speckle
23.1.1 Laser Speckle Phenomenon

When a temporally and spatially coherent laser beam
is incident on a surface that is optically rough (with
a surface roughness R, that is greater than the laser
wavelength 1), the microscopic small waves of the scat-
tered light obtain a different phase relative to the phase
of the incident wave. The dephased, but still coher-
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lished by von Laue [23.3], who also worked out
the first- and second-order speckle probability density
functions.

A noisy, random granular speckle pattern is also
a carrier of important information. The first metrolog-
ical application using a speckle pattern was published
by Groh [23.4] in 1970. Today, speckle metrology is an
important and rapidly growing area of optical metrology
in experimental mechanics.

ent wavelets interfere constructively (in antiphase) or
destructively (in equiphase) in space and generate a sta-
tistically distributed, granular spatial speckle pattern.
Such granular patterns can also be observed for opti-
cally rough surfaces illuminated by much less coherent
light, e.g., mercury lamp and laser diode.

According to the experimental setup, speckles can
be divided into two categories: objective and subjec-
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Fig. 23.1 Formation of objective speckles in free space

tive speckles. Laser speckles existing in free space are
known as objective or far-field speckles (Fig.23.1).
When an imaging system is used to observe speckle, the
recorded information is known as a subjective speckle
pattern (Fig. 23.2), in which case the properties depend
on the imaging system. Subjective speckles are formed
by the superposition of complex amplitudes of scattered
wavelets in the image plane. Each point of the image
plane registers only light beams which are reflected by
the illuminated part of the object surface. Therefore they
depend on the scattered light collected by the image
aperture, and the speckle size is determined by the spa-
tial frequencies passed through the lens system [23.5].
An observer who looks at the object surface perceives
the subjective speckle effect because the human eye has
a similar aperture and lens optics. Usually the speckle
pattern in speckle metrology is observed and recorded
by an optical system similar to that shown in Fig.23.2
and the subjective or image speckles are simply called
speckles.

23.1.2 Some Properties of Speckles

Statistical Intensity Distribution

Stochastic spatially distributed speckles are best
described quantitatively by probability and statis-
tics [23.6]. A laser emits linearly polarized light, but
the direction of preference becomes lost when the rays
are reflected by an optically rough surface. When the
intensity field incident at the point P(x, y, z) on the ob-
ject surface is perfectly monochromatic and perfectly
polarized, the field is then represented by the following
signal:

Ux,y,z,t) = A(x, y, z) exp[im f1)] , (23.1)

Observation
plane

Illuminating laser wave

Rough object
surface

Fig. 23.2 Formation of subjective speckle patterns

where f is the optical frequency and A(x,y, z) is
the complex phasor amplitude. The directly observable
magnitude is the intensity at P(x, y, z), which is given
by

+Ty2

1
I(x,y,z)=_lim — /IU(x,y,z;t)Izdt

Ty —>o0 Tf
=Ty

=la(x, y, 2)|*, (23.2)

where T’y is the exposure time. The complex phasor am-
plitude at point P(x, y, z) of the surface can be described
mathematically as

N
A(x, y, z):Z|ak|ei¢k , (23.3)
k=1
where ay is the amplitude and @ is the phase of the
k-th scattered elementary wave. In a fully developed
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Fig. 23.3 Probability density function based on numerous
measurements taken from a speckle pattern
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speckle pattern a; and @y are statistically independent
of each other and the phase @y is uniformly distributed
between —m and +7. The complex amplitude of the
speckle pattern obeys circular Gaussian statistics in the
complex plane. The resulting intensity of the speckle
pattern has a negative exponential probability distribu-
tion given by

p(I) = %exp(%) 1>0, (23.4)

where (/) is the mean value [23.6]. The negative ex-
ponential distribution p(I) (Fig.23.3) establishes that
the intensity / of the point P(x, y, z) lies between [
and I 4 d/. The most probable intensity of the speckle
distribution in the image plane is zero. The contrast
y of the speckle pattern is defined as y = o /(I). Be-
cause the standard deviation o and the mean value (/)
are identical, a speckle pattern which shows a good
contrast.

The speckle intensity and speckle phase are the
quantities in speckle interferometry from which dis-
placement, strain, surface roughness etc. are derived by
means of first-order statistics. The second-order statis-
tics of the scattered field contains the description of the
spatial structure of the speckle field.

Speckle Size
The scattered wavefront from the neighboring points
Py and P, of the object surface are phase shifted
as a result of the chain of hills and valleys created
by its roughness, and the conjugated image points
in the observation plane are P} and P). Each image
point yields an intensity field, as shown in Fig.23.4,
for a diffraction restricted by the point-spread func-
tion (PSF). The Fraunhofer diffraction function I =
Ip{2J1[2ra sin(a)/A][2wa sin(a)A]}> yields the inten-
sity of the Airy disk for perpendicular incidence, where
a=dap/2, a is the angle of the diffracted light devi-
ating from the normal direction, and J; is the Bessel
function of first order. The phase shift of the inten-
sity distributions is caused by a difference in the light
waves; when the neighboring point-spread functions are
overlapping, constructive or destructive interference is
formed (i.e., microscopic interference). The overlap-
ping region caused by the diffraction of the aperture
plate is determined by the diameter of the aperture dap,
which is on the order of the size of Airy disk and corre-
sponds to the diameter of the speckle ds (23.5) where f
is the distance from the lens to the image plane [23.7].
The diameter of the first dark ring observed at the

_ 2ma

sin

Fig. 23.4 Intensity distribution varying with the diffraction
order of a plane wave through a circular aperture

diffraction angle @ ~ 1.22) /2r within the boundary of
resolution is given by

A
do~2.aa (23.5)
dap

In most imaging systems, the F-number F = f/da,
and the laser wavelength A are known quantities. The
speckle size increases with increasing F-number and
laser wavelength. This characteristic of the subjective
speckles is useful because the speckle size can be
adjusted by the aperture lens for different measuring
problem requirements [23.7-10].

Speckle size can also be extracted using an autocor-
relation function, as described by Goodman [23.5]. The
results of both methods are identical.

Definiteness of Laser Speckles

The speckles, which are randomly distributed in space,
are irregularly shaped. The speckle pattern, however,
is temporally constant and spatially determined. Each
surface structure generates its own speckle pattern or
wavefront in space. Thus, the speckle pattern provides
a fingerprint of the illuminated area for the microstru-
cture. When the microstructure of the object surface is
changed due to movement or deformation, the observed
speckle pattern changes accordingly. Because of this
property, the speckle pattern can be used as a tool for
metrological applications.
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23.2 Speckle Metrology

A single speckle pattern contains information about the
surface microstructure. However, it is not possible to
deduce the phase information from this individual inter-
ferogram. At least two speckle patterns belonging to the
same surface structure are required to compare separate
states of deformation. A comparison of the two speckle
patterns obtained from the object surface provides two
sets of information: a change in the surface geome-
try and a change in the surface intensity distribution.
A speckle pattern experiences both changes simultane-
ously. However, for many applications these changes
can be studied separately. Measuring techniques deal-
ing with changes in surface intensity are grouped under
speckle interferometry (SI) and those dealing with
geometric changes are grouped under speckle correla-
tion (SC).

23.2.1 Speckle Correlation

When positional shifting between two speckle patterns
in the image plane is studied, the method is known as
speckle photography (SP) or speckle correlation (SC).
These technique were developed around 1968 by Burch
and Tokarski [23.11]. Archbold and Ennos [23.12]
recorded two states (before and after loading) of an ob-
ject surface illuminated with an expanded laser beam
on a single photographic plate. When the specklegram
developed by this process is illuminated by a narrow
laser beam, Young’s fringes result in the far field; their
frequency carries information about the displacement
between the two exposures.

Recently, speckle patterns have been recorded dig-
itally by charge-coupled device (CCD) sensors and
stored in separate frames. Figure 23.5 shows the experi-
mental setup. The displacement field can be determined
numerically using a two-dimensional cross-correlation

To image
processing system

Imaging lens Aperture

Fig.23.5 The experimental setup for digital speckle correlation

algorithm. Digital speckle correlation (DSC), also
known as digital speckle photography (DSP), is much
faster and easier to use than conventional SC because
there is no need for film development or additional pro-
cessing for reconstruction.

Principles of Digital Speckle Correlation (DSC)

In DSC the two speckle patterns I and I’ acquired be-
fore and after deformation are usually divided into a set
of subimages. The cross-correlation algorithm does not
track the position change of each speckle, but rather the
movement of a number of speckles acting together as
a subimage. The correlation function is calculated for
each pair of corresponding subimages and the respec-
tive displacement is derived from the position of the
maximum.

Figure 23.6 schematically illustrates the principle
of calculating the displacement field. A subimage A in
image I is allowed to sweep over the image I’. When
an area is found where the statistical agreement (cross-
correlation) is highest, this area is labeled as subimage
A’ and is considered to correspond to subimage A. The
discrete cross-correlation between A and A’ can be cal-
culated as

N—1M-1
1

Ran(ds,dy) =0 37 D0 AG, )

i=0 j=0
A'Gi+dy, j+dy); (23.6)

the discrete normalized cross-covariance is defined as

Raa —AA
rAA,(dx,dy):—A;‘AOA/ , (23.7)

where d; and d, are displacements in the x- and y-
directions, respectively.

I .
A=WZZA(1,]) and

i=0 j=0

N M

- 1

A= A+, j+dy)
i=0 j=0

are the mean values of subimages A and A’.
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Fig.23.6 Principle of displacement
field measurement [23.13]
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o4 and o4 are the variances of A and A’ and can be
calculated as

1
2 _ 4 2 12
GA_NMZZA(Z,]) A and
i=0 j=
| MM
2 12 _Anr
GA/_—NMX(;.ZOA (i, j)—A
1=0 j=

The movement over the surface from position A to
A’ is found by the position of the correlation peak and
is given by the displacement vector of the midpoint of
subimage A. These calculations are done for all subim-
ages of [ until a displacement field of the whole surface
is obtained, meaning that the movement is determined
in two directions, x and y. The height of the correlation
peak indicates how similar the cross-correlated subim-
ages are and hence yields a value of the accuracy of the
measurement.

Usually, the complete cross-correlation function is
required and the direct calculation by (23.7) is rather
time consuming. It is much more efficient to perform
the cross-correlation in the Fourier domain by using
a fast Fourier transform (FFT) algorithm. In virtue
of the Wiener—Khintchine theorem [23.13], the cross-
correlation is the Fourier transform of the cross-power
spectrum which can be calculated as

Raar(dy, dy) = FT ' [FT(A)*FT(A))], (23.8)

where FT and FT~! are the discrete Fourier trans-
form and its inverse, respectively. The asterisk denotes
the complex conjugate. The procedure is illustrated
in Fig. 23.7.

The size limitation of the object being studied de-
pends mainly on the magnification of the imaging
system. The accuracy of the correlation technique is
about 1% of the pixel pitch (i. e., it depends on the size
of the studied area, the magnification, and the number
of pixels of the detector). If the object being studied
is small, smaller displacements can be determined than
if the same detector were used to study a larger ob-
ject. A drawback with this method is that the images
are divided into subimages, thereby lowering the spa-
tial resolution. The larger the the size of subimages, the
lower the resolution.

Using the conventional imaging geometry of SC the
three-dimensional deformation can be obtained from
a pair of images by the tilt of an object y against
the starting position, i.e., the gradient of the out-
of-plane deformation determined from corresponding
subimages with a subsequent integration over the whole
image (Fig.23.2). The tilt can be calculated from the
frequency dependence of the two correlating speckle
pattern [23.13].

White-Light Speckle Correlation
The deformation or movement of an object can be
detected by calculating the positional changes of two
speckle patterns according to two object states using
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0.5

Fig.23.7 Flow chart of the cor-
relation algorithm using Fourier
transformation [23.13]
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DSC. Actually, speckle patterns need not be generated
by laser; they can also be formed artificially. In practical
applications the object surface is first painted matt white
and then sprayed with black speckles. When the object
surface is illuminated by white light, the image of the
artificial speckle pattern looks like the image of a laser
speckle pattern. Since the white-light speckle pattern is
random, the cross-correlation algorithms can be used
to determine the positional changes of the white-light
speckle pattern due to object deformation or movement.

Since the artificial speckles are larger than the real
laser speckles, white-light speckle correlation, which is

4 8
I (pixel)

also called digital image correlation (DIC), is not as
sensitive as laser speckle correlation (SC). The lower
sensitivity of DIC can be a positive attribute, since it can
be used in noisy conditions. More about this technique
can be found in the chapter Image Correlation Chap. 20
in this Handbook.

23.2.2 Speckle Interferometry
An alternative speckle measuring technique is speckle

interferometry (SI). Unlike the speckle correlation,
which measures the positional changes of speckles, the
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Fig.23.8 Speckle interferometer for measuring the displacements of the object which occur mainly in the direction

vertical to the surface of the object



Speckle Methods | 23.2 Speckle Metrology

phase changes carried by intensity changes of speckles
are studied in speckle interferometry.

Principles of Speckle Interferometry
A schematic setup of a speckle interferometer is shown
in Fig.23.8. A reference beam and the object beam,
which is scattered from the surface of the object, super-
impose and generate an interfered speckle pattern in the
image plane, which is known as a speckle interfero-
gram. These speckle patterns therefore contain essential
information about the random phase.

A point P(x, y) in the speckle interferogram can be
expressed as a product of complex and conjugate com-
plex terms by using

I = (a0e'® +a,') (a0 e'® +a,e')"
= a(z) + arz + 2aqa; cos(®y — ;)
= ag + a7 +2a0a; cos(¢or) . (23.9)

where ¢o; = ©, — O is the random phase; a, el@ and
a; e are a temporally constant object beam and refer-
ence beam, respectively; and a,, ar, and &,, ©; are the
amplitude and phase of the object beam and reference
beam, respectively.

When the object is deformed, the interferogram
changes due to the changes in the object wave. The in-
tensity I’ at the same point P in the interferogram after
loading can be described as

I = a/?, +a? +2d oa; cos(O), — Oy)
= a/g + arz +2d' oar cos(gor + A)
= a’i +a? +2d oar cos(¢),) , (23.10)

where A = ¢/ . — ¢, is the phase change between the
two states. Since the change of the amplitude in the
object wave can usually be neglected (i.e., ao ~ a)),
the difference between the intensities / and I’ is only
a phase change A.

In classic speckle interferometry, two speckle pat-
terns corresponding to the object before and after
deformation of object are recorded on a single pho-
tographic plate. During reconstruction, the developed
photographic plate is illuminated by the same reference
beam to observe and evaluate the correlation fringes.

In recent speckle interferometry, which is also
called electronic speckle pattern interferometry (ESPI),
two speckle patterns are recorded by a CCD chip [or
a complementary metal-oxide—semiconductor (CMOS)
chip] separately and stored in a computer. The fringes
can be generated numerically by digital subtraction and

can be observed in quasi real time. The intensity at
a point P(x, y) can be interpreted as

Iy=|I-1T|
= 2a0a|cos(¢or) — cos(Por + A)|
. A\ . /A
=4a,a; sm(d)or—i— 5) sm(;)‘ . (23.11)

The above equation represents a high-frequency car-
rier sin(¢ + A/2) modulated by a low-frequency factor
sin(A/2), which depends on small local deformations
of the object due to loading.

If each speckle covers 1 pixel, the pixels will be
black (/s =0) when the intensity of both images
are identical, namely A = k27 (k=0,1,2,3...). The
brightness of the pixel in the resulting image I will in-
crease as the difference between the intensities / and
I’ increases. Pixels with the same brightness generate
macroscopic lines (fringes) in the resulting image /.

Fringe Interpretation
The visible fringes of an interferogram describe the dis-
tribution of relative phase changes. Figure 23.9 shows
the geometric relation between the illumination vector
k1, the observation vector k;, and the deformation vec-
tor of a point P on an object surface d. The relative phase
difference can be shown to be

A=kd—-kid=kd, (23.12)

where ks = ko — k; is called the sensitivity vector.
In x, y, z-coordinates, (23.12) can be expressed as

A =ks(uey 4 ve, 4 we;) = ukse, +vkse, +wkse
(23.13)
where u, v, and w are the components of the deforma-

tion vector and ey, ey, and e, are the unit vectors in
the x-, y-, and z-directions, respectively. The sensitivity

0

Fig.23.9 Geometric relation of the light source L, obser-
vation position O and the object P
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Fig.23.10 Sensitivity vector and point of the object surface

vector kg lies along the bisector of the angle between the
illumination and viewing directions and is theoretically
not the same for each point of the object surface due
to the changing illumination and observation directions
(Fig.23.10). However, it can be assumed that the sensi-
tivity vector kg at each point of the investigated surface
is equal when the dimensions of the object are small
compared with the distances between the laser and the
object or the camera and the object. To determine the
sensitivity vector kg, the center point of the object is
chosen (Fig.23.11). Its magnitude can be expressed as

|ks| = (4 /1) cos(6x;/2) , (23.14)
where A is the wavelength of the laser light and 6,; is the
angle between the illumination and observation vectors
in the x, z-plane.

If the illumination and observation vectors are per-
pendicular to the object surface, namely kse, = 1 and
ksey = kse; = 0, the relative phase difference is there-
fore

4
A= —w (23.15)
A
Direction of Laser

illumination

Object

Camera

Observation
direction

Fig.23.11 Simplified sensitivity vector ks

Laser

Image plane

Laser

Fig. 23.12 Optical arrangement for measuring in-plane dis-
placement

Since only the out-of-plane displacement is measured,
this kind of interferometer is known as an out-of-plane-
sensitive interferometer.

For measuring in-plane displacements, the optical
layout illustrated in Fig.23.12 is often used. Two laser
beams are arranged symmetrically on each side of the
object with identical angles of incidence. The angle be-
tween the illumination vector and the observation vector
is the same for both beams, 9;; =0, = 0. When the ob-
ject is illuminated by two laser beams simultaneously,
the relative phase change or the displacements in the
x-direction can be written as

;e
Ay = T[u(sm 0 +sinb)

4 _ 4 .
+ w(cos 0 —cos 0.)] = —using.
(23.16)
The second in-plane displacement Ay, can be measured
similarly when both laser beams illuminate the object in
the y, z-plane.

23.2.3 Shearography

Speckle pattern shearing interferometry (SPSI), which
is more easily called shearography, was first inves-
tigated for direct measurement of the first derivative
of deformation by Leendertz and Butters [23.14] and
Hung [23.15]. Unlike other methods of speckle inter-
ferometry, e.g., ESPI, the interference in shearography
is generated by two identical, laterally sheared object
beams. This effect can be realized by a shear element
which is located between the object and camera. Since
no additional reference beam is needed, the setup for
shearography is simple. Furthermore, compared with
ESPI, shearography is relatively insensitive to distur-
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Fig. 23.13 The experimental setup of digital shearography using single-beam illumination

bances from the environment and is very suitable for
measurement under industrial conditions.

Principle of Digital Shearography
The experimental setup of digital shearography with
single-beam illumination is shown in Fig.23.13. The
tested object is illuminated by an expanded laser beam.
The light reflected from the object surface is focused on
the image plane of an image CCD camera, where a mod-
ified Michelson interferometer is implemented in front
of its lens instead of the optical shearing element. A pair
of laterally sheared images of the tested object is gener-
ated on the image plane of the CCD camera by turning
mirror 1 of the Michelson interferometer to a very small
angle from the normal position. Two images with a cer-
tain shearing 6 interfere with each other and generate
a shearing speckle pattern interferogram.

The rays from P; =Pj(x,y) on the object are
mapped into two points P| = Py(x, y) and P} =P](x+
8x’,y) in the image plane (Fig.23.14). Similarly,
the point P, = Py(x+6x’, y) on the object surface
is mapped to two points P, =P,(x+8x’,y) and
P} =PJ(x+28x’, y), etc. At the point (x 4+ 8x', y) in the
shearographic interferogram P/, and P} are superposed.
The intensity at this point can be expressed as:

I = (a1 el +ap 6162)(01 el® +ar ei(~)2)*
= a% —I—a% +2ajap cos(®@) — ©))
=a%+a§+2a1azcos(¢12), (23.17)
where ¢1p = © — 0O, is the random phase, and a; el®1
and a;e¢'®? are temporally constant object beams from
Py and P, respectively. When the object is deformed, an
optical path change occurs due to the surface displace-

ment of the object. This optical path change induces
a relative phase change between the two interfering
points. Thus, the intensity distribution of the speckle
pattern is slightly altered and is mathematically repre-
sented by

I = (al el(@1+A41) +a ei(92+A2))
(a1 HOTHAD | gy (@A)
= a% +a§ +2aiaycos(B1 — Or + A1 — A))
=a%+a%+2alaz cos(p12+ A12), (23.18)

where A1y = A; — Aj is the relative phase difference
between the two phase changes at points Py and Ps.

Mirror 1
r%
Beam splitter
50/50
: I
Ox Iy 3
Py
l Mirror 2
Yy v
P," |[P,' Image plane
P, P,
ox' dx'

Fig. 23.14 Schematic of shearing interferometry
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Pixel-by-pixel digital subtraction of the two inten-
sity distributions yields a macroscopic fringe pattern,
(i. e., the shearogram or shearographic correlogram).

Fringe Interpretation in Shearography
As mentioned earlier, in shearography the deformation
derivatives can be measured directly. Using (23.13) the
relative phase difference A can be written as

Ap=A1—4;
=ukse, + v1ksey + wikse;
—uzkse, + voksey, 4+ wokse,
= Sukse, + Svksey, + Swkse;, . (23.19)
When the images are sheared in the x-direction, (23.19)
is represented by

Su dv Sw
AX:(S,X(ngeX"rakgey'i‘Eksez) s (2320)

where dx is the amount of shear in the x-direction on
the object surface.

Similarly, for shearing in the y-direction, the relative
phase change is

Su Sv Sw
Ay =08y| —ks —ks —k; , 23.21
y y(&y s€x 1 Sy sey + Sy sez> ( )

where §y is the amount of shear in the y-direction on the
object surface. For very small shears dx and dy, (23.20)
and (23.21) can be rewritten as

3 9 9
Ay =x( Lhser + Lhoey + Lhee, (23.22)
ox ox 0x

and
3 3 3
Ay =8y( Skyer + —hoey + —kee ) . (23.23)
ady dy ~ Ay

Equations (23.22) and (23.23) are the fundamental
equations for shearography and describe the whole-
field correlation fringes as contours of constant first
derivative of deformation instead of constant contours
of deformation as in ESPI. For this reason, the shearo-
gram depicts the strain concentrations directly and it is
therefore suitable for nondestructive testing (NDT).
Equations (23.22) and (23.23) can be simplified by
adjusting the direction of illumination. When the direc-
tion of illumination is in the x, z-plane, the sensitivity

vector lies in the x, z-plane as well. From Fig. 23.11 and
(23.14) it follows that

kse, = |ks| sin(0y;/2)
= (47 /1) cos(0xz/2) sin(bxz/2)
= (27 /A)sin by ,
ksey, =0,
kse, = |ks| cos(0x;/2)
= (47 /1) co8(0xz/2) cos(bx;/2)
=2 /A)(1+4cosby;) .

and

Given (23.22) and (23.23), it follows that

ou Jdv ow
Ay = 8x<gksex + gksey + aksez>

_ 278X

. ou ow
sinf,; — +(14cosb;,)— |,
ox ox
(23.24)

(23.25)

Similarly, when the direction of illumination is in the
v, z-plane, the resulting equations are

2mwéx [ . p ou e P )Bw
= ——|sin6y; — cosOy)— |,
* T ox T o
(23.26)
2y [ . v ow
Ay = . |:sm6‘y15 +(1 —{—cosHyZ)g] .
(23.27)

In these equations the illumination angles are character-
ized by 0,; or 0),, and the shearing displacements by
Ay or Ay. As shown in (23.24)—(23.27) a shearogram
usually contains the in-plane as well as the out-of-plane
terms of the strain tensor. When the illumination di-
rection is adjusted normal to the object surface, the
angle of illumination 6 becomes zero; thus sinf =0
and cos 8 = 1. The out-of-plane components dw/dx and
odw/dy can be obtained from the following equations:

_ 4méx ow (23.28)
T ’
4y 0
— ﬂ_w (23.29)

y=

Ay
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a)
(o)}
0.0001
0.00005
—-0.00005
—0.0001
d)

0

ow/dx = -50 pm/mm

e)

w=6pum

Fig. 23.15a—~e Comparison shearography and ESPI for measuring the same out-of-plane deformation. (a) A shearogram,
(b) a ESPI interferogram (c) evaluated shearogram and ESPI interferogram in 3-D view, (d) sectional plane dw/dx, (e) w

To demonstrate the differences between the character-
istic fringe pattern of digital shearography and that
of ESPI, a circumferentially fixed circular aluminium
plate, with a diameter of 150mm and a thickness
of 3mm, was evaluated under the same loading
condition by means of both speckle interferometric
methods. Figure 23.15 shows the comparison of the
results.

23.2.4 Quantitative Evaluation (SI)

Relative phase change can be determined numerically
from a single fringe pattern by various methods of
fringe analysis such as fringe tracking and Fourier
transformation. However, these methods can not be
automated due to the unavoidable need for human—
computer interaction. The phase-shifting technique
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introduces the possibility of automatic evaluation. Ac-
tually, relative phase change between two states can
be calculated directly by using A = ¢ —¢’, when the
phase distributions ¢ and ¢’ are calculated by applying
the phase-shifting technique. The phase distribution ¢ is
the first state of loading (no load or preload) of the ob-
ject. The phase distribution ¢’ corresponds to the second
state of loading (or the second state of deformation).
Different methods of phase shifting can be applied
for determining the phase distribution of an object state
numerically and automatically. These methods can gen-
erally be divided into two categories: time-dependent
(temporal) and spatial phase-shifting techniques. The
temporal phase-shifting method is the most powerful
technique for determining the phase distribution. With
this method, N (N > 3) frames of the same deforma-
tion state are stored sequentially to obtain a solvable
system of equations consisting of three unknowns.

With the phase-shifting technique, however, a single
frame is sufficient to determine the phase distribution.
Thus, phase-shifting can be applied for vibration ana-
lysis, especially for measuring transient processes with
a double-pulse laser. It is important to note that the de-
termination of phase distribution by this technique is not
as accurate as with the temporal method.

Temporal Phase Shifting (TPS)

Phase shifting can be executed by a wedge-shaped or
parallel glass plate in front of a camera lens by mov-
ing a mirror a predetermined amount in the reference
beam of an ESPI arrangement (Fig. 23.8) or by moving
mirror 1 by using a piezoelectric transducer (PZT) in
the digital shearographic setup (Fig.23.13). By means
of a diffraction grating or a liquid-crystal cell the phase
shifting technique can also been realized without the
mechanical movement.

a) b)

c) Before loading After loading

| l

d) 4=9-9¢'

Fig.23.16 (a) Four stored intensity
distributions I to I4, and the calcu-
lated phase value ¢ of the undeformed
or preloaded state. (b) Four stored
intensity distributions I{ to I; and
the calculated phase value ¢’ of the
deformed or second loaded state.
(c) The phase distribution ¢ and ¢’
as a result of the measured intensi-
ties. (d) The phase map of the relative
phase change A obtained by digital
subtraction of ¢’ from ¢
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In temporal phase-shifting speckle interferometry,
the measured intensity of a point P(x, y) on the object
surface as recorded on the image plane of an optical
system is given by

Li(x, y, ;) = Io(x, D) {1+ y(x, y) cos[p(x, y)
+eil)l,  i=1,..,N, (23.30

where ¢(x, y) is the random phase of interest and
¢i(x, y) is the additional phase shift in the i-th frame.
There are three unknowns, ¢(x, y), Ip(x, y), and y(x, y),
in (23.30). Therefore, three or more equations are re-
quired to solve for the phase value ¢(x, y) when the
phase shift ¢;(x, y) is known. Most of the algorithms
assume a known phase shift. However, the phase shift
can also be an unknown.

In cases with N > 3, the phase value ¢(x, y) is
overdetermined. However, experimental investigations
have demonstrated that, in these cases, the measurement
process is less sensitive to phase shifting if calibration
errors are present.

Numerous algorithms have been developed over the
last two decades for various applications. In most of the
experiments where phase-shifting speckle interferom-
etry is used, the so-called four-step algorithm [23.16]
is usually applied. For this approach, four intensity
speckle patterns are recorded to determine the exper-
imental value of the phase shift ¢(x, y). Using this
technique, four phase shifts ¢;(x, y) with i =1, ..., 4,
(.e., ¢1(x,y) =0 ¢2(x, y) =90° ¢3(x, y) = 180°,
and ¢4(x, y) = 270°) are introduced so that an equation
system of order four can be solved by

I4(x, y) — D(x, y)
Lx, y) = hix, )
The same procedure is followed when the object is

loaded with the following phase distribution of the al-
ternate state of the object:

Li(x, y)—I5(x, y)
L(x, y) =11 (x, y)
Since the phase distributions ¢(x, y) and ¢'(x, y) are
calculated in modulo 27, the relative phase difference

A = ¢ — ¢ can be determined easily. The procedure is
illustrated in Fig. 23.16.

¢(x, y) = arctan (23.31)

¢'(x, y) = arctan (23.32)

Spatial Phase Shifting (SPS)
An alternative phase-shifting technique is spatial phase
shifting (SPS). Instead of the three or more exposures
that are required in TPS for calculating the phase dis-
tribution of each object state, only a single frame is

required in SPS. In SPS, the phase distribution can
either be encoded by a spatial carrier frequency on
one image plane or be recorded by separate cameras
with an appropriate static phase shift for each im-
age. The first approach is attractive, because it does
not require expensive optics, unlike the second ap-
proach.

When two wavefronts with a small angle interfere
on a CCD chip, a linear phase change is generated from
one pixel to another. Thus, a spatial carrier frequency
can be introduced in SI by tilting the mirror M in the
Michelson interferometer (Fig. 23.8). The tilting angle
should be adjusted so that three to five pixels on the
sensor correspond to a carrier period. The mean speckle
size in the carrier direction, which can be changed by
turning the aperture size in the imaging system, must
be about three to five pixels to assure sufficient spatial
correlation [23.17, 18]. Therefore, one single speckle
should cover at least three to five supporting positions
(pixels) in order to determine the phase relation. Various
types of SPS methods and their theoretical descriptions
are described in [23.19].

Filtering and Unwrapping
The relative phase change determined by using phase-
shifting technique is a noisy, sawtooth phase function
exhibiting phase jumps of 2w (modulo 2m). Such
a phase map is the starting image for all the image
processing procedures to follow. In image processing,
a filter algorithm with modulo 27 is first used since the
phase fringe patterns show a low signal-to-noise ratio.
Median or average filtering algorithms are frequently
used in speckle interferometry.

Next, one-dimensional (1-D) and two-dimensional
(2-D) demodulation of phase fringe patterns is per-
formed (phase unwrapping); this consists of integrating
or adding the phase values along a line or path. Each
time the phase value jumps from zero to 2w, the ac-
tual phase value is increased by 2x. Similarly, 27 is
subtracted from the actual phase value when the phase
value jumps from 27 to zero.

The proper detection of the 277-phase jumps is an
important issue during the demodulation of phase in
an interferogram. For a filtered phase interferogram
a simple demodulation algorithm (scanning the folded
interferogram line by line and adding or subtracting 27
for every phase jump) is sufficient as long as the phase
values are continuously distributed over the entire im-
age. D. W. Robinson gives the following summary of
phase unwrapping-algorithms for path-dependent and
path-independent methods:
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Path-dependent phase demodulation algorithms:

Sequential linear scanning
Multiple scan directions
Spiral scanning

Counting around defects
Pixel ordering/queuing

23.3 Applications

Speckle methods such as ESPI, digital shearography,
and DSC/DIC discussed above, enjoy the advantages
of being full-field noncontact methods. Therefore they
have already been accepted by industry as a tool for
nondestructive testing or evaluation (NDT/NDE), con-
tour measurement, strain measurement, and vibration
analysis, gaining more and more applications. The
following applications have been measured by using
digital shearography. More applications of ESPI and
DSC/DIC are demonstrated in the chapters on Holo-
graphic Interferometry and Digital Image Correlation
Chaps. 24 and 20.

23.3.1 NDT/NDE

The demands for greater quality and product reliability
have created a need for better techniques of nonde-
structive testing (NDT/NDI), in particularly, techniques
for online inspection. Basically, we distinguish between
three deformation processes that occur according to the
nature of the loading: static, nonstationary (e.g., ther-
mal, impact), and dynamic deformation processes.

Static Loading
In the case of static loading, the temporal phase-shifting
method is always used. Four intensities are recorded
during the constant maximum loading stage and four
intensities in the minimum loading state, and the phase
positions ¢ and ¢’ are calculated.

A cylinder of the kind actually used in conveying
engineering for the transportation of paper and similar
materials is described as an example. This roller basi-
cally consists of an outer rubber layer glued to a metal
cylinder. During production, impurities on the metal
surface can lead to partial delamination defects between
the metal and the rubber.

In this application, the cylinder is evacuated in
a vacuum chamber. The environmental pressure be-
tween the metal and the rubber in the area of the
delaminations causes an out-of-plane deformation of

® Unwrapping by regions
e Tile processing

Path-independent phase demodulation algorithms:

® Cellular automata methods
® Band-limit approach (global feedback)

the rubber at those points where there is no bonding be-
tween the metal and the rubber. These deformations are
visible in the phase image (Fig.23.17). In order to de-
tect possible disbonds the cylinder should be scanned
completely. Therefore, the cylinder has been divided
into separate test areas. In every test area a test cy-
cle according to the alternate loading and unloading
is executed. From a segment of the cylinder a phase
image recording ¢; is made under loading pmax, fol-
lowed by a phase image recording ¢| in the unstressed
state pmin-.

Then the cylinder and the camera are moved nearer
to each other without altering the state of stress and
a new testing area is set up. Without changing the load,
a phase image recording ¢ is made of the new test area
and, following reloading, a further phase image record-
ing ¢ is taken. It should be noted that this procedure
saves one load change at every gauging.

Thermal Loading
Another type of deformation that is relatively difficult
to control and which allows the deformation of the test
specimen under investigation is thermal loading. Since
the warming and cooling process is time dependent, the
spatial phase-shifting technique is suitable for this kind
of application.

Buckling in the
rubber layer around
delaminations

Fig. 23.17 Demodulated phase image of a section of a con-
veying cylinder under vacuum
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Fig. 23.18 Cylinder segment without flaws

The task is to detect the delaminations and to make
them visible using digital shearography. In the lab-
oratory experiment the rubber layer is heated using
a hot-air drier. The rubber is deformed relatively homo-
geneously with steady thermal loading and there is no
areal expansion of the rubber where the lamination is
intact.

The stationary radial expansion becomes noticeable
in the phase image through a constant fringe or grey-
ish distribution (Fig. 23.18). Only where the lamination
is missing does the rubber layer show signs of bulging,
due to the areal expansion of the rubber layer in view
of the greater thermal expansion coefficient of rubber
compared with steel to balance the different change of
length with respect to the steel body. The bulging is
interpreted as an area of disbond in the phase image
(Fig.23.19).

Figure 23.18 shows the longitudinal length of
a cylinder without any signs of delamination. Fig-
ure 23.19 shows the longitudinal length of a cylinder
displaying disbonding, visible in the form of buckling
of the rubber layer in the phase map as a result of the
thermal expansion.

Dynamic Loading

Damages and defects can be identified accurately under
dynamic loading. Due to defects the regions of defects
occur different stiffness, damping and therefore the dif-
ferent resonance frequencies as the entire structure. If
the vibration mode can be observed or evaluated in real
time, the defects can also be detected, when the test ob-
ject is excited by a slow sine sweep. In order to map
vibration mode, a recording technique allowing the real-
time observation of the dynamic deformation of a tested
specimen using the loading method is required. The
recording technique that permits real-time observation
synchronized with video is the real-time subtraction
described in [23.20-26].

Bulging resulting from different thermal expansion
coefficients of the rubber layer compared with steel core

Fig.23.20 Honeycomb panel (size: 1000 x 1200x 12 mm?)
size of the grid: 100 x 100 mm?

When the tested object vibrates in a stationary state
at a frequency f that is higher than the video rate, the
(n — 1)-th plotted image is a time-averaged shearogram
recorded during a single video frame. The following
n-th image is then digitally subtracted from the pre-
vious (n — 1)-th image i.e., the continuously renewed
reference image technique. This makes the recording
technique relatively insensitive to outside influences
such as environmental disturbances using the contin-
uous refreshment of the reference image. The result
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is a simple time-averaged digital shearogram showing
a fringe pattern that depends on the vibrating object.
By using real-time subtraction with the continuously
refreshed reference frame, the resonant frequencies of

Fig.23.21 Time-averaged digital shearogram using real-
time subtraction. The test object (Fig.23.20) was excited
by frequency f =514Hz

ou
dy & el
D'
v
dy L
D| |5, ¢
dy
B
(0] Iald
Iﬁx ax X
A B
dx
ou
O dx

Fig.23.22 A small volume dx, dy, dz within a body is
chosen to illustrate the deformation of the body area ABCD
to AB'C'D’

_’F

O

Fig. 23.23 Araldite B tensile bar with a hole in the middle

the vibrating object (Fig.23.20) as well as the natural
frequency of the oscillating defect (Fig.23.21) can be
determined simply and rapidly.

23.3.2 Strain Measurement

Upon the deformation of a stained body, the displace-
ment vector d at a individual point can be split into the
components #, v, and w in the x-, y-, and z-directions,
respectively. Figure 23.22 shows the elastic deforma-
tions of a small solid rectangle. With the assumption of
small angles, the shear strain can be expressed approx-
imately by using the derivatives of the displacement
components. Thus, three normal strains and three shear
strains can be written as

ou v ow

exx:a, 8yy=5, szzza—z, (23.33)
and
. ou  dv _ ov  Jw
VXY—g‘i‘a, Vyz—a—z‘Fa,
ow  du
yzx:a_x+a_z . (23.34)

Since usually only the surface of the tested object can
be measured, no information can be obtained normal
to the surface (or in the z-direction) of the object. The
deformation gradient du/dz, dv/dz, dow/dz cannot be
measured directly. Only in a few cases can the out-
of-plane strain dw/dz be calculated indirectly. For this
reason it is possible to measure only the following six
components directly:

ou Ju
dx dy
v v
H=]| — — . (23.35)
dax dy
w ow
dx Jy

With (23.24)—(23.29) in Sect. 23.2.3, six components of
the matrix H can be generated by varying the illumina-
tion planes and shearing directions. An application of
measuring in-plane strain and out-of-plane components
solely using a tensile bar manufactured from Araldite B
with a hole in the middle is shown in Fig.23.23, and
loaded to 136N in Fig.23.24a-g. Figure 23.24a and
d show the fringe patterns of the in-plane strains &y
and &y, while Fig.23.24b,c show du/dy and ov/ox.
As an additional result, the out-of-plane deformation
gradients ow/dx and dw/dy can be measured directly
(Fig.23.24e,f) and represented by their pseudo-3-D
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a) & = Julox

d) &, = vy

Fig. 23.24a-g Strain phase images for the bar shown in Fig. 23.23: (a) du/dx, (b)du/dy, (c) dv/dx, (d) dv/dy, (e) dw/dx,
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