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Shearography is a noncontact optical technique used to measure surface displacement derivatives. Full
surface strain characterization can be achieved using shearography configurations employing at least
three measurement channels. Each measurement channel is sensitive to a single displacement gradient
component defined by its sensitivity vector. A matrix transformation is then required to convert the mea-
sured components to the orthogonal displacement gradients required for quantitative strain measure-
ment. This transformation, conventionally performed using three measurement channels, amplifies any
errors present in the measurement. This paper investigates the use of additional measurement channels
using the results of a computer model and an experimental shearography system. Results are presented
showing that the addition of a fourth channel can reduce the errors in the computed orthogonal compo-

nents by up to 33% and that, by using 10 channels, reductions of around 45% should be possible.
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1. Introduction

Surface strain measurement is important in the
characterization of the reliability, strength, and life-
time of components in many branches of engineering.
Examples include the characterization of gas turbine
blades, automobile parts, and composite materials.
Surface strain is often measured using electrical
strain gauges, which are adhered to the surface of
the component of interest. A limitation with strain
gauges is that the measurement is only made at the
location at which it is attached to the surface with a
spatial resolution determined by the dimensions of
the gauge. Also, the surface of the component to
which the strain gauge is to be bonded may require
significant preparation before the gauge will adhere
to it sufficiently to ensure high fidelity of strain
transfer from the part to the gauge. Certain optical
measurement techniques, such as speckle metrology,
can provide a solution to these problems due to their
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noncontact nature and their ability to provide a
measurement across an extended field of view.

Speckle shearing interferometry [1-3], commonly
known as shearography, is an interferometric speckle
technique that is sensitive to changes in the displa-
cement gradient of surfaces under an applied load.
The technique is often used in the automotive and
aerospace industries for qualitative nondestructive
analysis, for example, in the detection of disbonds
and defects in composite materials [4].

A. Single-Channel Shearography

The optical arrangement for a single-channel shear-
ography system that is predominantly sensitive to
an out-of-plane displacement gradient is shown in
Fig. 1. The arrangement shown here is based on a
shearing Michelson interferometer. Coherent light
from the laser is expanded to illuminate a region of
interest on the target’s surface. Light scattered from
the target is imaged onto the charge-coupled device
(CCD) camera via an image shearing device, produ-
cing a speckle pattern on the CCD array. The shearing
device is commonly a Michelson interferometer with
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Fig. 1. (Color online) Typical single-channel shearography
arrangement based on a Michelson interferometer.

an off-axis tilt of one of the mirrors relative to the
other, as shown in Fig. 1. The tilt between the mirrors
results in the coherent combination of identical, but
displaced, (sheared) images, producing an interfero-
metric speckle pattern at the CCD array that is
sensitive to relative changes in the phase of light scat-
tered from neighboring points on the illuminated sur-
face. When the object is deformed, a change in the
intensity of the individual speckles is observed. When
making a measurement, interferometric speckle pat-
terns are recorded before and after deformation of the
object. The two images, known as the reference frame
(before deformation) and the signal frame (after defor-
mation) are correlated by digital subtraction of the in-
tensities recorded at each pixel in the CCD array. The
resulting image consists of dark and light bands
where the two speckle patterns are in-phase and
anti-phase, respectively, and is known as a correlation
fringe pattern. The fringes represent a locus of points
with the same magnitude of displacement gradient.
Phase analysis techniques can be used to recover
the phase distribution across the object surface, which
is,in general, a combination of the in-plane and out-of-
plane components of the deformation gradients on the
object surface. This is often achieved using the tech-
nique known as temporal phase stepping [5], which
involves the recording of a series of images with a re-
lative, and usually known, phase shift between them.
The images are then combined using a phase-
stepping algorithm to yield the phase. These phase
values are wrapped between —z and +x. To obtain a
continuous phase measurement, the 2z discontinu-
ities need to be removed using a process known as
phase unwrapping [3,6].

B. Multicomponent Shearography

A single shearography measurement channel is sen-
sitive to the gradient of a component of the surface
displacement. The direction of this component is de-
termined by the sensitivity vector of the shearogra-
phy instrument, as shown in Fig. 2. The sensitivity
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Fig. 2. (Color online) Relationship between the Cartesian x, y,
and z directions and the displacement components u, v, and w.
The component of displacement gradient that a shearography in-
strument measures is determined by the sensitivity vector, &,
which is the bisector of the observation, 0, and illumination, 2, unit
vectors.

vector, &, is defined as the bisector of the observation
vector, 0, and illumination vector i:

k=6-1. (1)

The phase distributions from a single shearography
channel with the shear in the x direction (horizon-
tally) and y direction (vertically), respectively, are
given by

A¢x:% kxg—ZJrkyg—;JrkZ%—l;)

dx, (2)

2z [, du ov ow]|

where u, v are the in-plane and w is the out-of-plane
components of the displacement vector, U = (u, v, w).
The relationship between the displacement vector
components and the x, y, and z directions is illu-
strated in Fig. 2.

In general, a shearography phase measurement

will contain contributions from all three orthogonal

displacement gradient components: g—z, g—fc, and %—’;’; or

du Jv
dy’ dy’
three separate phase measurements are required,
each with a different sensitivity vector. This can be
achieved in a practical system either by using multi-
ple illumination directions and a single observation
direction and performing the measurements sequen-
tially [7-9], or by using multiple observation direc-
tions and a single illumination direction and
performing the measurements in parallel. This latter
method can be more easily applied using imaging fi-
ber bundles [10,11], where each view is ported to a
quadrant of a single CCD camera.

and %—;". To retrieve these components, at least
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For multiple channels, this can be written as the
matrix equations

[ Aqﬁxl 1 _kxl kyl kzl 1T 7
A¢3€2 o kxz ky2 k22 au/ax
Apes | =7 |kas kys kag | | O0/0x |dx,  (4)
: : . , ow/ox
[ A¢y1 ] _kxl kyl kzl 1T 7
Apyy | 97 |k kyo k| |94/
Adys | =7 | ks kys kuy | | 90/ |dy. (5)
: . . ) ow /ady

Here, k,, k,, and k, are the x, y, and z components of
the sensitivity vector and the subscripts refer to the
particular measurement channel. The orthogonal
displacement gradient components are then calcu-
lated using a matrix transformation.

This paper investigates the use of additional mea-
surement channels in shearography and, in particu-
lar, their influence on the transformation to the
orthogonal strain components. In previous work
[7-11], the number of channels used in this transfor-
mation has been limited to three, allowing Eqgs. (4)
and (5) to be solved directly. However, the transfor-
mation results in the amplification of errors present
in the data due to the arrangement of the sensitivity
vectors.

A fourth measurement channel can be easily
added to a shearography system, by either the addi-
tion of a fourth illumination direction, an additional
viewing direction, or additional shearing interferom-
eter and camera. Groves et al. [9] described a system
with four measurement channels. Here the fourth
channel allows the surface strain to be fully charac-
terized when one of the channels has poor correlation
fringe quality, or is obstructed as a result of the object
shape. In this situation, the fourth channel can be
used to replace the channel that has poor quality
data in the transformation. Similarly, systems using
coherent imaging fiber bundles [10,11] have four
channels available. However, in these systems, only
three channels are employed in the calculation of the
orthogonal strain components and the remaining
data is discarded. Previous work in the field of planar
Doppler velocimetry [12,13], using a similar coordi-
nate transformation, has shown that the use of a
fourth channel in the calculation can significantly
improve the results and lead to a reduction in the er-
rors propagated to the final calculated orthogonal ve-
locity components. For geometries similar to those
typically found in shearography systems, these re-
ductions can be as much as 25% of the error [13].

A derivation of the equations used to calculate the
orthogonal components using four or more channels is
given in the next section of this paper, followed by a
description of a four-channel experimental shearogra-
phy system and a computer model for an n-channel
shearography system. A comparison between results
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calculated using three or four channels is then
presented using results of the computer model and ex-
perimental data for a series of test displacement
fields. Finally the benefits of using more than four
channels are assessed using the computer model.

2. Calculation of the Orthogonal Strain Components
Using Four (or More) Channels

As Egs. (4) and (5) are similar, the derivation pre-
sented here is in terms of the shear, ds, which can be
in either the horizontal (ds = dx) or vertical direction
(ds = dy). The result is given in general terms for n
measurement channels, where n > 3. Equations (4)
and (5) can be written as

= (27;dS>JM, (6)

where @ is a column vector containing the measured
phases, and ¢/ is the matrix constructed from the sen-
sitivity vector components with each row containing
k., k,, and k, for a single shearography channel. M is
a column vector containing the displacement gradi-
ent components and ds is the magnitude of the shear.
For three channels, this can be solved by matrix
inversion:

M= (2 jds>J‘1<I>. (7)

However, if more than three measurements are
made, Egs. (4) and (5) become overdetermined and
can be solved using the general least-squares method
for linear equations [14]:

(2 jd )(JTWJ) LITW. (8)

Here the superscript T indicates the transpose of a
matrix and W is a weighting matrix, which allows
each channel to ranked, with larger values, W,,, in-
dicating greater confidence:

W, 0 0
0o Wy 0 ..
W=1lo o w; ..| 9)
) ) oW
Equation (8) can be expanded into general solutions

for 94 % and %2 using n channels:

du _ ( yl ) lg(df —ee) 4 h(ce —bf) + (be - cd)]
ds 2nds ) [a(df —ee) — b(bf —ce) + c(be —dc)]’
(10)

v _ ( yl ) [g(ce = bf) + h(af - cc) +j(bc — ae)]
0s 2nds ) [a(df —ee) — b(bf - ce) +c(be —dc)]’

(11)




ow ([ 4 )\ I[g(be-cd)+ h(bc-ae)+jlad - bb)]
0s (271’d8> [a(df —ee) —b(bf —ce) +c(be—dc)]’
(12)

where

A= kW b= ik,

A= k2W,

F=S kAW,
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J= Zn: ki Ap;W;.
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Fig. 3.

3. Experimental System

A. Experimental Arrangement

The system used in this investigation is a multicom-
ponent shearography system using time-division
multiplexing of the measurement channels. Figure 3
shows a schematic and photograph of the experimen-
tal arrangement. This consisted of four diode pumped
solid-state lasers (PHOTOP Suwtech Inc, Model
DPGL-3020F, 532 nm, 20-30 mW output power) with
mechanical shutters and beam expanding optics,
mounted at the corners of a square using a cross-
shaped support structure. A shearing Michelson in-
terferometer, camera lens, and a CCD camera records
interferometric speckle images of the test object from
the center of this arrangement. The shearing Michel-
son interferometer contains a beam splitter, a shear-
ing mirror that can be adjusted to give different
magnitudes and directions of applied shear, and a re-
ference mirror that incorporates a piezoelectric trans-
ducer phase-stepping device. The camera is an area
scan CCD camera (DALSA, Model CA-D4-0512A,
75 Hz frame rate, 512 x 512 pixels) and is used in con-
junction with a frame grabber card (Bitflow Inc.,
Roadrunner, PCI frame grabber card). A personal
computer, operating using software written in
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(Color online) Schematic and photograph of the multicomponent shearography system used in this investigation. LM, laser
module, shutter and beam expanding optics; MSI, Michelson shearing interferometer; CCD, charge-coupled device camera.
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National Instruments LabVIEW, controls the switch-
ing of the lasers, the phase stepping of the reference
mirror, and synchronized image capture by the
camera.

B. Experimental Data Collection and Processing

Data are captured for each measurement channel se-
quentially. The object is illuminated by light from a
single laser and a sequence of five images is cap-
tured, each with a relative z/2 phase step induced
by a voltage applied to the piezoelectric phase step-
per. The phases are then calculated using a five step
algorithm proposed by Hariharan et al. [15], which
compensates well for errors introduced by miscali-
bration of the phase shifter:

2(Iy - 14) }

oI, —1, -1, (13)

¢ = tan‘l{

This process is then repeated for all four measure-
ment channels and results in four phase images.
The phase shifts (A¢; to A¢,) due to a deformation
applied to the test object are then found by subtract-
ing the phases measured before and after this defor-
mation. The resulting phase shifts are wrapped
between —z and = and need to be unwrapped prior
to the calculation of the displacement gradients.
Many different phase unwrapping algorithms exist,
a discussion of which is beyond the scope of this pa-
per; here, the “iso-phase unwrapping” algorithm pro-
posed by Herrdez et al. [6] was used. A sine—cosine
filter was applied before this unwrapping to reduce
high-frequency noise within the wrapped phase
maps, as suggested by Aebischer and Waldner [16].
After the unwrapping, a 3 x 3 median filter was ap-
plied to remove single pixel discontinuities in the un-
wrapped phase that are artifacts resulting from the
phase unwrapping algorithm. This resulted in four
unwrapped phase images, one for each measurement
channel, that are sensitive to different components of
the displacement gradient. Finally, the orthogonal
displacement gradients are calculated using three
or four measurement channels, using Egs. (7) and
(10)—(12).

4. Computer Model

To allow for a quantitative investigation into the in-
fluence of additional channels on the transformation
to orthogonal displacement gradient components, a
computer model was used. The process used is de-
scribed in the following subsections.

A. Simulation of the Interferometric Speckle Images

The interferometric speckle images were generated
using a method similar to that used by Dolinko and
Kaufmann [17], modified to apply to a phase-stepping
shearography system. First, a theoretical displace-
ment field U = (u,v,w) was generated. From this
and the defined magnitude of the shear, the theoreti-
cal displacement gradients, %—’S‘, %, and %—’;’ were calcu-
0

lated. These are used later for comparison with the
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modeled results. A speckle field, S (x,y), correspond-
ing to the unsheared arm ofthe interferometer, is then
generated according to

S1(x,y) = exp{i[¢o(x,y) + ¢v (%) + Pstep }»

where ¢(x,y) is a randomly generated phase repre-
senting the phase distribution of the scattered light
from the rough surface and ¢, is the additional
phase shift applied during the phase stepping of this
arm of the interferometer. The phase shift caused by
the displacement of the surface, ¢ (x,y), can be calcu-
lated from the displacement field, U(x,y), and the de-
fined sensitivity vector, k(x,y), at each pixel and is
given by

(14)

Duy) = 22 (ki) Ulx.)).

A second speckle field, Sy(x,y), corresponding to the
shearing arm of the interferometer, is then generated
in a similar way, but with the values of ¢ (x, y) shifted
according to the desired shear magnitude and direc-
tion. This shifted phase distribution, ¢ (x,y), requires
no additional phase step tobe added, as this arm of the
interferometer is not modified during phase stepping:

(15)

Sa(x,y) = exp{i[¢(x,y) + du(x,y)]}-

The resulting interferometric intensity distribution
I(x,y) is then calculated by combining the two speckle
fields after the application of a circular low-pass filter
in the Fourier domain [17]. The radius of this filter re-
presents the circular aperture of the camera lens and
determines the resulting speckle size:

(16)

I(x,y) = |F"{F[S:(x,y)|H} + F{F[Sy(x,y) H}?,
(17)

where F and F~! denote the forward and inverse two-
dimensional Fourier transforms, respectively, and H
is the circular low-pass filter in Fourier space. By
varying H, the speckle size of the simulation can be
varied; here, a speckle size of ~1 pixel was used, repre-
senting a typical experimental setup.

To simulate the effect of experimental noise, ran-
dom noise was added to the interferometric speckle
images according to the properties of the camera used
in the experimental system described in Section 3.
This included random contributions from the photon
shot noise generated from a Poisson distribution, and
camera dark current and readout noise generated
from a normal distribution. Finally, the intensity va-
lues were truncated and limited to 8 bit resolution (0—
255 counts) to account for the analog-to-digital con-
version process.

B. Simulation of a Single Shearography Channel

For a single shearography channel, two sets of inter-
ferometric speckle images are generated using the
same initial phase distribution, ¢q(x,y). A reference
set in which the phase shift due to displacement is



zero and a signal set in which the phase shift due to
the displacement are included. This is the same as for
an experimental system where a reference phase
must be measured before the surface deformation oc-
curs. Each set consists of five images with a relative
7/2 phase step, ¢, applied to the unsheared arm of
the interferometer. The reference and signal phases
can then be calculated using the five step algorithm
[15] given in Eq. (13).

The phase shift, A¢(x,y), is found by subtracting
the signal phase from the reference phase and apply-
ing a phase unwrapping algorithm to remove the 27
discontinuities and obtain a continuous phase mea-
surement. Before unwrapping, additional noise from
a normal distribution was added to simulate noise
sources other than CCD camera noise, such as vibra-
tions, phase shifter inaccuracies, and thermally in-
duced phase variations. The level of this noise was
chosen to given comparable values, to the results from
the experimental system described in Section 3; how-
ever, as this investigation concerns the propagation of
errors, the actual level of error in each channel is un-
important and will depend on the system to be
modeled.

The same processing as used in the experimental
processing scheme described in Subsection 3.B was
applied to simulated data. A sine—cosine smoothing
filter [16] was applied before the “iso-phase unwrap-
ping” algorithm [6] was used to unwrap the data, and
afterward a 3 x 3 median filter was applied to remove
single pixel discontinuities. The resulting phase shift
is related to the displacement gradients as given in
Eqgs. (2) and (3).

C. Simulation of Multichannel Shearography System

To assess the performance of the methods, using
three channels and more than three channels, to cal-
culate the orthogonal components, multiple shearo-
graphy channels were modeled for the same
displacement field. This results in a simulated phase

shift image for each channel of A¢g(x,y) to Agy(x,y),
which can be used to solve Egs. (4) and (5) and find
the orthogonal displacement gradients. This can
either be done directly using any three of the chan-
nels or using all of the channels and the least-
squares method proposed in Section 2.

Typical phase shift images for four measurement
channels are shown in Fig. 4 and the results of this
transformation to the orthogonal displacement gra-
dients are shown in Fig. 5, showing the theoretical
displacement gradients, the simulated gradients cal-
culated using three channels, and the simulated gra-
dients calculated using four channels. The example
results shown are for the shear applied in the x direc-
tion and for a Gaussian out-of-plane displacement.

5. Test Deformations

Three different test deformations were used to assess
the performance of the least-squares method using
four measurement channels. Similar test deforma-
tions were used with the computer model (Section 4)
and experimental system (Section 3) described above
and the model settings, shown in Table 1, where cho-
sen to approximately match those used in the experi-
mental system and allow for a comparison between
the two.

A. Zero Deformation

The first test case is with zero deformation applied;
this can be used as a simple estimate of the measure-
ment error and for a comparison between the error le-
vel predicted by the model and those obtained
experimentally. For the model, a displacement field
with zeros for all components and all pixels was used.
The test object was a flat aluminum plate, approxi-
mately 17 cm x 17 cm and painted with reflective
paint that was clamped around all four edges. This
was illuminated sequentially by each laser and inter-
ferometric speckle images captured for each of the
four measurement channels. This provided the refer-
ence phases; a second set of images captured shortly
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(Color online) Simulated wrapped (top) and unwrapped (bottom) phase shifts for each of the four channels for a Gaussian out-of-

plane displacement in the center of the field of view and including the noise sources.
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Theoretical orthogonal displacement gradients
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Modeled orthogonal displacement gradients calculated using three channels
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Fig. 5. (Color online) Example results of the computer model for a Gaussian out-of-plane displacement in the center of the field of
view. Top, theoretical displacement gradients; middle, displacement gradients calculated using three channels; and bottom, displacement
gradients calculated using four channels.

Table 1. Settings Used in Multichannel Shearography Model, Chosen to Match Values Used in the Experimental System

Model Property Value
Camera resolution 512 x 512 pixels
Field of view 62 mm x 62 mm
INlumination wavelength 532 nm
Shear magnitude 33 pixels/4 mm
Speckle size® ~1 pixel
Camera background noise mean® eight counts
Camera background noise standard deviation’ two counts
Phase-stepping algorithm five step [14]
Standard deviation of noise introduced ~0.17x
to wrapped phase shift’
Filtering one pass of a 3 x 3 sine—cosine smoothing filter [16]
before unwrappingl pass of 3 x 3 median filter after unwrapping
Phase unwrapping algorithm “iso-phase unwrapping,” Herrdez et al. [6]
Observation vector, 0 (0.00,0.00,0.75) m
Channel 1—illumination vector, i, (-0.19,0.20,0.36) m
Channel 2—illumination vector, 22 (0.20,0.18,0.35) m
Channel 3—illumination vector, 53 (-0.22,-0.17,0.33) m

Channel 4—illumination vector, i, (0.23,-0.19,0.33) m

“Determined by radius of circular low-pass filter applied in the Fourier domain [17].
®Value determined from camera specifications and experimental characterization.
‘Level determined by comparison with experimental data and represents noise sources other than camera noise.
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Experimental orthogonal displacement gradients calculated using three channels
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Experimental orthogonal displacement gradients calculated using four channels
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(Color online) Calculated orthogonal displacement gradients for shear in the x direction, calculated using the three (top row) and

four (bottom row) channel methods for experimental results on a flat plate with zero deformation.

afterward was used for the signal phases. From these,
the phase difference and the orthogonal displacement
gradient components were calculated using three
channels and using four channels. Figure 6 shows
the calculated orthogonal displacement gradients
for shear in the x direction calculated using experi-
mental results and Fig. 7 shows the same displace-

ment gradients calculated using modeled results.
Similar results can be obtained with shear in the y di-
rection. The standard deviation of the error present
(the variation from the expected zero gradients) in
these results is given in Table 2. As the values for
the modeled results vary slightly between runs,
due to variations in the speckle pattern and the

Modeled orthogonal displacement gradients calculated using three channels
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Fig. 7.

(Color online) Calculated orthogonal displacement gradients for shear in the x direction, calculated using the three (top row) and

four (bottom row) channel methods for modeled data with zero deformation.
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Table 2. Results of the Zero Deformation Test for the Three-Channel and Four-Channel Methods

ou/ox Jdv/ox ow/dx Jou/dy dv/dy ow/dy
Experimental data
Standard deviation in error (um/m)—3 channels 3.71 5.20 1.24 3.32 3.26 1.02
Standard deviation in error (um/m)—4 channels 3.03 3.59 0.81 2.22 2.44 0.70
% Reduction 18.2% 31.0% 34.7% 33.0% 25.1% 31.8%
Modeled data (mean of 20 runs)
Standard deviation in error (um/m)—3 channels 4.57 5.17 1.22 4.57 5.17 1.22
Standard deviation in error (um/m)—4 channels 3.03 3.45 0.82 3.02 3.45 0.82
% Reduction 33.6% 33.2% 32.4% 33.8% 33.2% 32.5%

performance of the phase unwrapping algorithm, the
modeled results presented in the table are the mean
average of 20 runs of the model.

It can be seen (Table 2) that the modeling results
predict a significant reduction in the error propaga-
tion to the orthogonal displacement gradients of
around 33%, resulting in visibly less noisy results.
The out-of-plane components %—’;’ and %—w have lower
noise levels due to the increased sensitivity of the
system in this direction—this can be seen from exam-
ining the direction of the sensitivity vectors for the
four channels. The experimental results show simi-
lar trends, although with slightly less improvement
for some of the displacement gradients than pre-
dicted by the model. This appears to be due to the
variation in illumination intensity across the field
of view resulting from the Gaussian intensity profile
of the illuminating lasers. This resulted in some var-
iation in the error level across the images.

B. Out-of-Plane Deformation

The second test case was an out-of-plane deformation
using the test object described in Subsection 5.A but

deformed in the center using a micrometer screw to
approximate a Gaussian deformation field. Figure 8
shows the orthogonal displacement gradients for
shear in the x direction calculated from experimental
results. These show the expected form, with the dis-
placement gradient predominantly in the out-of-
plane direction; however, there is some displacement
gradient present in the in-plane directions. From the
results shown in Fig. 8, it can be seen that there is a
visible reduction in the noise level for the orthogonal
gradients computed using four channels compared to
those calculated using only three. It is not possible to
directly calculate the error in the experimental re-
sults as the true displacement is not known. However,
the error present can be estimated by subtracting the
local mean value from pixels in the image, leaving
only the high-frequency noise. The local mean value
was calculated by convolving the gradient images
with 16 x 16 pixel averaging filter kernel. The stan-
dard deviation of the error and the percentage reduc-
tion when using four measurement channels are
shown in Table 3.

Experimental orthogonal displacement gradients calculated using three channels

ou/ox ow/ox
—— — g 50 50
“|H 40 40
30 30
20 20
10 g 10 = g
0 E 0 E E
-10 % -10 % 3
=20 -20
=30 -30
-40 -40
=50 =50

Experimental orthogonal displacement gradients calculated using four channels

ou/ox

ov/dx

um/m
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-40 —240
-50 -300

Fig. 8.

(Color online) Calculated orthogonal displacement gradients for shear in the x direction, calculated using the three (top row) and

four (bottom row) channel methods for experimental results on a flat plate with out-of-plane deformation.
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Table 3. Results of the Out-of-Plane Deformation Test for Experimental
Data for the Three-Channel and Four-Channel Methods?

Table 4. Results of the Out-of-Plane Deformation Test for Modeled Data
(Mean of 20 Runs) for the Three-Channel and Four-Channel Methods

du/dx dv/dxdw /dx

du /9x dv/dx ow /dxdu /dy dv/dy dw /Ay

Standard deviation in error (um/m)—3 8.99 14.75 3.26
channels
Standard deviation in error (um/m)—4
channels

% Reduction

7.46 8.20 2.06

17.1%44.4%36.8%

Standard deviation in error 6.38 7.18 1.70 6.36 7.22 1.74
(um/m)—3 channels
Standard deviation in error 4.19 4.84 1.20 4.22 4.80 1.21
(ym/m)—4 channels

% Reduction 34.3%32.56%29.2%33.7%33.5%30.7%

“These are the standard deviations of the estimated error calcu-
lated by subtracting the local mean.

This displacement was also modeled as a two-
dimensional Gaussian displacement, allowing the
errors to be calculated directly. The out-of-plane
displacement component is modeled by

oo -(52) - (52)). o

where w, is the maximum out-of-plane displace-
ment, (x,y) are the position coordinates, (xg,yq), is
the center of the displacement, and (s,, s, ) is the scale
of the displacement in the x and y directions, respec-
tively. The in-plane displacement components, u and
v, are set to zero and the position coordinates are
determined using the modeled camera resolution
and field of view, shown along with other model prop-
erties in Table 1. The value for wgy, the maximum
out-of-plane displacement, was chosen to be 10 ym
to approximately match the magnitude of the displa-
cement expected in the experimental test deforma-
tion. Figure 9 shows the displacement gradients
calculated using the model for a 10 ym maximum
displacement in the out-of-plane direction.

To calculate the errors, the theoretical displace-
ment gradients, %—’S‘, g‘s’, and can then be calculated
by using the magnitude of tfle camera shear and the
theoretical displacement field with both the in-plane
components, 2 o and U being zero. These theoretical
gradients are then subtracted from the modeled re-
sults, leaving only the error remaining; the mean
standard deviation of these errors and the percen-
tage reduction are shown in Table 4. As before, the
mean values of 20 runs of the model are given to re-
move variations due to speckle pattern variations
and phase unwrapping errors. Although the experi-
mental and modeled displacement fields are differ-
ent, the modeling suggests that reductions in the
standard deviation of the error of 25% to 30% should
be achievable using four measurement channels and
significant reductions are also seen in the estimated
error for the experimental results.

C. In-Plane Deformation

As the previous test deformation had very little in-
plane components, a final test was performed to inves-
tigate the benefits of a fourth measurement channel
for in-plane displacements. In this case, a Perspex
plate with a notch cut-out was used, as shown in
Fig. 10. A deformation was applied by tightening the

Modeled orthogonal displacement gradients calculated using three channels

ou/dx ov/dx

dw/dx

300

um/m
o
pm/m

Modeled orthogonal displacement gradients calculated using four channels

ou/dx ov/dx

ow/dx

£ 7

300
240
180
120
60

0
-60
-120
—180
—240

um/m
um/m

Fig. 9.

—300

(Color online) Calculated orthogonal displacement gradients for shear in the x direction, calculated using the three (top row) and

four (bottom row) channel methods for modeled data of a Gaussian out-of-plane deformation.
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Fig. 10. (Color online) Photograph of the notch cut-out object
used for the in-plane deformation test.

screw using the Allen key shown to close the notch. As
this displacement gradient field would be complex to
model, only experimental data are presented for this
test case.

Figure 11 shows the calculated orthogonal displa-
cement gradients for shear in the y direction. The end
of the notch is located approximately half-way up on
the left-hand side of the images in the noisy region
where there are no phase data. It can be seen that
there is again some reduction in the noise present
—this is especially visible in the g—’y‘ components. As
in the Subsection 5.B, the error could not be directly
calculated as the displacement field is unknown,
although an estimate of the error can be obtained by
subtracting the local mean. The standard deviation
of these estimated errors and the percentage reduc-
tions when using a fourth measurement channel are
shown in Table 5. These results again suggest that
significant reductions in the error can be achieved
by using a fourth measurement channel.

It should be noted that the addition of a fourth mea-
surement channel will cause extra errors where the

Table 5. Results of the In-Plane Deformation Test for Experimental Data,
for the Three-channel and Four-Channel Methods?

du /9x dv/dx ow /dxdu /dy dv/dy dw /Ay

Experimental data
Standard deviation in error 27.14 27.94 11.88 28.09 20.91 9.88
(ym/m)—3 channels
Standard deviation in error 15.84 21.84 11.39 21.49 17.77 7.85
(um/m)—4 channels

% Reduction 41.6%21.8%4.14%23.5%15.0%20.6%

“These are the standard deviations of the estimated error calcu-
lated by subtracting the local mean.

additional channel has a region where the phase un-
wrapping has failed. This can be seen in Fig. 11 for
the results calculated using four channels, where
the fourth channel had a phase unwrapping issue
in the bottom left portion of the field of view (shown
by the rectangular overlay), resulting in this error
propagating into all three calculated orthogonal com-
ponents. This is also an issue when using three chan-
nels and, in previous work [9], data from a fourth
channel has been used to replace one of the three
channels used in the transformation. Although the
addition of a fourth channel will increase the chances
of a poorly unwrapped region occurring, this can be
overcome by applying a weighting in the transforma-
tion, as given in Eq. (9). This could be based upon the
results of the phase unwrapping for each channel and
done on a pixel-by-pixel or regional basis with poorly
unwrapped regions being given zero or low weighting
—effectively calculating the gradients at these points
using only three channels.

Experimental orthogonal displacement gradients calculated using three channels
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200 200 200
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Experimental orthogonal displacement gradients calculated using four channels
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Fig. 11.

(Color online) Orthogonal displacement gradients for shear in the y direction calculated using the three (top row) and four

(bottom row) channel methods from experimental results from the Perspex notch test object.
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(Color online) Modeled standard deviations in the error and percentage reduction in comparison to a three channel system for

n-channel configurations (n = 3 to 10). The results for all three orthogonal displacement gradients (-) %, (%) g—‘s’, and (+) %—‘;’ are shown.

6. More than Four Measurement Channels

The least-squares method of calculating the orthogo-
nal displacement gradients presented is not limited to
four measurement channels. Although adding more
than four channels to an experimental system may
be complex, a system using scanning laser illumina-
tion or object rotation and sequential data capture
could be envisaged. Therefore, the benefits of using
more than four channels were investigated using
the computer model. Multiple measurement channels
were generated using multiple illumination direc-
tions and a single observation direction. The observa-
tion vector was set perpendicular to the surface at
z = 0.75 m and the illumination sources where evenly
distributed around a circle of radius r = 0.28 m in the
x—y plane, together with the observation position at
z = 0.75 m. Figure 12 shows the geometries modeled
forn = 3,4, 5, and 6 channel systems; for systems with
more channels, the illumination sources were simi-
larly evenly distributed around the circle.

These geometries were then modeled using a zero
displacement field as described in Subsection 5.A,
and the orthogonal displacement gradients were cal-
culated using all of the available measurement chan-
nels. The standard deviation in the error and the
percentage reduction in error in comparison to a three

n=3 n=4

Fig. 12. (Color online) Multiple channel shearography system
geometries used showing the arrangement of illumination sources
and observation vector for n channels (n = 3 to 6).

channel system are shown plotted in Fig. 13. These
plots show the results for the three orthogonal displa-
cement gradients and configurations with n = 3 to
n = 10 channels.

The first observation should be that the reduction
in propagated error when a fourth measurement
channel is added is less than in the previous sections,
~14% compared to ~33%. This is due to the optimum
configuration for three channels [9] being used here;
i.e., with the three illumination positions evenly
spaced around the circumference of a circle compared
to the previous sections, where the illumination posi-
tions were separated by 90°. This nonoptimum con-
figuration was chosen to facilitate the addition of a
fourth channel to the experimental system.

The results show that the addition of extra mea-
surement channels leads to reductions in the propa-
gated errors, albeit with diminishing returns. The
addition of a fifth channel leads to a reduction of
~9%, while adding a sixth gives a further reduction
of only 6.6%. All of the orthogonal displacement gra-
dients, shown in Fig. 13 by different symbols, show
similar reductions; however, the magnitude of the er-
rors for the aa—l: gradient are smaller than for the in-
plane gradients due to the increased sensitivity of
the system to the out-of-plane component.

7. Conclusions

A method of calculating the orthogonal displacement
gradients in a multicomponent shearography system
using more than the minimum three channels
required and a least-squares approach has been pre-
sented. The benefits of this approach were then
studied using an experimental multicomponent
shearography system using multiple illumination di-
rections and single observation direction to provide
four measurement channels, and a computer model
of this system.

It was difficult to assess the performance of the
experimental system for test deformations directly,
because the actual displacement field was un-
known. However, the results of a test where the
displacement is known to be zero suggest that the
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standard deviation of the error in the calculated
orthogonal components can be reduced by around
33% by the addition of a fourth measurement chan-
nel. This agrees well with the predictions of the com-
puter model for the same =zero displacement.
Example measurements of objects subjected to out-
of-plane and in-plane surface displacement shows
visible reductions in the noise. Modeled results for
a Gaussian out-of-plane displacement suggest that
the reductions in the standard deviation of the error
are again around 33%. Reductions in the error are
also observed for other test deformations where
the error is estimated by subtracting the local mean
value of the displacement gradient to leave only
high-frequency noise.

The primary disadvantages of using additional
measurement channels is an increase in system com-
plexity and increased errors when the phase unwrap-
ping has difficulties. A fourth measurement channel
is actually relatively inexpensive and straightfor-
ward to implement, either using a fourth illumina-
tion direction (as described here) or using imaging
fiber bundles [11]. The addition of a fourth measure-
ment channel will increase the chances of having re-
gions where the phase unwrapping fails, which
results in errors in the three orthogonal components,
compared with using only three channels. However,
this can be mitigated by assessing the performance of
the unwrapping algorithm and applying a weighting
scheme in the calculation. By applying a zero or low
weighting to regions of the affected measurement
channel, the orthogonal components would effec-
tively be calculated using only three components
and this could be done on either a pixel-by-pixel or
regional basis.

The addition of further channels to a shearography
system will lead to further reductions in the propa-
gated errors, although with diminishing returns and,
for practical systems, the added cost and complexity
associated with this may outweigh the advantage of
this reduction.

This work was supported by the Engineering and
Physical Sciences Research Council (EPSRC), UK
(GR/T09149 and EP/H019839).
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