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Abstract

This research determines the effect of two parameters; subset size and step size, on
the accuracy and spatial resolution of digital image correlation. Furthermore, it compares
and contrasts digital image correlation and moir¢ interferometry. Both methods are
displacement measurement techniques capable of producing displacement data for every
point in a field of view.

Two specimens were tested for this study. The first was an aluminum bar, the second
was a graphite/epoxy coupon with a ply structure designed to ensure large inter-laminar
strains and strain gradients. Each specimen was tested using both digital image

correlation and moiré interferometry
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A COMPARISON OF MOIRE INTERFEROMETRY
AND DIGITAL IMAGE CORRELATION

l. Introduction

Motivation

Moir¢ Interferometry, used as a displacement measurement technique is a mature
technology. It has been thoroughly studied and documented. Moiré Interferometry is
capable of very accurate displacement measurement in translation, rotation and even in
deformation. Furthermore, it is capable of giving displacement fields over large areas.
However, even though the method is very powerful, it has significant constraints on its
use. Moir¢ interferometry can be used only on flat surfaces or on surfaces with curvature
in only one direction. Test specimen preparation is very time intensive. The method is
sensitive to even minor flaws in the coatings used. Analysis of results is very tedious and
time intensive. Last, the method is so sensitive that the experimental setup must be
isolated from the environment.

Digital Image Correlation (DIC) is another full field displacement measurement
technique. It is quite new, having first been investigated in the late 1970’s. The method
can be used to analyze complex geometries, including surfaces with compound curves.
Specimen preparation is minimal. DIC software is commercially available and performs
much of the analysis of the data, thus DIC is quick and easy. However, the researcher

has little insight into the internal processes of the method. Also, the technique is fairly
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new, and thus its limitations have not yet been fully explored in the available literature. It
is becoming very important to explore the limitations of DIC, as the method is being used
more and more in the field of experimental mechanics.
Research Focus

This study had two main objectives. First, an investigation of the effect of two DIC
parameters; subset size and step size, on the accuracy and spatial resolution of the method
was investigated. These parameters were varied in an attempt to determine the
combination that yielded the finest resolution. These results were then compared to
results achieved with moiré interferometry. The second objective was to perform a
comparison of the strengths and weaknesses of DIC and moir¢ interferometry. The end
result of this comparison should provide guidance to researchers trying to decide which
method to use.
Background

The main focus of this study was to present a comparison of DIC and moiré
interferometry; thus, a short history of both methods would be beneficial to the
understanding of the development, strengths and weaknesses of each method. For moiré
interferometry this background will be presented by topic, for DIC the background will
be presented in a mostly chronological fashion.

Moiré Interferometry.

The word moiré comes from the French for watered, for the shimmer that occurs on
the surface of a body of water. Moir¢ silks display this pattern of shimmering bars
created by the superposition of two families of almost parallel lines. In silks, the pattern

is made when a piece of the silk; which has a glossy finish but also contains distinct
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parallel threads in the weave, is folded upon itself and pressed. The effect of this
pressing is to emboss the pattern of the parallel threads of one side into the other. (Oster
and Nishijima, 1963) When applied to experimental mechanics through geometrical
moiré¢ or moir¢ interferometry, the moiré effect results in a contour map of equal
displacements. This displacement data can be used to determine strains on the surface of
a specimen.

The origins on moiré as a measurement technique can be found in the writings of
Lord Rayleigh in which he discussed the manufacture of diffraction gratings. While most
of the focus of these papers was on the reproduction of gratings, he did note that if two
gratings were placed together the gratings would produce a third set of lines, and that
these lines could be used to measure the distance between grating lines. (Rayleigh, 1874)
This observation was one of the first times that the use of fringe patterns as a
measurement technique was suggested. The nearly vertical bars of Figure 1.1 are an

example of the effect noted by Rayleigh. These bars are now referred to as moiré fringes.

Figure 1.1 Moiré Effect As Discussed by Rayleigh

Some work was done in the early 1900’s with the phenomenon that Rayleigh noted,
but large scale development of moiré methods did not take place until the 1950°s and
1960’s. In his review of moiré interferometry Walker noted that Guild’s 1954 book The

Interference System of Crossed Diffraction Gratings is the basis of the modern methods



of moir¢ interferometry. However, Guild’s work was written from the point of view of
the mathematician not that of the mechanics experimentalist. It was not until researchers
reached the limit of the fineness of physical gratings and hence the spatial resolution of
geometrical moiré that Guild’s work was further explored. (Walker, 1994)

Typical geometrical moiré experimental setups contained two physical gratings: the
specimen grating, which was attached to and deformed with the specimen; and the
reference grating, which overlaid the specimen grating but was not attached to the
specimen or specimen grating. Fringes were created from the two gratings working in
concert to block light transmission through the system. This work was noted for gratings
with frequencies on the order of 40 lines per mm; very course by today’s standards, and
insensitive to small deformations. (Post, 1982)

The advent of the laser enabled a new method of producing the moiré effect. This
new method; known as both high-sensitivity moiré and moir¢ interferometry, produced
much finer detail and was capable of resolving much smaller deformations than had
previously been shown. Moir¢ interferometry makes use of one physical grating and one
virtual grating. The physical grating is attached to and deforms with the specimen as
with geometrical moiré; however, it typically is a reflective film with line densities from
1000 to 4000 lines per mm; 1200 lines per mm is a common density. An example of this
type of grating is shown in Figure 1.2. The virtual grating was created through the
interaction of two beams of laser light. The two beams of laser light were typically split
from one beam using a splitting device. (Post, 1982) Light diffracted from the specimen
grating further interacted with the virtual grating, producing the fringe pattern. It should

be noted that while moir¢ interferometry made use of the interference of light to create



fringe patterns, and low-sensitivity moiré used the mechanical interference of the two
gratings, the two methods can be described with the same theory, and even the same

equations.

e e e e e e

Figure 1.2 Cross Line Diffraction Grating With
Dust Particles (Provided by David Mollenhauer
and Gary Price)

A two beam interferometer; as described above, would be capable of mapping the
deformation in the X direction (U field) or the Y direction (V field), but not both. The
deformation field captured would depend on the orientation of the reference and virtual
gratings. In a paper published in 1985, Post described a four beam interferometer capable
of creating U and V displacement fields in sequential tests. The four beam interferometer
1S in essence a combination of two, two beam interferometers. The axes of the two
interferometers would be the same; however, there would be a 90 degree rotation
between the two. The specimen grating used with four beam interferometers would be
characterized by furrows in both the X and Y directions. (Post, 1985) Figure 1.2 is an
example of a cross line diffraction grating.

The four beam interferometer is a tool well suited to the investigation of strain. While
the two beam interferometer is capable of determining normal strain in either the X or Y

direction at any point in the field of view, the four beam interferometer can be used to
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find strains in both directions. Additionally, the four beam interferometer provides the
information to calculate shear strains at any point in the field of view.

While moiré interferometry provides full field data, there is a lower limit to the
displacement that it can resolve. However, Weissman and Post demonstrated excellent
fringe clarity very near the theoretical limit. Their study showed a sensitivity to
displacement of 0.25um per fringe; 97.6 percent of the theoretical limit of moiré
interferometry’s sensitivity for the wavelength of light used in the study. (Weissman and
Post, 1982) Given the sensitivities possible with moiré interferometry, it should be no
surprise that isolation of the interferometer and specimen from all disturbances is crucial.
Not only is moiré¢ interferometry capable of registering mechanical disturbances, it is also
susceptible to acoustic vibrations, temperature gradients and even air currents. (Han et
al., 2001)

One of the major drawbacks of moiré interferometry was the tedious and somewhat
subjective nature of analyzing fringes by hand. However, some progress has been made
in automating the fringe analysis process. This automation mainly fell into two
categories: Fourier transform and stepped phase analysis. Both methods revolve around
finding the phase information of the fringe pattern. The Fourier method makes use of a
carrier pattern induced into both the null field and the field produced by a load on the
specimen. (De Nicola et al., 2000) Lassahn et al. presented two methods for the stepped
phase method; the line drawing method, and the beam shuttering method. Both methods
require multiple photographs of the fringe pattern for each load case with phase shifts
induced between each photograph. The line-drawing method was found to be less

sensitive to noise in the raw data, but required more user interaction. (Lassahn et al.,
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1994) The line drawing method was used for analysis of moiré data in the present study.
The technique will be presented in greater detail in Chapter 2.

Recent research at the United States Air Force Research Laboratory (AFRL)
investigated effects of the grating thickness on strains measured with moiré
interferometry. It was noted that measured normal transverse strains (&,,) were greater
than that predicted by the AFRL’s B-spline Analysis Method (B-SAM). Experimentally
measured strains and those determined by B-SAM were much closer when the B-SAM
models were modified to include the thickness and stiffness of the grating as shown in
Figure 1.3. Variations of out of plane displacements due to the grating were the proposed

mechanism for this amplification. (Mollenhauer et al., in press)

1.000
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Figure 1.3 Specimen Grating Thickness Effects on Transverse Strain
(Mollenhauer et al., in press)
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Digital Image Correlation.

Digital image correlation is a method of determining displacement fields by tracking
the movement of points on the surface of a specimen during loading. The surface is first
broken down into many overlapping areas. These overlapping areas are called subsets.
The subset is typically square, and the size of the subset is defined by the user. The DIC
program used for the research presented in this thesis (Correlated Solutions’ Vic-3D
2006) allowed the user to set the size of the subset between 10 and 100 pixels. The
points that are tracked are the centers of the subsets. The side of each subset is separated
from the corresponding side of the previous subset by a distance called the step size.
Vic-3D 2006 allowed step sizes to be user defined between 1 and 50 pixels. High
resolution digital cameras are used to capture photographs of the specimen before and
during (or after) loading. The center of the subsets are tracked instead of random points
because the pattern in the subset will be statically unique, as opposed to individual points
that appear very similar to one another. If the position of many subsets centers can be
tracked from the photograph of an unloaded specimen to the photograph of the loaded

specimen a deformation field can be generated.

Figure 1.4 Subset Size and Step Size
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Investigation of digital image correlation began in the early 1980’s. In 1983 Sutton et
al., presented a review of the theory of DIC, and introduced an improved numerical
method for determining an object’s deformation. This paper noted that intensity data on
a sub-pixel scale would be required to accurately determine deformations and that an
interpolation of the recorded intensity field would render data between integer pixel
locations. A bi-liner interpolation scheme was used to interpolate the intensity values.
After obtaining the sub-pixel data, displacement of points on the surface could be
determined. A correlation coefficient was used to compare a particular subset of the
undeformed data set and a candidate subset of the deformed data set. The candidate
subset of the deformed data that minimized the correlation coefficient was assumed to
represent the same area on the surface of the deformed object as that of the subset from
the undeformed data set. (Sutton et al., 1983)

One of the major limitations of DIC was the excessive processing time required to
converge on a solution using the then standard search method: course-fine search. The
course-fine search was an iterative numerical method that initially used large step sizes to
find an area where a solution could exist, then used smaller step sizes to find the solution.
(Chu et al., 1985, 237-238) Bruck, et al., presented a method to reduce this processing
time. Like Sutton, Bruck used an interpolation scheme to obtain sub-pixel intensity
resolutions. However, instead of using the course-fine approach of Sutton, Bruck used a
process based on the Newton-Raphson method of partial differential corrections. The
Newton-Raphson method calculated corrections to an initial estimate of the solution. The
method was iterative, so new corrections were made until the estimate converged to a

solution. Bruck proved the Newton-Raphson method provided accurate results for the
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displacements and displacement gradients with less computational time required.
However, it was subject to many of the same limitations of other iterative numerical
methods. (Bruck et al., 1989)

The late 1980’s and early 1990°s saw the extension of DIC from a two dimensional
in-plane method to a three dimensional method which was capable of determining out of
plane deformations. Kahn-Jetter and Chu theorized that photographs taken from two
perspectives coupled with photogrammetric principles could be used to add a depth
measurement to DIC. To achieve out of plane capability, the point of interest must be
present in both photographs and additionally it must also be in focus in both photographs.
Kahn-Jetter and Chu found that the use of stereoscopic machine vision with DIC
provided very accurate and reliable results for displacement measurement in three
dimensions. (Kahn-Jetter and Chu, 1990)

Kahn-Jetter and Chu’s experimental set-up was such that they used one camera that
was moved to give the perspective needed for depth sensing. The camera was placed
such that the axis of the camera was parallel in both positions. Luo et al., tested an
experimental set-up which used two cameras with an angle between the axes of the
cameras. Additionally, Luo et al. transformed the coordinates of a point on the object of
interest in global coordinates to a location of the image plane of two cameras. This
transformation was a function of twelve parameters associated with the cameras and their
orientation. These twelve parameters were determined through a calibration technique.
The calibrated system was then able to relate the position of a point in the two sensor

planes of the camera to the three dimensional global coordinate system. Luo et al.



determined that the accuracy and standard deviation of this system was approximately
0.08 pixel and 0.06 pixel respectively. (Luo et al., 1993)

In two articles Helm, Sutton and McNeill presented a new method of calibration of the
twin camera three dimensional DIC setup. While their camera model paralleled that of
Luo et al. the model of Helm et al. was composed of eleven parameters as opposed to
twelve. The determination of these eleven parameters would calibrate the system. Helm
further realized that one of the parameters; the sensor plane aspect ratio, was hard wired
into the camera. If the camera’s computer and digitizing board were unchanged, the
aspect ratio would remain unchanged irrespective of the rest of the experimental setup.
The aspect ratio could be determined independently from the other ten parameters. The
camera model and calibration method of Helm was found to be superior to that of Lou
because it contained a correction for perspective, thus allowing more flexibility in camera
placement. Just as importantly, Helm’s method was much faster and simpler to perform.
(Helm et al., 1994; Helm et al., 1996) Helm’s work will be presented in detail in
Chapter 2.

Comparison of Digital Image Correlation and Moiré Interferometry.

To date, little has been published on direct comparisons between DIC and moiré
interferometry. However, David Mollenhauer of the AFRL and John Tyson of Trillion
Quality Systems conducted just such a comparison in 2004. They performed the
comparison on a very architecturally complex preformed-pi composite T-joint as depicted
in Figure 1.5. They first conducted moir¢ tests, then applied a speckle pattern over the
diffraction grating and performed digital image correlation tests. Mollenhauer and Tyson

concluded that the spatial resolution of the moir¢ interferometry technique was much



higher than that of digital image correlation with the subset size and step used. The
resolution of digital image correlation was highly dependent on the subset size and step.
They then re-sampled the moiré data to match the resolutions of the two methods and
analyzed the data again. Trends in strain were noted to be similar, but digital image
correlation showed some strains that were not present in either the full or reduced

resolution moiré data. (Mollenhauer and Tyson, 2004)
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Figure 1.5 Preformed-Pi Composite T Joint

Thesis Overview

The objectives of this study were to determine how subset size and step size influence
the spatial resolution of DIC and to compare the strengths and weaknesses of each
method. Chapter Two presents the theory germane to the discussion of both moiré
interferometry and digital image correlation.

Chapter Three details the manufacture of the two specimens used in the experimental
comparison of moiré and digital image correlation. The first specimen was an aluminum
bar. This specimen was used to show the accuracy of DIC when applied to a simple
displacement field and to highlight the differences in resources required by DIC and
moir¢ interferometry. The second specimen was a graphite/epoxy composite coupon
with a [-45,/0,/45,/90,]s unidirectional fiber orientation lay up. This particular layup was

used to ensure a very complex strain field. A third specimen had been planned which



would have provided an intermediate level of complexity in the strain field. This third
specimen was not tested due to time constraints imposed by equipment failure. The
chapter goes on to discuss the experimental method used to gather data, and the
techniques used to analyze the gathered data.

Chapter Four presents the results of experimentation. Comparisons of data gathered
using moir¢ interferometry and digital image correlation are presented. Additionally, a
numerical model was incorporated in order to provide additional insight into the strain
field of the composite specimen. A discussion is carried out of the strengths and
weaknesses of each method, and also how these strengths and weaknesses affect the use
of the particular technique.

Conclusions based on the experimental data and recommendations for further research

in this area are presented in Chapter Five.



Il. Theory

Moiré Interferometry

Moir¢ interferometry was developed in order to determine the axial, transverse and
shear strains on the surface of a specimen. The product of the interferometer is not a
strain field however. The interferometer produces a field of fringes that indicate
locations with equal displacement that can then be used to find the strains. Equations to
calculate strains are presented later in this chapter along with the basic theory behind
moir¢ interferometry, the theoretical limits of moiré, and the stepped phase method of
fringe analysis.

Basic Theory.

The action of moiré interferometry can be thought of as similar to geometric moir¢.
In geometric moiré, two gratings are superimposed on one another with only one of the
gratings attached to the specimen. The gratings typically have either equal spacing
between lines, or one grating will have some fraction of the spacing of the other. The
case of equal spacing will produce no fringes when the two gratings are aligned. The
case of unequal spacing will produce a fringe pattern when the gratings are aligned, even
when no load has been placed on the specimen. When the specimen is loaded and
undergoes a strain, the grating attached to the specimen will strain with the specimen. In
either case new fringes will be created where the lines from the two gratings nearly
overlap. The displacement field can then be found through the spacing of the fringes and
use of simple geometry.

The similarity between geometric moiré and moiré interferometry allows for an

intuitive understanding of moiré interferometry. However, a more rigorous explanation
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can be made as discussed in Post, et al. 1994. The diffraction grating attached to the
surface of the specimen is illuminated with two laser beams. As shown in Figure 2.1, the
two beams impinge on the grating at angles a and -a. The diffraction grating scatters the
two beams in many smaller beams traveling at angles By, to the normal of the grating
where the angle of departure of each diffraction order is given by

sin f,, =sina + mAf, (1)

where:
Bm = Angle of departure of the diffraction order

a = Angle of arrival of the original laser beam
m = The diffraction order
A = Laser wavelength

f; = Frequency of the specimen grating

Specimen

Beam 2 (b)

Figure 2.1 Diffraction Orders and Wave Front Interference
(Post et al., 1994)

o and -a can be set such that diffraction order 1 of beam one and diffraction order -1 of

beam two will reflect perpendicularly from the grating on the surface of the specimen.
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When o and - o are set as such, the interaction of the two laser beams in the volume

where they cross will produce a virtual grating of frequency f as shown in equation 2.
2 .
=—sina 2
f P ()

If the specimen grating was replicated perfectly, and there is no load on the specimen the
two diffraction orders will have flat wave fronts. Since the reflected beams travel parallel
to each other and are flat, the two reflected wave fronts do not interact with each other
and no fringe pattern is produced. If the specimen is subjected to a uniform strain; €, then

the specimen grating will strain as well, causing the frequency of the grating to become

f
/s A 3)

- l+¢
From equations 1 and 3, the angles of departure of diffraction order 1 of beam one and

diffraction order -1 of beam two become:

__He _He
Bi==— Ba= (4)

Since the two wave fronts emerge from the specimen grating at angles to each other they
will interact with each other to produce a field of uniformly spaced fringes. If however,
the specimen undergoes a non-uniform strain, then the non-uniform deformation of the
specimen grating will cause the reflected wave fronts to be warped. These warped wave
fronts will interact with each other causing a non-uniformly spaced fringe pattern. The
fringe index, or fringe order, N, is dependent on the separation and the wavelength of
light used.

Figure 2.2 shows the moiré interferometry experimental setup used for the research

presented in this thesis. It should be noted that only one laser is used to generate the four



beams used. The single laser is split into four parts by a beam splitter internal to the
interferometer. Two of the four laser beams that illuminate the specimen are blocked for

determination of the U displacement field, and the other two are blocked during testing

for the V field.
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Figure 2.2 Moiré Interferometry Experimental Setup

If the fringe order is known, then it is a simple matter to determine displacement

fields:
Ux,y) = %Nx %) V(x.y) =%Ny (x,7) 5)

where U and V are the displacement fields in the X and Y direction respectively and the
sub