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Abstract

We describe a case study on the application of an Optical Flow algorithm, using predictive veloc-
ity and pyramidal search, to the measurement of displacements in two 200 pm thick metal test
specimens, compared with a traditional digital image correlation (DIC) implementation. One
mesoscale tensile specimen and one mesoscale shear specimen of commercially fabricated elec-
trodeposited nickel alloys, used in Micro Electro Mechanical Systems applications, were tested

to fracture. The specimens were 200 pm thick and had gauge widths of 200 and 600 pm. Optical
micrographs were taken during the tests. Displacements, strains, and mechanical properties were
measured from the same sets of images using Optical Flow versus traditional DIC. The engineer-
ing stress—strain curves and shear stress vs shear strain curves from both techniques were similar
(to within 1% for the engineering strains and 4%—9% for the shear strains) from the start of the
tests to failure. This case study thus suggests Optical Flow shows promise as a measurement tool to
complement DIC for mesoscale testing and warrants further investigation with more specimens.
Potential advantages provided by Optical Flow in general include increased robustness and the
potential for lower image segment search time, which could be especially beneficial for micro- and
mesoscale test specimens.

1. Introduction

1.1. Micro- and mesoscale mechanical testing

The mechanical properties of structural materials are critical for engineering applications, as well as
for scientific investigations into material behavior and new material development. Mechanical testing
entails designing and fabricating test coupons, or specimens, of predetermined geometries, from the
material under consideration, and subjecting them to controlled loads while the specimen’s physical
response—typically the deformation—is measured. Different specimen geometries and loading condi-
tions are designed to induce different stress states in the material. Specimen sizes span many orders of
magnitude, from meters down to a few nanometers in length, width, and thickness, depending on the
type of material and the objective of the investigation.

The past four decades have seen increasing need for, and interest in, test specimens in the micro-
and mesoscale size range. While no universal size definition exists, we define the ‘mesoscale’ as charac-
teristic lengths from about 1 mm down to tens of micrometers, and the ‘microscale’ as being an order
of magnitude smaller. Many researchers, however, refer to what we call the mesoscale size range as the
microscale, and/or the millimeter size as the mesoscale, while other researchers define the microscale
as encompassing 1 pm to 1 mm. Furthermore, it is not uncommon in the literature for the terms
‘micromechanical testing’ to be used synonymously with mesoscale tests. For example, the reviews in [1—
7] show this mix of size definitions. Regardless of the terminology, the physical size distinction between
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Figure 1. Photograph of 200 pum-thick tensile and shear specimens of electrodeposited nickel alloys in the present study, beside a
millimeter ruler. The specimens were made in a commercial LIGA process. The tensile specimen is of a high-strength nanocrys-
talline Ni-10% Fe alloy. The shear specimen is of a more ductile micrograined Ni-10% Co. Details of the materials, specimen
designs, fabrication processes, and their mechanical properties measured using traditional DIC, are in [12, 14].

specimens with characteristic lengths of ~ 1 micrometer (xm) versus hundreds of micrometers—i.e.
what we call the micro- vs mesoscales—impact some aspects of the experimental approaches. See [1-7]
for reviews of micro and mesoscale mechanical test methods, which include both on-chip microfabri-
cated actuators for load application and sensing, as well as tabletop or miniaturized off-chip test appa-
ratuses and in-sitfu testing in scanning electron microscopes. Both the micro- and mesoscales are per-
tinent to micromechanics investigations since the displacements and deformations are on the order of
micrometers.

Figure 1 shows two mesoscale specimens used in the present study: a tensile dog bone specimen and
a shear specimen, both of 200 pm-thick electrodeposited nickel alloys used in Micro Electromechanical
Systems (MEMS) applications and fabricated using a commercial LIGA process [8—11]. The details of the
materials, specimen designs, test setups, test and analysis procedures, and measured mechanical proper-
ties, are available elsewhere [12-16].

The motivations for studying micro- and mesoscale specimens are generally three-fold: (1) For struc-
tural components of this size, the material properties should be measured from similar sized specimens
to avoid size effects and manufacturing-induced material differences. Examples include MEMS and semi-
conductor devices and package components, for which structural components have dimensions ranging
from 0.1 pm to 1 mm. The specimens in figure 1 fall into this category. (2) For obtaining spatially local-
ized data for fundamental investigations into the behavior of larger materials. In this case, the structural
component may be many orders of magnitude larger than the specimens but contains microstructural
features and heterogeneity at the micro- or mesoscale which impact the material properties and behav-
ior. Such features may include chemical or microstructural gradients, defects induced in manufacturing
or in-service, or the interface of joined components such as in welds and additively manufactured alloys.
Conventionally sized specimens represent an aggregate of the microstructural features. Therefore, micro-
and mesoscale specimens are also needed to obtain localized information. Previous work also measured
highly localized stress—strain curves of bulk additively manufactured metal alloys, by cutting mesoscale
specimens, of identical geometry to the tensile specimen in figure 1, from bulk material [17, 18]. (3)

For materials where mesoscale specimens are representative of bulk properties, the small size facilitates
environmental testing, in-situ testing, or testing of in-service materials where there is limited material
available. For example, the nuclear materials industry has long utilized small specimens for in-situ testing
in test reactors, although those specimens are about 1-2 orders of magnitude larger than in our present
study.

1.2. Displacement measurements in micro- and mesoscale testing

Central to all mechanical tests are displacement measurements. For micro- and mesoscale specimens, the
displacements can range from a nanometer to hundreds of microns. Traditional extensometers are too
large thus non-contact methods are used, most common are laser-based techniques such as laser interfer-
ometry, the interferometric strain/displacement gauge method [19], or commercial laser-based sensors.
These techniques, however, are usually limited to one-dimensional strain measurement. Another non-
contact measurement approach is digital image correlation (DIC), in which a sequence of images is cap-
tured while the specimen is deformed during a test and then analyzed to determine the displacements.
DIC was developed in the 1980s for conventional or macroscale mechanical- and civil-engineering appli-
cations and is now a standard approach in these fields. It has been gaining interest more recently for
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Table 1. General comparison between DIC and optical flow.

DIC Optical flow

Developed by/for experimental solid mechanics Developed by/for computer vision for motion tracking

Registration of images using correlation functions and iterative Registration of images using derivatives of pixel brightness

search strategies based on pixel brightness or Fourier transforms  intensity, motion, and an estimate of future locations based on

of the brightness values past optical flow velocities

Displacements usually calculated relative to first image Displacements usually calculated relative to previous image, but
larger timesteps can be used

Major applications: standard/default method for deformation Major applications: object identification, motion tracking, image

measurement in solid mechanics segmentation

Commercial programs geared to experimental solid mechanics Rarely applied in the field of experimental solid mechanics

(e.g. includes strain calculations)

experimental micromechanics studies. Unlike laser-based methods, image-based methods enable mea-
surement of full-field strains in addition to localized and global strains, as well as measurements of crack
initiation, nucleation and growth. Furthermore, the same set of images can be used for all the above.
Image-based methods therefore provide a greater abundance of data, especially for investigations of
material plasticity and fracture. A comprehensive review of DIC fundamentals is in [20] and a recent
review is in [21].

In previous work, a classical DIC approach was used to measure strains on 200 pm-thick electrode-
posited LIGA nickel alloys used in MEMS applications [12—16], as well as on 200 pm-thick specimens of
bulk additively manufactured IN718 [18] and Ti-6 V-4Al [17]. The tensile specimens in these previous
works were similar in size and geometry to the tensile specimen in figure 1.

A challenge with traditional DIC on small-scale specimens in general is the requirement for a suit-
able pattern of random, contrasting light and dark regions on the surface of the specimen. In conven-
tional macroscale tests with large specimens such a pattern is typically achieved by spray painting the
specimen’s surface. Surface preparation is much more challenging for specimens under a millimeter
in size. For micro- and mesoscale specimens, the most common approach is to use the natural sur-
face texture as the pattern, as was done with the mesoscale specimens cut from additive manufactured
alloys [17, 18]. However, for many specimens the surface texture may not be suitable for DIC. Many
researchers have developed methods to apply micro- and nanoparticles, as well as other techniques such
as focused ion beam milling, to the specimen surfaces to create patterns for DIC. Recent reviews of
micro-patterning approaches for small specimens can be found in [6, 7]. An alternative approach used in
the previous works on electrodeposited nickel alloys [12—14] centered on microfabricating thin-film Au
dots with an engineered pattern on the mesoscale specimen surfaces to function as fiducial markers for
DIC [13]. These microengineered fiducial markers were also fabricated on the surfaces of the specimens
in figure 1. Even so, the fiducial markers may become more difficult to track during large deformations
such as in the neck region of a tensile specimen, due to the increased motion as well as surface distor-
tions resulting in changes in the lighting from the optical system. Image analysis techniques which have
the potential for increased robustness and computational efficiency over classical DIC, could thus offer
advantages for testing micro- and mesoscale specimens.

1.3. Application of optical flow in mechanical testing of materials
Another promising group of image-based techniques for measuring strains is Optical Flow, which was
developed by and for the field of computer vision for motion tracking. Optical flow algorithms include
a predictive step that calculates the previous velocity vector of the image segments being tracked and
then uses that information to predict the next location to begin searching for that image segment. This
predictive step can facilitate tracking even when subsections undergo considerable displacement from
frame to frame, including moving beyond the bounds of the entire segment from the previous frame.
Table 1 compares DIC to Optical Flow. Optical Flow feature-tracking algorithms incorporate a predictive
element not typically seen in DIC that helps to reduce the search space and computation time needed to
correlate a segment to a larger image. This predictive element is usually combined with pyramidal search
strategies that further reduce the computational time needed for registration. The combination allows for
segments to be tracked over greater time steps or with more movement from frame to frame without the
need for an expanded search window.

Optical Flow to date is much less commonly used for mechanical testing of materials. Some exam-
ples are in [22-25]. These studies all utilized conventional-sized (macroscale) test specimens. Luo et al
[22] developed a stereo-vision technique for measuring three-dimensional deformations of an object
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and demonstrated the application on tests of a cantilever beam and 304L stainless steel compact-tension
specimen. Chivers and Clocksin [23] developed an optical flow algorithm and demonstrated it on tensile
tests of Al 2024, and compression tests of carbon fiber composites. Hartmann et al [24, 25] compared
DIC and Optical Flow for strain measurements of sheet metal undergoing large deformation and shear
cutting. From the displacements they calculated the Von Mises equivalent strains and found that both
measurement techniques provided similar global strains but with local differences.

Advanced methods of DIC have been developed that focus on the issue of decorrelation, where the
algorithm becomes unable to reliably track image segments because of significant deformations or abrupt
discontinuities [26, 27]. For Example, Pan et al [28] suggest a predictive estimation of motion and defor-
mation that allows correlation to be maintained through periodic adjustment of the reference image.
These improved DIC techniques can help to maintain correlation as the specimen under test deforms
and the image segments distort. These methods generally require relatively small frame-to-frame dis-
placements and may lose the ability to track altogether if displacements become larger than a fraction of
the size of the segment.

When image segments move rapidly, some additional step is needed to ensure that the search area
includes the segment being tracked. Without some method for accurately predicting where the image
segment will be found, computationally expensive search of an expanded area is needed in order to
maintain correlation. Optical flow solves this problem by predictively setting the initial search area for
correlation. If the magnitude and direction of image segment movement is similar between subsequent
frame pairs, then the Optical flow approach can potentially reduce search time and help to maintain
tracking. Note that although a traditional DIC implementation was used in the present case study,
the predictive search offered by Optical Flow does not preclude the use of more modern correlation
methods.

1.4. Application of optical flow in micromechanical testing of materials

In this paper we describe a case study where Optical Flow was applied to deformation measurements

in experimental micro-mechanics of materials. We compare the results to a classical DIC approach for
one tensile specimen and one shear specimen of 200 pm-thick electrodeposited nickel alloys (figure 1).
We compare Optical Flow to a classical DIC approach rather than to a more modern and advanced DIC
approach because the previous works on these specimens [12, 14] used traditional DIC, and in this work
we re-analyzed the same set of images from two of the specimens in [12, 14] but with Optical Flow.

The displacements ranged from about 2 ym in the linear elastic region, to 300 pum at fracture. We now
describe our Optical Flow technique and compare the results to that obtained from classical DIC on the
same images in the previous work [12, 14, 29].

2. Optical flow approach vs DIC

A variety of methods can be employed in the implementation of two-dimensional (2D) DIC algorithms.
In general, however, DIC algorithms employ some scheme to segment the image to be searched. DIC
then implements one of several correlation criteria that allow an iterative search to find the best match
in some template segment that maximizes similarity to the corresponding segment in the original image
[21]. Typically, the correlation criteria will either compare the brightness intensity of the pixels in a 2D
segment from the original image to those in the target image, or they will apply a Fourier transform
and compare the intensity frequencies of the two images [30]. Sub-pixel accuracy can be achieved by
selecting an appropriate approach for interpolation of the data to be correlated [21, 30].

A traditional DIC method was used to measure strains in the prior works on the 200 pm-thick spec-
imens of Ni-10%Fe and Ni-10%Co alloys [12, 14]. The results reported in those studies form the basis
for comparison in the present case study. The DIC approach relied on a stepwise search of a segment
in the target frame for the point of minimum chi squared error of pixel brightness intensity displace-
ments with respect to a template segment taken from the first frame. The area searched was simply the
last known location where the template image was found, so it would lose the ability to track any region
that moves more than half its own width in a single time step. The Marquardt-Levenberg algorithm was
used to optimize the fit using bicubic interpolation for sub-pixel accuracy [31-33].

The choice of correlation criteria and search algorithm can have a profound effect on the efficiency
of the overall DIC algorithm. An exhaustive, ordered search of an entire image is computationally waste-
ful if the likely location for the segment in question can be determined so that a smaller subset of the
target image can be searched [34]. If the corresponding segment in the target image overlaps the bounds
of the segment in the original image, or a sufficiently accurate guess can be made for its location, then
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correlation can be maximized using a ‘hill climbing’ approach. Otherwise, the target segment must be
found through a more exhaustive search, if it can be found at all. DIC can be further complicated by the
deformation of the surface being measured. Rotation, stretch, and skew are all possible for each segment
in addition to the expected translation. Any correlation criteria chosen will need to be able to account
for these transformations or it will only be able to track portions of the target surface that do not expe-
rience excessive deformation [35]. Traditional 2D DIC algorithms do best when the time step between
images is small and the deformation in the tracked surface takes place incrementally and only in the
plane of the image.

Optical flow techniques were developed to be a robust way of tracking the movements of objects
across a visual field. Unlike traditional DIC algorithms, optical flow incorporates a time component and
computes the 2D velocities of the segments within a pair of images in the plane of the image. Optical
flow is only a measure of the velocities of image segments in the plane of the image, so it is not a true
measure of velocity in a three-dimensional scene. In our experimental setup however, all motion in the
specimen takes place in the same plane as the image, so the optical flow is a measure of the velocity of
each segment being tracked.

The optical flow implementation used in this study uses Bouguet’s [36] pyramidal implementation of
the Lucas—Kanade registration algorithm [34]. The Lucas—Kanade feature tracker requires small displace-
ments between the pixels in the template segment and the image being searched because it uses a first
order Taylor expansion to estimate the derivatives of the pixel motions. Even with small displacements,
some iterative registration may be necessary, which is accomplished using a Newton-Raphson iteration
[34, 36]. The Lucas—Kanade method has the capability to handle linear distortions and changes in rota-
tion between the template being matched and the corresponding segment in the frame being searched
[34], which makes it a good candidate for strain measurements where a certain amount of distortion
is expected. In principle, any correlation criteria could be substituted during the final registration step
while still preserving the computational savings from the pyramidal search and velocity-based location
prediction.

Rather than rely on an exhaustive search of all or part of the target image for a segment of the orig-
inal image, this implementation of an optical flow algorithm uses the pyramidal search strategy laid out
in [36]. This strategy uses a series of lower resolution images calculated from the original to track move-
ments, by estimating motion in increasingly detailed versions of the image being searched. Each succes-
sive representation of the image uses higher resolution and therefore a more detailed estimation of the
motion within the image.

At each timestep, the previous step’s velocity information is then used as an initial guess for the seg-
ment’s location in the new frame. Estimating this location using velocity allows for a prediction that is
accurate enough that the subsequent correlation can often be accomplished in a single iteration [37].
The accuracy of the velocity component in making an initial guess also allows the algorithm to maintain
efficient tracking even when there is significant movement of the image segments from frame to frame.
Consequently, it can track faster deformations or use larger time steps than traditional DIC methods
while maintaining higher computational efficiency.

3. Results: application to mesoscale mechanical testing and comparison to DIC

3.1. Mesoscale tensile tests

Previous work reported the elastic-plastic properties of 50 specimens of electrodeposited nickel alloys
made from a commercial LIGA MEMS process, using a traditional DIC approach to measure the strains
[12]. The 200 pm-thick Ni-10% Fe and Ni-10% Co films were fabricated into tensile specimens with
gauge section lengths ranging from 1 mm to 3 mm, and gauge widths ranging from 75 pum to 700 pm.
Details of the materials, specimen designs, specimen fabrication process, test apparatus, testing and anal-
ysis procedures, and the final measured tensile properties including size- and strain-rate effects, are
described in [12, 13], and the materials’ fracture behavior is described in [15]. Since the strains were
measured using traditional DIC [30] of the optical micrographs, the same micrographs were reanalyzed
in the present case study using the Optical Flow approach, for one specimen.

Figure 2 shows optical micrographs of one tensile specimen from the previous study and is a close
up of an identical specimen to figure 1. This material was nanocrystalline Ni-10% Fe, with gauge dimen-
sions 200 pm wide x 200 pm thick x 2 mm long. The dots are 1 pum-thick Au and were designed to
function as fiducial markers for DIC [13] and now are used as fiducial markers for the optical flow
program.
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Figure 2. Optical micrographs of a mesoscale tensile specimen, 200 zm-thick, of nanocrystalline electrodeposited Ni-10% Fe,
showing the pattern of microfabricated thin film gold dots used as fiducial markers for DIC and Optical Flow displacement
measurement. Reproduced from [12]. © IOP Publishing Ltd. All rights reserved. (a) Optical micrograph showing the fiducial
markers in detail. (b) Optical micrograph from the tensile test, at the start of the test.

This specimen was among 50 similar specimens analyzed with traditional DIC in the previous study
[12]. The images of the tensile test were 3072 x 2300 pixels. We reanalyzed the images with the Optical
Flow algorithm, using similar user-selected parameters as in the DIC program, as follows: The corre-
sponding subsets in each program had the same initial coordinates. Subset sizes of 30-32 pixels were
used, with one subset placed at each end of the gauge section.

Figure 3 compares the raw displacements measured by both programs, for the left and right ends of
the gauge section, in the axial direction (the direction of stretch) and the transverse direction. As shown
in this figure, the displacements from both approaches are within 1% of each other.

Figure 4(a) shows two engineering stress—strain curves for the above specimen, one constructed
from the DIC displacements and the other from the Optical Flow displacements. Figure 4(b) shows a
closeup of the linear regions and the 0.002 offset lines from the two analyses. The initial gauge width
was measured from the optical micrographs while the initial gauge thickness was measured with a digital
micrometer. As shown, the two curves are within 1% of each other. Table 2 compares the tensile prop-
erties obtained from both analyses. The DIC-derived tensile properties and their measurement uncer-
tainties were reported in the previous studies [12]. The measured displacements factor into the following
properties: the apparent Young’s modulus, the 0.002 offset yield strength, and the elongation to frac-
ture. The relative uncertainties were calculated using error analysis and were discussed in more detail in
[29]. Since the absolute uncertainty in both programs is similar (0.2 pixels for DIC, 0.1 pixel for Optical
Flow), the uncertainties in the tensile properties are similar when the images are analyzed with both
approaches.

From table 2, there is a ~9% discrepancy between the nominal values of the 0.002 offset yield
strength between the Optical Flow and DIC-based measurements. As discussed in the previous study
on the measurement uncertainties [29], the Young’s modulus is the property with the largest uncertainty
from a tensile test. Table 2 shows a ~3% difference in the nominal values of Young’s modulus between
the Optical Flow and DIC analyses, which could be due to differences in how each program calculated
small displacements such as those in the linear region of the stress—strain curve. Even though the stress—
strain curves from Optical Flow and DIC are very similar as shown in figure 4(a), the 3% difference in
Young’s modulus leads to the 0.002 offset lines crossing the stress—strain curve at different locations in
each case, as shown in the close up in figure 4(b). Given the nonlinearity of the stress—strain curve in
the region of the yield stress, the 3% difference in slope of the 0.002 offset lines results in a 9% differ-
ence in the nominal values of the yield stress for the two cases. Nevertheless, this discrepancy in the
yield stress is within the measurement uncertainty of 12%. [29] provides more details of the measure-
ment uncertainties in the tensile tests which included the specimen in figure 4. Therefore, the Optical
Flow method gives similar results to DIC for the mesoscale tensile specimen of nanocrystalline Ni-10%
Fe in the current and previous study.

3.2. Mesoscale shear tests
In addition to the tensile properties, the in-plane shear properties of the two LIGA Ni alloys at similar
size scale were also measured in previous studies [14]. The same test apparatus from the tensile tests was
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Figure 3. Raw displacements measured on the same set of images, using Optical Flow and DIC, for the mesoscale tensile test. The
gauge section was 2000 pixels long. (a) Longitudinal displacements (stretch). (b) Transverse displacements (rigid body motion).
(c) Net displacements in the x- and y-directions (‘dU” and ‘dV; respectively) from DIC and Optical Flow.
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Figure 4. (a) DIC- and Optical Flow-derived engineering stress—strain curve for the 200 um-thick tensile specimen of nanocrys-
talline Ni-10% Fe in figure 2, with gauge dimensions 200 um wide x 2 mm long x 200 pm thick. (b) Close up of the stress—
strain curves in (a) with the 0.002 offset lines.

used, and the images were analyzed with the same DIC program. One specimen of the ductile 200 ym
thick Ni-10% Co alloy was reanalyzed in the present study using Optical Flow. Figure 5 shows optical
micrographs of the gauge section during a shear test. For both DIC and Optical Flow analyses, an array
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Table 2. Comparison of the tensile properties of one specimen of 200 pm-thick
electrodeposited nanocrystalline Ni-10% Fe, based on the engineering
stress—strain curve constructed from the DIC displacements and the Optical
Flow displacements. The uncertainties are the measurement uncertainties
derived from error analysis.

DIC Optical Flow
Ultimate tensile strength (MPa) 1947 + 2% 1947 + 2%
Apparent Young’s modulus (GPa) 180 £ 12% 175 + 12%
0.002 offset yield strength (MPa) 1233 £ 12% 1348 £+ 12%
Engineering strain at UTS 0.0555 £+ 2% 0.0555 &= 2%
Engineering strain at fracture 0.114 2% 0.114 £ 2%

=} o
=} o
;

o data
T |— curve fi]

50+

displacement, u (pixels)

-150
, -1500 -1000 -500 0 500 1000 1500
LS5 T R PRI S LA y-coordinate (pixels)

(b) (c)

Figure 5. (a) Optical micrograph of an undeformed gauge section of a 200 pm-thick mesoscale shear specimen of micrograined
electrodeposited Ni-10% Co. The dots are 1 yum-thick Au and serve as fiducial markers. (b) Optical micrograph of the deformed
gauge section during the shear test, with the DIC grid overlayed. The trapezoid is manually drawn to represent the shear zone
and is intended for illustrative purposes only. (c) Typical plot of measured displacement in the horizontal direction, u, as a func-
tion of the vertical position along the center of the gauge section, yo. Reproduced from [14], with permission from Springer
Nature, this caption is original.

of subsets was used to measure the displacements, u, in the x-direction, which is the direction of shear,
as well as the transverse displacements, v, in the y-direction. The images were 3072 x 2300 pixels. For
each image captured during the test, we plot u against y, for the central column of the array, where y,
are the initial y-coordinates of each subset, figure 5(c) shows a typical plot. The simple shear strain is
the slope of the linear segment of the sigmoidal curve in figure 5(c), which corresponds to the shear
zone, and is calculated by fitting a hyperbolic tangent function to the sigmoidal curve [14].

The DIC and Optical Flow analyses both used subset sizes of 100 pixels and an array with 85 rows
and 33 columns. The step size (distance between the centers of the subsets) was 25 pixels for the DIC
program, and 26.19 pixels for the Optical Flow program due to sub-sampling. The y, of the first row
was identical for the Optical Flow and DIC arrays, but the 4.75% larger step size used in the Optical
Flow program (26.19 pixels as opposed to 25 pixels for DIC) resulted in each subsequent row being
located at a slightly higher y-coordinate than its counterpart in the DIC array, shown in figure 6(a)
which plots the y, of each row in the subset array. For a given image, the calculated shear strain is the
slope of the shear zone (i.e. the linear segment of the sigmoidal curve in figure 5(c)) and is unchanged
by the slightly larger step size in the Optical Flow analysis since the slope is linear. Figure 6(b) shows the
displacements u for the top and bottom rows of the array. The measured displacements were then used
to calculate the specimen’s rotation angle using equation (1):

1 (0u Ov
=355 v

Figure 6(c) shows that the maximum rotation angle was under 2 degrees for both the DIC and Optical
Flow analyses, with the discrepancy between the analyses being less than 1 degree.

A rotation angle under 1 degree, which was measured on this shear specimen and others of identical
geometry [14], is experimentally negligible because the resultant force and displacement in the direction
of shear differ by 1% or less from the total values measured along the x-axis. Nevertheless, we applied
a rotation correction to all the displacements, as well as to the measured forces, to construct the shear
stress vs shear strain curve for this specimen.
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Figure 6. DIC and Optical Flow displacements, for one mesoscale shear specimen of 200 um-thick Ni-10% Co. (a) Initial y-
coordinates of the center column for each row in the subset array. The step size was 25 pixels for the DIC analysis and 26.19 pixels
for the OF analysis. (b) Raw displacements in the x-direction, of the top and bottom row of the subset array. The displacements
are for the center column of the subset array. (c) Specimen rotation angle during the shear test, calculated from the DIC and
Optical Flow displacements. For both approaches, the absolute value of the maximum rotation angle is less than 1.5 degrees.

Figure 7 shows images from the shear test. Figure 7(a) shows the specimen at the start of the test,
figure 7(b) shows the specimen at maximum shear stress or Tmay, and figure 7(c) is the last image before
fracture. From the previous work [14] it was found that due to the high ductility of the Ni-10% Co
alloy and the lack of rotational constraint due to pin-loading of the specimen in the clevises, the shear
tests for the ductile Ni-10% Co alloy are valid until the maximum shear stress (7y.y) is reached. This is
because further loading beyond 7, resulted in extensive distortion, ‘tearing apart’ of the gauge section,
and rotational motion of the upper and lower halves of the specimen relative to each other, such that
the specimen no longer undergoes simple shear deformation as shown in figure 7(c). The failure crite-
rion for the ductile Ni-10% Co shear specimens is therefore 7,y.

As mentioned earlier, the simple shear strain is the slope of the linear segment of the sigmoidal
curve in figure 5(c). The same curve fitting procedure was used on both sets of displacements (from
DIC and Optical Flow) to calculate the shear strains. After 7, is reached, typically at shear strains
between 1.8-2.0, continuing the curve fitting procedure on subsequent displacements results in artifi-
cial values of shear strain that are not physically valid since the specimen is no longer undergoing sim-
ple shear, as mentioned earlier and in [14]. We analyzed all images until fracture, even in the non-valid
regime of the test (beyond 7p,.x), as the large artificial strain values served as a qualitative measure of
the ductility of the Ni-10% Co alloy compared with the stronger and more brittle nanocrystalline Ni-
10% Fe alloy which underwent much less deformation and remained in simple shear until fracture at a
shear strain of 0.42 [14].
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(c)

Figure 7. Optical micrographs from the shear test of the 200 pzm-thick electrodeposited Ni-10% Co shear specimen in figures 6
and 8. (a) At the start of the test. (b) At the maximum shear stress, which is the failure criterion. (c) Just before fracture, showing
extensive deformation and tearing, the deformation is no longer simple shear thus this portion of the shear test is experimentally
invalid.

Figure 8 shows the shear stress vs shear strain curves constructed from the DIC and Optical Flow
displacements for the Ni-10% Co specimen in figure 7, where the failure criterion is the maximum shear
stress. The region to the left of the vertical line in figure 8(a) is the valid range of the test and is also
shown in close up in figure 8(b). The shear strains to right of the vertical line in figure 8(a) are not
physically valid but are still plotted until fracture.

Within the valid region of the test, shown in figure 8(b), the shear strains from DIC and Optical
Flow are within 4%-9% of each other, with the larger discrepancy at the higher strains being outside
the experimental uncertainty of 4%. This discrepancy between DIC and Optical Flow is larger than for
the tensile specimen in the previous section, where the engineering strains were within 1% of each other
and within the measurement uncertainty. This could be due to the fact that the tensile specimen was
of the more brittle material (the nanocrystalline Ni-10% Fe alloy) and thus did not undergo as much
change in surface texture and lighting contrasts during the test as the more ductile shear specimen in
figure 7(b). The changes in surface texture and lighting in the shear test could have affected the DIC and
Optical Flow programs differently, resulting in more variation in strain values between them than for the
tensile specimen. These differences accumulated with increasing deformation when the shear specimen
was loaded beyond T, such that the artificial strain values (in the non-valid range of the test) from the
two analyses increasingly deviated from each other to a final discrepancy of ~20% just before fracture,
as shown to the right of the vertical line in figure 8(a).

Changes in lighting and contrast from one image to another is a factor that affects both DIC and
Optical Flow, though it can be corrected for to some degree depending on the choice of registration
algorithm chosen. For example, the application of a bandpass filter to the image can reduce sensitivity to
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Figure 8. (a) Engineering shear stress vs simple shear strain curves for the 200 ;zm thick specimen of electrodeposited Ni-10%
Co in figures 6 and 7. The strains were computed separately from the DIC and Optical Flow displacements. The shear test is
experimentally valid up to the maximum shear stress, indicated to the left of the vertical line. To the right of the vertical line,
the ductile specimen is no longer in simple shear while continuing to be loaded until fracture, the calculated shear strains in this
region are therefore not physically valid. (b) Close-up of the shear stress vs shear strain plot in (a) in the region of experimental
validity, i.e. up to the maximum shear stress (failure criterion).

Table 3. Shear properties for one specimen of 200 pm-thick electrodeposited
Ni-10% Co. The relative uncertainties are the measurement uncertainties derived
from an error analysis. The failure criterion is the maximum shear stress (Tmax)-

DIC Optical flow
Maximum shear strength, 7ma.x (MPa) 416 + 1% 416 + 1%
Shear modulus, G (GPa) 12+ 9% 10 + 9%
0.002 offset yield in shear (MPa) 250 £+ 9% 250 + 9%
Shear strain to Tmax 1.83 + 4% 2.0 £ 4%

background lighting changes. Furthermore, because the DIC analysis used the first image as the reference
whereas the Optical Flow analysis used the previous image, such discrepancies could have accumulated
over more images and thus be larger at the end of the test.

Table 3 shows the shear properties obtained from the shear stress vs shear strain curves. As with the
tensile test (table 2), the reported uncertainties were calculated from an error analysis and are indepen-
dent of the number of specimens tested. Here we define the ‘0.002 offset yield in shear’ as its analog in
the tensile test, i.e. by constructing a straight line with slope equal to the shear modulus and offset by
0.002 strain on the shear stress—strain curve and then finding its intersection with the curve [14].

4, Discussion

The objective of this paper is to describe a case study where Optical Flow was found to provide similar
results to traditional DIC for one mesoscale tensile test and shear test from previous work. For the shear
test, the shear strains were within 4%-9% of each other until the failure criterion (7ay) Was reached.
When the specimen was loaded beyond 7p,y the discrepancy in artificial shear strain values increased to
20%. These discrepancies could be due to the ductile Ni-10% Co specimen exhibiting changes in sur-
face texture and lighting which could have affected the two programs differently, with such differences
accumulating with increasing deformation. For the less complex tensile specimen made from the more
brittle Ni-10% Fe alloy, the engineering strains from both analyses were within 1% until fracture as the
surface texture and lighting did not change as much during the tensile test. The results for these two
specimens, while preliminary, suggest that Optical Flow is a promising method for strain measurement
for the current mesoscale specimens. While the intent is not to replace DIC, the Optical Flow approach
in general has certain advantages over traditional DIC, which make it a promising approach for further
study. Following is a more general discussion of factors affecting Optical Flow and traditional DIC.
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The choice of algorithm for measuring strain, whether it is some version of DIC or Optical Flow,
can be seen as a balance between accuracy, robustness [36] and computational efficiency. Accuracy is
limited by the equipment used, the correlation calculation chosen, bit depth of numerical represen-
tation, and the type of interpolation, if any, used to achieve sub-pixel accuracy [30, 34]. Robustness
refers to an algorithm’s ability to continue tracking under less than ideal or changing conditions.

For DIC, consideration must be given to whether lighting conditions might change, the amount
of time or deformation expected between frames, and the amount of total deformation expected.
Efficiency becomes more important as the size, pixel density, and number of images to be analyzed
increases.

A pyramidal implementation of the Lucas—Kanade feature tracker using Optical Flow provides a
balance between accuracy, robustness, and computational efficiency. The incorporation of a velocity
component to estimate the likely location of each image segment along with a pyramidal approach to
correlation potentially allows registration of segments between frames more efficiently than the sim-
ple hill climbing, subsection search used in our older DIC implementation. As long as movement of
segments is consistent enough that the velocity-based estimate is accurate, this method can potentially
reduce the search area considerably while also allowing greater displacements between frames with-
out loss of tracking. For more information on the efficiency of various correlation criteria, please refer
to [38, 39].

The use of a predictive location search also lowers the possibility that the registration algorithm
might mistakenly identify a region with a similar brightness pattern, in an incorrect area of the target
image, as the segment to be tracked. The difficulties in creating DIC-suitable speckle patterns on micro-
and mesoscale specimens if the surface texture is not sufficient are well-documented and motivated the
use of microengineered fiducial markers in the present specimens [13]. With microengineered fiducial
markers the pattern is well controlled and repetition can be avoided, making erroneous region identifi-
cation unlikely with either algorithm. However, the predictive location functionality of Optical Flow and
its subsequent lower probability of erroneous region identification (compared to traditional DIC) could
be beneficial for testing specimens with a less controllable speckle pattern. For example, speckle patterns
produced with spray paint can inadvertently create small sub-regions with similar speckle patterns that
can potentially be misidentified. In addition, for other ductile mesoscale specimens similar to those in
this study, the Optical Flow method maintained its ability to track segments under lighting conditions
and deformations that were beyond the capability of the older traditional DIC implementation.

Traditional DIC algorithms often search for image segments by comparing template subsections from
the first image to each subsequent frame. This strategy tends to give a slightly more accurate result over
long image sequences because it does not allow for frame-to-frame drift of the template image. Optical
Flow does not lend itself to this type of comparison because subset velocities are calculated on a frame-
to-frame basis. The pixel brightness values to be tracked in each frame are taken from the calculated
locations of the segments of the previous frame. In a well-conducted tensile or shear test there is typi-
cally very little difference in the brightness values of segments from frame to frame unless there is large
deformation in the underlying sample. Continuous updating of the segment being matched, combined
with the additional location prediction step, could potentially allow the Optical Flow algorithm to con-
tinue tracking regions that the DIC algorithm cannot, as we informally observed in other mesoscale
specimens of the same alloys which were not included in the present case study. If the image bright-
ness template is rapidly evolving from frame to frame, then the optical flow method may maintain its
tracking at the cost of introducing small cumulative errors in the calculated motion.

The field of computer vision is rapidly advancing, and new innovations in both DIC and Optical
Flow are happening regularly. In this study, we chose to use a pyramidal implementation of the Lucas—
Kanade Optical Flow algorithm [36] to compare with previously published data obtained using a tra-
ditional DIC algorithm [12, 14]. More modern Optical Flow implementations based on convolutional
neural networks have been developed [40, 41] and are extending the field of computer vision. To date
they are not commonly used in the field of mechanical testing. Neural networks require extensive train-
ing and a data set of ground truth examples which, for this case study, were not possible to generate
using the available data. To do so in the present work, we would have had to either train the neural net-
work on the previous DIC data, or rely on generalized training that was not directly applicable to our
use case, which could lower the accuracy of the neural network. The use of the more traditional Optical
Flow implementation in this work helps to ensure that all calculation steps are knowable, and that the
data used is only from the sample under test.
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5. Conclusions

We described a case study where Optical Flow was applied to deformation measurements of two
mesoscale specimens of electrodeposited Ni alloys, and the results compared with previously published
results from a traditional DIC approach. The predictive velocity component and pyramidal search used
in Optical Flow provided acceptable accuracy along with increased robustness and qualitatively lower
computation time. The tensile and in-plane shear properties of 200 pum-thick films of electrodeposited
LIGA nickel alloys, for MEMS applications, were measured from the same set of images using Optical
Flow and DIC. The raw displacements, engineering stress—strain curves, shear stress—strain curves, and
the materials’ tensile and shear properties extracted from the curves, were compared from the two
approaches. The engineering strains for the tensile specimen of the Ni-10%Fe alloy were within 1% of
each other, and the shear strains of the more ductile Ni-10% Co alloy were within 4%-9% of each other
until the failure criterion of 7p,,,. We also discussed general advantages of Optical Flow over traditional
DIC, such as faster run time and the potential for less reliance on the speckle pattern quality, a feature
which could be especially beneficial for micro- and mesoscale mechanical test specimens due to the well-
documented general difficulties in speckle pattern creation at this size scale. Thus, this case study sug-
gests that Optical Flow shows promise as a tool for displacement measurement in the testing of micro-
and mesoscale specimens and warrants further study with more specimens.
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