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Cross Polarization for Improved Digital Image

Correlation

William S. LePage? Samantha H. Daly] and John A. Shaw*

Abstract

Digital image correlation (DIC) is a surface deformation measurement technique for which
accuracy and precision are sensitive to image quality. This work presents cross polarization,
the use of orthogonal linear polarizers on light source(s) and camera(s), as an effective method
for improving optical DIC measurements. The benefits of cross polarization are characterized
through quantitative and statistical comparisons from two experiments: rigid body translation
of a flat sample and uniaxial tension of a superelastic shape-memory alloy (SMA). In both
experiments, cross polarization eliminated saturated pixels that degrade DIC measurements,
and increased image contrast, which enabled higher spatial precision by using smaller subsets.
Subset sizes are usually optimized for correlation confidence interval (typically with subsets
of 21 x 21 px or larger), but can be decreased to achieve the highest possible spatial precision
at the expense of increased correlation confidence intervals. Smaller subset sizes (such as
9 X 9 px) require better images to maintain correlation within error thresholds. By comparing
DIC results from a uniaxial SMA tension test with unpolarized and cross-polarized images, we
show that for 9 X 9 px subsets, the loss of valid DIC data points was reduced almost ten-fold
with cross polarization. The only disadvantage we see to cross polarization is the decrease
in specimen illumination due to transmission losses through the polarizers, which can easily
be accommodated with sufficiently intense light sources. With the installation of relatively
inexpensive linear polarizing filters, an optimum optical DIC setup can provide even better
DIC measurements by delivering images without saturated pixels and with higher contrast for

increased DIC spatial precision.
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1 Introduction

Digital image correlation (DIC) is a surface displacement and deformation measurement tech-
nique that was pioneered in the 1980s [1, 2] and has become a popular method in experimen-
tal mechanics. It provides capabilities beyond the averaged, discrete measurements provided by
traditional strain gages and extensometers. DIC is a non-contact, optical method that measures
nonuniform displacement fields, providing quantitative measurements of heterogeneous material
deformations arising from features such as stress concentrations, sites of damage accumulation,
and localized phase transformations. DIC is normally limited to measuring surface displacements,
but the principles of DIC have been extended to digital volume correlation (DVC) for measuring
internal displacements with through-thickness imaging methods such as x-ray tomography [3] and
confocal microscopy [4]. In this work, we will address improvements to macroscopic, optical,
surface DIC measurements.

The basic DIC procedure consists of (1) applying a speckle pattern to the surface of a specimen,
(2) taking a sequence of grayscale digital images of the specimen during a mechanical experiment,
and (3) performing DIC analysis, usually as a post-processing step (since it is computationally in-
tensive) to calculate displacements and strains of the specimen surface. Thus, good measurements

require high-quality speckle patterning and high-quality images.

1. The attributes of optimum speckle patterns include a non-repeating pattern of dots (speckles),
high grayscale contrast, and speckle diameters of at least 3 px to avoid aliasing [5, 6], but still
small enough to maintain desired spatial precision [7]. Good patterning to obtain speckles of
a relevant size and random distribution is an art, usually applied for macroscopic testing by
airbrush painting (and by techniques such as self-assembling nanoparticles for microscale
testing [8]). While important to the success of DIC, speckle patterning is not the focus of
this work. Recommendations can be found in prior work [9, 10].

2. The fundamental data acquisition method of DIC is image capturing. If a single camera
is used, only in-plane displacements (u,v) are obtained, so it is termed 2-D DIC. If two
synchronized cameras are used, all three displacements (u, v, w) can be obtained, so it is
termed 3-D DIC (or stereo DIC)?.

3. Many DIC codes have been developed, but they use the same methodology to optimize a

¥We have chosen “3-D DIC” to describe our DIC measurements with three dimensions of displacement. While
3-D DIC does provide all three displacements, it is still a surface measurement that only provides in-plane gradients
of displacement (thus, four components of the deformation gradient, or equivalently three strain components and one
rotation). It should not be confused with volumetric DIC (DVC), which can provide the full 3-D deformation gradient
(nine components, or six strain components and three rotations).
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cross-correlation function of grayscale intensities of the patterned surface to compute point-
by-point displacements between a reference image and deformed image(s). The earliest and
most common algorithms perform local DIC by discretizing the area of interest into groups
of pixels called subsets [2]. Global DIC methods have also been developed [11], with a set
of nodes akin to a finite element mesh instead of the subset-based methods of local DIC.
We used local DIC in this work, but the same requirements for good speckle patterning and

imaging apply to both methods.

Metrics on the influence of image quality for DIC analysis (step 2 above) and recommenda-
tions to achieve optimal results are presented in this work. In short, the usual best practices for
good scientific photography apply here. The goals for imaging are sharp focus, good depth of field
(where required), high contrast, and uniform and diffuse illumination. Sharp focus may require
relatively fast exposure times to minimize noise [12] and motion blur [6], yet this requires intense
lighting. The lighting should be bright enough for fast exposure times, yet should not cause sat-
urated pixels, which prohibit sub-pixel displacement accuracy and increase correlation error [6].
Usually, optical DIC is best performed with direct line-of-sight to the specimen surface, to avoid
refraction issues and aberrations from intervening optics or other transparent materials (such as
environmental chamber windows), since imaging through glass can increase correlation error [13].
Other (perhaps obvious) best practices include the use of rigid camera mounts, the use of moder-
ate lens apertures to avoid accentuated lens distortions at extreme apertures, the removal of dust
from lenses and camera sensors, and the avoidance of thermal gradients that also can cause light
aberrations.

This work characterizes the technique of cross polarization for optical DIC, and presents two
experiments to quantify the effects of cross polarization with common cameras, lights, and speckle
patterning method. Although cross polarization is an established technique for studio [14], archival [15],
forensic [16], dental [17], ophthalmological [18], and dermatological [19] imaging, it is a new
practice for DIC. Independently and simultaneously, the group of Cooper, Skaggs, and Reu, and
the group of LePage, Shaw, and Daly introduced cross polarization for DIC experiments [20, 21].
When light illuminates a specimen, reflections can be roughly classified into two types, specular
reflections® (from smooth areas of the surface) that preserve their light polarity and diffuse reflec-
tions (from rough areas of the surface) that do not. Specular reflections appear to the camera as
high intensity (shiny) spots on the surface and can lead to pixel saturation (glare). From rougher
areas of the surface, however, light intensity is diminished and light polarity is strewed when

The terminology is unfortunate in this context. In the optics community, “specular” reflections are defined as
those reflections that maintain their polarity. This should not be confused with the “speckle” DIC pattern, which is
defined as a random (non-periodic), black-white pattern of dots.



scattered from asperities and sub-surface scattering centers (Figure 1a) [22]. With flat samples,
specular reflections can be minimized by placing the lights and cameras in positions that avoid
direct reflections (which have equal angles for incident and transmitted light rays) from the sample
surface. This is not possible with rounded samples such as tubes and cylinders, however. Thus,
the benefits of cross polarization described in this paper are likely even greater for round samples
than for the flat samples presented here. The technique of cross polarization simply consists of
placing a linear polarizer between the light source and the specimen and a second polarizer (of a
perpendicular polarization axis to the first one) between the specimen and the camera. Thus, the
orthogonal polarization between incident and reflected light off the specimen surface selectively

attenuates just the specular reflections, resulting in diffuse lighting to the camera (Figure 1b).

2 Rigid body translation experiment

First, a comparison between unpolarized and cross-polarized imaging for macroscopic optical
DIC is presented with 2-D DIC and 3-D DIC setups simultaneously capturing precise rigid body

sample
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(a) Specular and diffuse reflections (b) Cross polarization

Figure 1: (a) Specular reflections maintain the polarization of incident light, while diffuse
reflections do not. (b) The horizontal polarizer on the camera’s lens attenuates the vertically

polarized specular reflections to avoid saturated pixels.



translations of a sample with different speckle patterns.

2.1 Speckle patterning

Four different speckle patterns were prepared on a single sample to compare unpolarized ver-
sus cross-polarized images. A thin base coat of white paint (Golden High Flow Titanium White,
no. 8549-4, lot 366162) was sprayed on a 50 mm X 50 mm area of an unfinished aluminum sheet
(80 mm x 80 mm X 0.4 mm thick) with an airbrush (Iwata CM-B with 0.18 mm fluid nozzle
and needle, and Iwata Studio Power Jet air compressor) at 210 kPa (30 psi) until all of the alu-
minum in the painted area was just covered. This was done to avoid glare from the aluminum [23],
and complete coverage was verified under a stereo microscope (Olympus BX51M stereo micro-
scope in bright field with 5x magnification MPLN objective lens). Speckle patterns were applied
by airbrush with a 1:1 mixture of methanol and black paint (Golden High Flow Carbon Black,
no. 8040-4, lot 345307). Methanol is added to the black paint to decrease viscosity and maintain
good paint flow and consistent speckle sizes at low airbrush pressures. To create four patterns of
different speckle sizes, a different airbrush pressure was used in each of the four 25 mm X 25 mm
quadrants of the white-painted area, while masking the other three quadrants (Figures 2 and 4).
The quadrants are labelled I, II, III, IV, respectively, in order of increasing pressure 70, 140, 175,
and 420 kPa (10, 20, 25, 60 psi), corresponding to decreasing speckle size. The best speckle pat-
terns have speckles larger than 3 px (as imaged with the DIC setup) to avoid aliasing [5, 6], but not
much larger so that DIC data resolution is maximized [7]. Here, quadrant I represents acceptable
speckle size, while patterns III and IV have undersized speckles. The undersized speckle patterns
are included to assess the efficacy of cross polarization for imaging sub-optimal speckle patterns.
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Figure 2: Light microscope images showing the four quadrants (I, II, III, and IV) with pro-
gressively increasing airbrush pressures (70 kPa, 140 kPa, 175 kPa, and 420 kPa, respectively)
and consequent decreasing speckle sizes. Quadrant I has acceptable speckle size when im-
aged with the DIC cameras, with the exception of some undersized speckles, while the other
quadrants, especially III and IV, have undersized speckles to characterize unpolarized versus

cross-polarized conditions for sub-optimal speckle patterns.



2.2 Imaging setup

The painted aluminum sample was placed in a linear translation stage, driven by a motor-
ized actuator (Newport TRB25CC) with 0.1 yum minimum increment of motion, 1.5 = 0.2 um
bi-directional repeatability from backlash, and 25 mm range of motion. The actuator speed was
kept slow (0.2 mm/s, 10% of maximum actuator speed) for all translations, and images were cap-
tured when the actuator was stopped. Three CCD cameras (Point Grey GRAS 50S5M-C) were
positioned 0.8 m from the sample, as shown in Figure 3. Cameras 1 and 3 were used for 3-D
DIC with an included angle of 11° between them, and Camera 2 was positioned between the other
two oriented perpendicular to the sample for 2-D DIC. The three cameras simultaneously captured
images of the aluminum sample with an aperture of f/8 and 25 ms exposure. Cameras 1 and 3 had
75 mm Fujinon HF75SA-1 lenses, while Camera 2 had a 50 mm Fujinon HF50SA-1 lens. Two
LED light panels (LitePanels no. 903-2076, each with 40W power, or 500W tungsten equivalent,
and 1,537 lux at 1.2 m) were placed at 0.3 m from the sample, oriented at +45° to provide primary
lighting. For the cross-polarized case, linear polarizing PMMA films (American Polarizers, Inc.,
AP38-030T with 38% transmission) were installed on both light panels in a vertical polarizing
direction, and linear polarizing glass filters (Edmund Optics #36-440 with 30% transmission) were
installed on all three camera lenses in a horizontal polarizing direction. For the unpolarized case,
all polarizing films and filters were removed. Prior to each experiment, the brightness of the light
panels was increased just until no saturated pixels were observed in the painted area of the sam-
ple. The light panel power knobs were set to about 60% without polarization and 90% with cross
polarization to accommodate light transmission losses. Note that the panel power setting changes
the light intensity output nonlinearly, so this increase in lighting is about two to three f-stops, or a
four-fold to eight-fold increase of the light intensity.

2.3 DIC calibration

The 2-D DIC length scale was calibrated with the known distance between corners A and C
of the sample’s painted area (see Figure 4a). The 2-D length scale calibration was measured on
the sample with calipers and pinpointed in the images to +1 px on each endpoint. The paired
cameras (1 and 3) were calibrated for 3-D DIC with a laser-printed calibration grid (via Correlated
Solutions Calibration Grid Generator software, with 6 mm spacing). The same calibration score

(0.059 px residual) was achieved for all 10 trials by selecting among about 25 calibration images.
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Figure 3: Schematic (a) and photograph (b) of the rigid translation experimental setup, with two

LED light panels illuminating the sample and three cameras simultaneously capturing images

for 2-D DIC and 3-D DIC. The sample was translated upward (z-direction) incrementally to

measure known w displacements.

2.4 Procedure

First, the actuator was translated downward to w = —2.5 mm, then upward to w = —1.25 mm,
and upward again to w = 0 mm to mitigate any backlash. Reference images were captured with the
actuator at w = 0, then eight 2.5 mm upward rigid body translations were performed, each followed
by an image capture while the actuator was stopped. Five trials were performed for each of the two
cases (no polarization and cross polarization), alternating between cases to avoid uneven temporal
errors, due to effects such as CCD heating [6]. For each trial, all three lenses were refocused on
the center of the sample and the 3-D DIC camera system was recalibrated to the same calibration
score. This yielded a total of 80 translated image pairs for 3-D DIC and 80 single images for 2-D

DIC.
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Figure 4: A comparison of full images of the sample, (a) without polarization and (b) cross-
polarized, shows that specular reflections are attenuated by cross polarization. This is especially
evident for the bare metal, but is also true for the speckle painted area (although less obvious to
the naked eye). Both images were taken at the reference position w = 0 (indicated by the open
circle on the vertical axis) by Camera 1 with total field of view of 80 mm wide X 95 mm tall
(2048 x 2448 px). The sample was translated upward in eight 2.5 mm increments (black dots
on the axis) to a final position wy,x = 20 mm, capturing a sequence of nine images, to assess

the effects of distortion as speckle patterns moved away from the center of the field of view.

2.5 DIC post-processing

Correlations were performed on the four speckle pattern quadrants, representing different speckle
sizes, distributions, and contrasts. The 2-D DIC and 3-D DIC analyses were performed with Vic-
2D 2009 and Vic-3D 7, respectively, from Correlated Solutions. The images were first low-pass
filtered (with the software’s built-in tool) to reduce possible bias errors from aliasing. The im-
ages were then correlated using normalized squared differences with Gaussian subset weights and
an optimized eight-tap interpolation filter for minimizing bias [6]. Correlation threshold values
were (.02 px consistency threshold, 0.05 px maximum confidence interval, and 0.1 px matchabil-

ity threshold. Correlation step size (the spacing among DIC data points) was 7 px for all cases,



yielding about 2,000 2-D DIC data points and 5,000 3-D DIC data points for each 25 mm X 25 mm
speckle pattern quadrant.

For all four speckle patterns and for both 2-D DIC and 3-D DIC, optimum subset sizes m X m
(px) were consistently smaller for the cross-polarized cases than for their unpolarized counter-
parts (Figure 5). Subset sizes were chosen to optimize the correlation confidence interval (CCI) to
0.01 px for an assumed camera noise level of 8, using the built-in subset size selection tool within
the Correlated Solutions software. Average values and spreads for each set of five trials are shown
in Figure 5. In this (Figure 5) and subsequent figures (Figures 7-9), open (red) and closed (blue)
circles denote mean values for unpolarized and cross-polarized cases, respectively, the error bars
bound about +2.7 standard deviations, and outliers are shown by small black dots. Cross polar-
ization always resulted in a reduction in the average optimum subset size and usually resulted in
less variability (all but one case, which was about the same). Smaller subset sizes are generally
desirable, since they have less spatial smoothing from their smaller shape functions.

To enable a consistent comparison between unpolarized and cross-polarized results below,
however, the same (intermediate) subset size was chosen (Table 1) for each speckle pattern and
2-D or 3-D DIC calculation. DIC displacements were computed with 2-D DIC (u,w) and 3-D

DIC (u,v,w) and compared pointwise to the actuator translations (wy) to quantify the magnitude
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Figure 5: Mean values for optimum subset sizes m X m (px) with cross polarization (blue,
closed circles) were consistently smaller than without polarization (red, open circles) in all
cases: four speckle patterns I, II, III, IV and using 2-D DIC or 3-D DIC. The error bars (about
+2.7 standard deviations) also generally show reduced variability of the optimum subset size

with cross polarization.



Optimum subset size (px) for each speckle pattern

Quadrant I II III v
2-D DIC 23 31 33 39
3-D DIC 23 29 31 33

Table 1: Fixed DIC subset sizes were chosen to provide consistent comparisons (Figures 8—10
below) between unpolarized and cross-polarized cases. Each subset size is a selected interme-

diate value of the optimum values shown in Figure 5.

of respective displacement errors, according to

Awap = | Vi w2 = wy (1a)
Awsp = | Vi +1v2 + w? — wo‘ ) (1b)

The pointwise errors Aw,p and Awsp were averaged across each quadrant to obtain four values of

Aw,p and Awsp, for each image.

2.6 Results from rigid body translation experiment

Cross polarization reduces or eliminates saturated pixels, which are undesirable because sat-
urated pixels prohibit sub-pixel accuracy and increase correlation error [6]. The appearance of
saturated pixels during optical DIC experiments is difficult to avoid, as lighting conditions effec-
tively change with large translations and deformations, despite fixed light positions and settings.
In the experiments presented here, the light panel brightness was increased just until no saturated
pixels were observed in the DIC area of interest in a live view of the cameras. After translations
of the sample, however, saturated pixels appeared in most of the unpolarized trials, while no pixels
were saturated for any cross-polarized cases (Table 2). One should recognize that the changes in
illumination here are relatively mild for such a simple rigid body translation, and we would ex-
pect much larger issues for “real-world” experiments involving out-of-plane displacements and/or
curved specimen surfaces (such as column buckling of a cylindrical rod). Thus, the protection that
cross polarization provides against saturated pixels makes DIC measurements significantly more
robust.

In addition to minimizing saturated pixels, cross polarization improves image contrast, which
reduces DIC correlation error by increasing intensity gradients [12]. Figure 6 provides two ex-
amples of speckle patterns, Quadrant I (Figure 6a) and Quadrant III (Figure 6b) both taken by

Camera 1, to compare unpolarized and cross-polarized images. The corresponding histograms
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Total saturated pixel count

2-D DIC (Camera 2) 3-D DIC (Camera 1)
Quadrant unpolarized cross-polarized unpolarized cross-polarized
I 0 0 36 0
IT 31 0 77 0
11X 324 0 2965 0
IV 0 0 1 0

Table 2: During the rigid body translation experiments, saturated pixels appear in most of the
unpolarized trials, despite setting the initial lighting to have no saturated pixels in the reference

position (w = 0). By contrast, no saturated pixels appear for any of the cross-polarized trials.

(Figures 6¢ and 6d, respectively) were accumulated across all 10 trials, giving the total pixel count
(N) at each grayscale value within the 8-bit (256) dynamic range of the CCD sensor. Quadrant I
represents a good speckle pattern with a broad distribution of grayscale values, while Quadrant 111
represents a pattern with undersized speckles as evident from its relatively narrow distribution of
grayscale values. Overall, cross polarization darkened both sets of images, which is apparent both
to the eye and by the left-shift of the histograms to darker (smaller) grayscale values. The im-
provement in contrast from cross polarization is less obvious to the eye, but can be seen in the
histograms by the slight broadening of each distribution. For Quadrant I, the contrast increased
by 6 grayscale counts for 3-D DIC (Figure 6¢), which might appear to be only a modest improve-
ment, but we consider it an appreciable gain since the unpolarized case already had an optimum
speckle pattern and lighting condition. For Quadrant III with finer speckles, cross polarization
resulted in a contrast gain of 2 grayscale counts, which is still significant considering the narrow
histogram distribution. Relative to the nominal width of each unpolarized distribution (200 and 76,
respectively), cross polarization gives about a 3% gain in contrast, even under excellent lighting
conditions. We expect larger improvements would be achieved under less optimal lighting, espe-
cially over-bright lighting conditions®. Furthermore, although not shown here explicitly but still
relevant for undersized speckles (like Quadrant III), cross polarization removes any small spots of
glare (even black speckles can be smooth and reflective), thereby minimizing the blooming effect?
of white paint around small spots of black paint (Figure 6).

Of course, to achieve this increase in contrast, sufficiently bright lights must be used, so that

the cross-polarized setup can have the same aperture and exposure time (camera gain) as the unpo-

¢Of course, cross polarization could adversely affect an under-illuminated setup, but that is easily avoided.
9Blooming occurs in imaging when fringes extend beyond a bright feature into a dark feature.
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Figure 6: A comparison of images and histograms of two speckle patterns (Quadrants I and
IIT) shows that cross polarization results in about a 3% gain in contrast (6 and 2 grayscale
counts, respectively) relative to the nominal distribution width. Images (a) and (b) were taken
by Camera 1, and their corresponding histograms (c) and (d) give the total pixel count (V) at
each of the 256 grayscale values accumulated over all 10 trials.

larized setup. If the brightness was not adjusted, then light transmission losses from the polarizers
would decrease the available light intensity by a factor of about 8. This is why the light source
power was increased for the cross-polarized cases, which allowed all images here (whether polar-
ized or not) to be captured at /8 with a fixed exposure time.

Consistent with the increased contrast, cross polarization also increases the mean intensity gra-
dient (Figure 7), which has been proposed as a metric to evaluate DIC speckle pattern quality [24].
The mean intensity gradient (VG) was computed for each image, (taken by Camera 2 for 2-D DIC
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Figure 7: Cross polarization increased the mean intensity gradient (VG) on average by about
7% for 2-D DIC and 6% for 3-D DIC. A large mean intensity gradient indicates high-quality
speckle pattern, lighting, and images. Each data set (mean with about +2.7 standard deviation
error bars) contains 40 data points.

and Camera 1 for 3-D DIC) using

— XLV
VG = WH , ()

where W and H are the DIC area of interest width and height in pixels, [V f(z;;)] = +/( o+ ( fy)z
is the magnitude of the local intensity gradient vector, and f, and f, are the in-plane derivatives

at pixel ;. VG was calculated by the Prewitt filter, an approximate differential operator for the
intensity gradient [25].

Cross polarization reduced the correlation confidence interval (CCI) by at least 5.2% and 6.3%
for 2-D and 3-D DIC, respectively (Figure 8). The CCI is a statistical measure of the one stan-
dard deviation confidence region for each subset, where a smaller CCI indicates better correlation
accuracy. Cross polarization decreased the mean CCI for 3-D DIC, for example, by 7.8%, 6.3%,
6.4%, and 8.1% for speckle quadrants I, II, III, and IV, respectively. A summary of the resulting
measurement errors are provided in Figure 9. As shown in Figure 9a for 2-D DIC, significant
reductions in mean measurement error (56%, 52%, 55%, and 61%) were obtained for all speckle
patterns (I, II, III, and IV, respectively). Interestingly, no appreciable reductions in displacement
measurement error were observed with 3-D DIC (Figure 9b) by using cross polarization, probably
since the errors were already quite small.

More details of the displacement errors (Aw) and CClIs, plotted against the normalized (aver-

13
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Figure 8: Cross polarization consistently provided reductions in the correlation confidence
interval (CCI), where a smaller CCI indicates better correlation. Each data set (mean with

about 2.7 standard deviation error bars and dot outliers) contains 40 data points.
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Figure 9: For 2-D DIC, significant reductions (56%, 52%, 55%, and 61%) in the mean mea-
surement error were observed for speckle patterns I, II, III, and IV, respectively, by using cross
polarization versus no polarization. No significant reduction in displacement measurement er-
ror was observed for 3-D DIC by using cross polarization, probably because the unpolarized
condition was already optimized for minimum specular reflections by placing the cameras out-
side of the direct reflections of the light panels. Each data set (mean with about +2.7 standard

deviation error bars) contains 40 data points.

age) rigid translation w/H, are provided in Figure 10 to gain a sense of where (and where not)
cross polarization provides an improvement. For 2-D DIC (Figure 10a), cross polarization on av-
erage achieved a 48% lower mean error. Errors were reduced at all displacements, but it made the
largest error reductions at the largest displacements. The CCI for 2-D DIC (Figure 10b) exhibited

a non-monotonic change with displacement, with a local minimum near w/H =~ 12% as the sam-
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Figure 10: Measurement errors (Aw) and correlation confidence intervals (CCI) are plotted
against the normalized average displacement w/H (where H is the field of view height) to
show where cross polarization provided improvement. Circles denote mean values for all four
speckle quadrants across all five trials of each polarization, and the lines correspond to +1

standard deviation from the mean values.
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ple translated through the center of the field of view where lens distortions were lowest. For all
but one displacement value, cross polarization gave a smaller CCI than without polarization. For
3-D DIC (Figure 10c), no appreciable reduction in displacement error was observed, consistent
with Figure 9b. Cross polarization, however, consistently achieved lower average CCls across all
displacements (Figure 10d), indicating better DIC measurements.

15



3 Uniaxial tension experiment

To illustrate the differences between cross-polarized and unpolarized images in a less trivial
context with a deforming specimen, a superelastic nickel-titanium (NiTi) specimen was loaded in
uniaxial tension. NiTi was chosen for its large recoverable strains, localized phase transforma-
tions, and the repeatable pattern of stress-induced martensitic (SIM) phase transformation upon
cycling [26]. During tension experiments, these properties result in distinctly nonuniform defor-
mations and allow reasonably congruent comparisons between cycles with different polarization

conditions while using the same cameras and lenses.

3.1 Uniaxial specimen

The specimen was the same material and dimensions as those from previously published exper-
iments [26, 27]. The test specimen was cut from a flat, 0.281 mm thick sheet of superelastic NiTi,
with the rolling direction parallel to the loading z-axis, by wire EDM to the dimensions shown in
Figure 11a. The front surface of the specimen was patterned with a white base coat at an airbrush
pressure of 210 kPa (30 psi) followed by black speckles at 70 kPa (10 psi), using the same equip-
ment reported in Section 2.1. A closeup optical micrograph of the speckle pattern is provided in
Figure 11b.

3.2 Experimental setup

In this setup all measurements were taken using 3-D DIC. Cameras 1 and 3 were outfitted with
20 mm extension tubes to give an appropriate field of view and were oriented with an included

3.13 mm
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Figure 11: (a) Schematic of the tension specimen, (b) micrograph of the speckle pattern.
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angle between them of 8°, balancing depth of focus while still capturing out-of-plane displace-
ments. All images for the uniaxial tension experiments (about 110 images per load-unload cycle)
were captured at an aperture of f/5.6 and a 15.0 ms exposure time. The 3-D DIC system was cal-
ibrated with a glass calibration grid (Applied Image p/n 045466, grid A, with 1.780 mm spacing).
Between changes to polarization conditions, the lenses were refocused, the sample was removed
from the grips, the system was recalibrated to a constant calibration score of 0.036 px residual, and
the sample was placed back in the same position in the grips. The same LED light panels as before
were used, with brightnesses of about 60% and 90% for unpolarized and cross-polarized imag-
ing, respectively. The specimen was loaded slowly in displacement (6) control by a TestResources
model 830 load frame at constant ramp rates 6 = +0.0024 mm/s, or 6/L = +1.92 x 10~*s~! across
the gage section. The axial load resultant P was measured by an MTS model 661.11 (500 N) force
transducer. The data presented here for the unpolarized and cross-polarized lighting conditions
were captured during loading cycles 4 and 5, respectively, on the same specimen. Figure 12 shows
the engineering stress-strain response of the specimen for these two cycles, where A and L are the
reference cross-sectional area and reference length, respectively, of the specimen’s central gage
section, and §/L is strain from a DIC virtual extensometer along the gage length L. DIC results
are reported later at two points, (1) and (2), on the upper plateau of the mechanical response during

stress-induced, phase-transformation front propagation.

0.41 1 2
P03,
Ao
(GPa) cross-polarized
0.2+
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0.1+
0

0 1 2 3 4 5 6
—— /L (%)

Figure 12: Mechanical response of the superelastic NiTi specimen loaded in uniaxial tension
and imaged with no polarization and cross polarization during cycles 4 and 5, respectively. DIC

results are presented below at (1) and (2) on the upper plateau of the response.

3.3 DIC post-processing

The images were correlated in Vic-3D 7 as before with low-pass filtering, Gaussian subset

weights, eight-tap interpolation filter, and normalized squared differences. Correlation step sizes
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were 3 px to yield about 37,000 DIC data points in the area of interest for subset sizes of 15 px.
Correlation threshold values were 0.02 px consistency threshold, 0.05 px maximum confidence
interval, and 0.1 px matchability threshold. Using subset size optimization to a CCI of 0.01 px
and an assumed camera noise level of 8, the optimum subset sizes for unpolarized and cross-
polarized conditions were 27 px and 25 px, respectively. The axial strain and the CCI fields for
these optimum subset sizes are presented first in Figure 14. Next, the subset size was decreased
to 15 px for both lighting conditions to decrease the spatial smoothing at the expense of increased
CClI, and the resulting axial strain and CCI fields are shown respectively in Figure 15 and Figure 16.
The strains were computed with a Gaussian filter size of 27 px for the 25 and 27 px optimized

subsets and 15 px for the 15 px subsets.

cross-polarized
unpolarized

— gray value

(a) unpolarized (b) cross-polarized

Figure 13: Cross polarization increased the contrast by 11 grayscale counts by darkening the
black speckles in the image, as seen in the histogram produced from the pixels in the DIC area
of interest of the reference image from Camera 1.
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3.4 Experimental results

Similar improvements with cross polarization in contrast and mean intensity gradient were
observed during the uniaxial experiment as were seen earlier in the rigid translation experiment.
As shown in Figure 13, cross polarization increased the contrast in the DIC area of interest (across
the gage section) by 11 grayscale counts, or 4.3% of the 8-bit sensor’s dynamic range. Furthermore,
cross polarization increased the mean intensity gradient by 7.4%, from 165.4 to 177.7 grayscale
counts. In this experiment, cross polarization again had no saturated pixels, while only two pixels
were saturated in the unpolarized images. We expect that glare was less of a problem during
this experiment, since maximum displacements were on the order of 1 mm, much smaller than
the 20 mm displacements for the previous rigid translation experiment, resulting in more constant
lighting conditions.

With the optimum subset sizes (27 px and 25 px for unpolarized and cross-polarized images, re-
spectively), no major differences were observed in the DIC axial strain fields (Figures 14a and 14b).
The same pattern of stress-induced martensitic transformation was repeated during the two cycles,
consistent with the results of Kim and Daly [26]. Cross polarization had a 2 px smaller subset size,
but there was no observable difference in the spatial detail of the axial strain fields. However, cross
polarization decreased the CCI by 4.6% on average, which can be seen in Figures 14c and 14d at
locations of high strain gradient (across a transformation front).

Smaller subsets increase spatial precision by reducing the size of the DIC data smoothing, but
at the expense of reduced confidence in the correlation. Undersized subsets cause points of lost
correlation, where correlation thresholds are exceeded. If maximum spatial precision is desired
more than complete continuity of data in the DIC area of interest, though, cross polarization was
shown to preserve more DIC data points for very small subsets. Although no significant differences
were observed with optimum subset sizes, cross polarization decreased CCls to provide more
robust correlations with small subsets. When the subset sizes were reduced to 15 px for increased
spatial precision, the unpolarized images lost 1.3% of the DIC data in the area of interest (495 out
of 37,459 DIC data points) due to exceeding the correlation threshold values (see the holes in the
contour plots of Figures 15a and 15¢). The cross-polarized images Figures 15b and 15d), however,
had no lost correlation points (37,705 DIC data points). Compared to the optimum subset size CCI
fields (Figures 14c¢ and 14d), the decrease in CCI from cross polarization was also more noticeable
with the smaller 15 px subsets (Figure 16). When the subset size was decreased further to 9 px (not
shown), the unpolarized images lost 17.9% of the DIC data points due to exceeding the correlation

error thresholds, while the cross-polarized images lost only 2.5% of the DIC data points.
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Figure 14: When using optimum subset sizes (27 and 25 px, respectively), nearly identical
axial strain maps were obtained between unpolarized and cross-polarized images, but cross

polarization achieved slightly smaller regions of poor (large) correlation confidence intervals.
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Figure 15: With a decreased subset size of 15 px, the unpolarized images lost correlation for

1.3% of DIC points, especially in areas of large strains, while cross polarization lost none.
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Figure 16: With a decreased subset size of 15 px, cross polarization maintained better (smaller)

correlation confidence intervals (CCI).
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4 Discussion

As mentioned, cross polarization requires brighter lighting than without polarization because
polarizing filters have transmission losses. According to the Law of Malus (Equation (3)), who
discovered polarized light in 1808 [28], the transmission coefficient T\, of an ideal polarizer is
1/2, or the average intensity through one period of rotation of the included angle (6) between the

polarizers, calculated as

[ = I,cos> 6, 3)
I 1 (7 1

Thax = — = —f cos’>0do = —, 4)
IO T —x/2 2

where [, is the incident light intensity and [ is the polarized light intensity. In practice, the trans-
mission coefficient for cross polarizers is less than 1/2. For example, the polarizing film for the
light sources in this work had a transmission coefficient of 0.38.

It is not recommended to compensate for light transmission losses by using a larger aperture
or a longer exposure time, instead of increasing the light intensity. A larger aperture (lower f-stop)
would reduce the depth of field and lead to blurring for out-of-plane displacements. A longer
exposure time could also lead to blurring if the specimen displaces too quickly [6] and would
increase the effects of sensor noise, a potentially significant source of DIC error [12]. A concern
with high-intensity lighting is the potential for heating of the ambient air (causing light distortion)
and of temperature-sensitive specimens (such as the superelastic NiTi used here), but this can be
avoided with high intensity LED light panels.

Another practical issue is the alignment of the polarizers, which require special care to orient
orthogonally. If an imperfection angle 6, is introduced between cross polarizers, such that the
included angle between the polarized directions is /2 + 6, the received light intensity I (from
imperfectly aligned polarizers) relative to the incident light intensity, extending from Equation (3),
is

I_Io = cos’ (g - 60). 5)
This is plotted in Figure 17 to show the sensitivity of cross polarization to misalignment. As much
as 3% of the light can still pass through the second polarizer with a misalignment of 6, = +10°.
In this work, the angles of the light source polarizers were held equal and constant, and the angles
of the camera lens polarizing filters were adjusted for maximum observable glare reduction during

live imaging of the specimen.
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Figure 17: Polarizers should be carefully oriented orthogonally to maximize the benefits of

cross polarization. The plot shows the relative “leakage” of light with imperfection angle 6.

5 Summary and Conclusions

Cross polarization is an effective method to prevent saturated pixels, increase image contrast,
decrease DIC spatial smoothing, and preserve correlation robustness in optical 2-D and 3-D DIC.
Cross polarization can reduce DIC error by attenuating glare that can saturate pixels and prohibit
sub-pixel accuracy [6], and by increasing image contrast, which decreases both bias and random
errors [12]. Cross polarization can also increase DIC spatial precision while preserving correlation
robustness by decreasing the correlation confidence interval and allowing smaller subsets without
exceeding correlation error thresholds. The only drawback we see to cross polarization is trans-
mission losses from the polarizing filters, which can easily be counteracted with brighter lighting
(although this is more difficult for high-speed imaging setups).

The differences between unpolarized and cross-polarized images were quantitatively evaluated
with a rigid body translation experiment and a uniaxial NiTi tension test. For rigid body translations
with four representative painted speckle patterns, cross polarization reduced 2-D DIC displacement
measurement errors by at least 52% and as much as 61%. No significant changes in displacement
measurement errors were observed for 3-D DIC, which already had very low errors for unpolarized
images. Also for the rigid body translations, the correlation confidence interval for 3-D DIC was
reduced with cross polarization by at least 6.3% and as much as 8.1%, and similar reductions in
correlation confidence interval were observed for 2-D DIC.

Cross polarization increased the contrast and mean intensity gradient, two metrics that indicate
speckle pattern and image quality. For example, with the uniaxial NiTi specimen, cross polariza-
tion increased the contrast by 11 grayscale counts and the mean intensity gradient by 7.4% (from
165.4 to 177.7 units of grayscale count gradient). These increases are significant since the pat-
tern, lights, and cameras were considered optimum before the addition of cross polarization. The

increased contrast allowed for very small subsets while maintaining more DIC data points within
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correlation error thresholds: with 9 X 9 px subsets, the unpolarized images lost almost ten-fold
more DIC data points than the cross-polarized images. The advantages of cross polarization would
be even greater for samples with rounded features, such as tubes and rods, since specular reflec-
tions cannot be minimized with rounded samples simply by changing the positions of the lights
and cameras.

For both the rigid body translation experiment and the uniaxial NiTi experiment, the unpolar-
ized images always had instances of saturated pixels within the DIC area of interest, while none
of the cross-polarized images had saturated pixels within the DIC area of interest. Preventing sat-
urated pixels with cross polarization ensures the ability to compute displacements with sub-pixel
accuracy.

Cross polarization requires brighter lighting (about 1.5x higher intensity) than without polar-
ization, since polarizing filters introduce light transmission losses. Although the images would
also be brighter with about two to three f-stops wider aperture or longer exposure time, brighter
lighting is the best protocol with cross polarization because wider apertures decrease the depth
of field and longer exposure times can dramatically increase CCD sensor noise and motion blur.
Quality LED light panels are generally suitable because they provide bright, uniform light without
specimen and ambient air heating.
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