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Abstract This paper describes the experimental methodolo-
gy used to study the contact mechanics of a rigid, rough sur-
face and a compliant, nominally flat surface using digital im-
age correlation (DIC). The rough surface was produced by 3-
D printing PMMA and the flat surface was produced with
transparent PDMS (silicone rubber). The deformation of the
speckled top surface (contact) of the PDMS was measured via
DIC viewed through the transparent media. Four different
PDMS formulations with moduli ranging from 64 to
2120 kPa were used in the experiment program to cover a
wide range of modulus normalized loads. The deformation
of the contact surface and depth of penetration versus normal-
ized load were measured. The results were overlaid with pre-
vious measurements of contact area and complemented them
extremely well. Additionally, it was shown that scaling laws
associated with such contact mechanics problems extend
many length scales.

Keywords Contact mechanics . Digital image correlation .

Indentation . Transparent medium

Nomenclature
ar Relative contact area
DIC Digital Image Correlation
E Young’s modulus
FTIR Frustrated Total Internal Reflection

JKR Johnson-Kendall-Roberts
P Normalized pressure, weight divided by area of

indenter
PDMS Polydimethylsiloxane
PMMA Poly(methyl methacrylate)
ROI Region of interest
u Displacement in the x direction
v Displacement in the y direction
w Displacement in the z direction
x In-plane horizontal coordinate
y In-plane vertical coordinate
z Out-of-plane coordinate

Introduction

A recent contact mechanics challenge, issued by Martin H.
Müser from the John von Neumann Institut für Computing
and Supercomputing Centre in Jülich, Germany and Wolf B.
Dapp from the Department of Materials Science and
Engineering in Saarland University, Germany challenged in-
vestigators to model the contact between a self-affine rough
surface and a nominally flat, elastic surface [1]. The surface
roughness, modulus, surface area, and surface energies of the
two surfaces were provided. The challenge provided an equa-
tion that defined the surface roughness over a 100 by 100 μm
(0.0039 by 0.0039 in. area with nanometer features. The chal-
lenge was intended to be solved by theorists and numericists
[2–6]. Predictions of contact area, penetration depth, deforma-
tions of the surfaces, and full-field gap between the two
surfaces as functions of load comprised some of the results
that were requested. Upon hearing of this challenge, a team at
the University of Florida lead by ProfessorsW. G. Sawyer and
T. E. Angelini surmised that the length scales that defined the
challenge were still within the realm of continuum mechanics
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and thus scaling laws may still be valid. Being experimental-
ists, they proceeded to scale the problem up to 100 by 100 mm
(3.9 by 3.9 in. and conducted experiments using a scaled pre-
cision 3D printed PMMA version of the rough surface and
PDMS (silicone rubber) flat surfaces with varying moduli.

Originally the authors used a method called frustrated total
internal reflection (FTIR) whereby the PDMS surface was lit
from the side with a bright, diffuse light source such that all
light was wave guided sideways through the PMMA [7–9].
The rigid 3-D printed model was then pushed into the surface
with increasing load. Where asperities on the 3D printed mod-
el contacted the PDMS substrate, the internal reflection redi-
rects the light towards the camera as a diffuse reflection. Thus,
where the model contacts the PDMS, the contact surface ap-
pears to Blight up^. A camera placed below the setup was used
to take images of the contact area for each given load. The
FTIR setup used in this study is shown in Fig. 1, and an
example image showing the area of contact is shown in Fig. 2.

The results for the FTIR method are presented in Fig. 3
where ar is the fraction of the area in contact with the flat
surface with respect to the total area (100 × 100 mm) and P
is the normalized pressure. It is defined as the applied load
divided by the nominal surface area (100 × 100 mm for the
experiment). E is the composite stiffness of the PDMS flat
surface. In these experiments, the modulus of the PDMS
was varied by the ratio of the curing agent, as discussed in

the experimental procedure section. The five white circles
represent the values given byMüser’s Bgold standard^model.
The results from the FTIR experiment show good agreement
with Müser’s model. Note that the value of ar can never be
greater than one. Fig. 4 shows the results combined onto one
graph. It can be seen that all four experiments collapse onto
one master curve and register with Müser’s simulation data.

After the success of the FTIR method in determining con-
tact area as a function of normalized pressure, it was realized
by the authors that a similar setup could be used with digital
image correlation (DIC) to yield full-field surface deforma-
tions of the originally nominally flat PDMS. This would indi-
cate not only where the indenter made contact with the PDMS
but by how much the PDMS surface deformed. This paper
reviews the experimental details of the DIC technique applied
to this contact mechanics challenge. Its results were then com-
pared with those for contact area from the FTIR method and
the values given by the Müser model. The agreement proved
to be excellent. It is believed by the authors that this technique
offers exciting newways for investigating problems of contact
mechanics previously limited to numerical analysis.

Experimental Procedures

Material Prep

The specifications of the indenting surface were provided by
Martin H. Müser from the John von Neumann Institut fürFig. 1 FTIR experimental setup with cross-sectional view

Fig. 2 FTIR contact area for 44.5 N (10 lb) applied to the 64 kPa (40:1)
PDMS
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Computing and Supercomputing Centre in Jülich Germany,
and Wolf B. Dapp from the Department of Materials Science
and Engineering in Saarland University, Germany. The sur-
face was intended to be a self-affine rough surface. Müser
created the surface equation by Bdrawing random numbers

for the Fourier transform of the height profiles ~h qð Þ having a
mean of zero and, on average, a second moment defined by
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“Here, ℒ = 0.1 mm is the linear dimension in x and y of
the periodically repeated simulation cell, λr = 20 μm is the
roll-off wavelength, qr = 2π/λr, and λs = 0.1 μm is the short
wavelength cutoff, below which no roughness is considered.
Finally, H is called the Hurst roughness exponent” [1].

The surface length was scaled by a factor of 1000 from
100× 100μm to 100 × 100mm to allow for easiermeasurements.
The assumption was that the same physics of continuummechan-
ics held for both the scaled model and the original 100 × 100 μm
surface. The surface indenter was 3D printed out of white, opaque
PMMA. The printer resolution was 16 μm. The stiffness of the
PMMA indenter was between 1.8–3.1 GPa [10].

The nominally flat, compliant surface was chosen to be
PDMS since it offered a clear medium and a suitable range of
moduli to allow for scaling. The PDMS had to be compliant
enough to show large deformations for the loads given. To
allow for scaling laws to be used, four separate transparent
PDMS surfaces were made with differing stiffness. This was
achieved by curing PDMS using four separate base to agent
ratios: 10:1, 20:1, 30:1, and 40:1. The manufacturer’s sug-
gested mixture ratio is 10:1. As the mixture deviates from the
10:1 ratio, the stiffness decreases. Unfortunately the PDMS
also became stickier as it deviated from 10:1, which was not
ideal. The PDMS was cast to about 15 mm (0.59 in. thick and
cured inside a hard circular casing, 229 mm (9 in. diameter. It
should be noted that the PMMA indenter was 1000 times stiffer
than the stiffest PMMA used. Thus, the compliance of the
indenter is considered negligible and the compliance can be
assumed to be concentrated in the flat surface.

Stiffness Testing

It was necessary to determine the composite Young’s modu-
lus, E, for each of the four PDMS concentrations. This was
done using spherical indentation data and thenmatching to the
JKR model to back out E [11]. The results for the composite
Young’s modulus are shown in Table 1. The Poisson’s ratio, ν,
was assumed to be 0.5.

Fig. 3 FTIR contact area plotted against P/E for PDMS and compared to
simulation data

Fig. 4 FTIR contact area plotted against P/E for four PDMS samples
overlaid and compared to simulation data

Table 1 Stiffness of
PDMS by resin to
hardener ratio

PDMS
Concentration

Young’s Modulus,
E (kPa)

10:1 2120

20:1 749

30:1 241

40:1 64
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Experimental Setup

To measure full-field out-of-plane displacements, digital image
correlation (DIC) was chosen as the measurement technique.
DIC is a useful experimental technique for measuring displace-
ments because specimen preparation is easy, ordinary light can
be used, it is not overly sensitive to vibration, and it can mea-
sure displacements for a wide range of sizes depending on the
lens magnification used [12–14]. To support the PDMS, a
12.7 mm (0.5 in.) thick plate of glass was used as the base.
The thickness of the glass was chosen to be large enough that
there would be negligible deflections of the glass plate even
when the maximum load of 445 N (100 lbs) was applied. The
plate and PDMS were held above the cameras by aluminum
bars tightened together and bolted to an optical table. The entire
setup was designed to be as rigid as possible. Three indexing
stops were used so that the glass base could be pushed flush and
into the same orientation throughout the experiment. A sche-
matic of the experimental setup is shown in Fig. 5.

To measure out-plane-deformations, stereo (two) cameras
were used. The cameras were fixed rigidly to the bottom of the
experimental setup and pointed upward. The cameras were ori-
ented at 15° from vertical. Even though a larger angle would
yield more out-of-plane sensitivity, 15° was used in order to
accommodate the irregular surface and inclines during

indentation. Using a larger angle during preliminary testing was
found to result in decorrelation of the data at the steepest indenter
locations. 15° from vertical was considered a good compromise
between out-of-plane sensitivity and unobstructed view.

Load was achieved with calibrated weights. Careful atten-
tion was made to place these weights in the center of the
model. The indenter model was marked so that it was in the
same orientation for every experiment with a distinctive fea-
ture of the rough surface profile used for orientation.

Lighting

Significant effort was made to optimize the lighting in order to
avoid shadows and oversaturation. The goal was to have
bright, diffuse lighting. Bright external lighting allowed the
apertures on the cameras to be opened less, which allowed for
a greater depth of focus. LED flood lights were pointed to-
wards a white ceiling above the test area, and a black cloth was
placed above the model indenter so that no direct light from
the ceiling was seen by the cameras. The light from the ceiling
then reflected back to four white diffuse surfaces situated
around the setup angled slightly upwards towards the under-
side of the PDMS. Black fabric was added to various locations
of the diffuse surfaces to block any glare that appeared on the
model in the images. Black tape was wrapped around the side
of the circular plastic case enclosing the PDMS so that no
wave guided light could enter from the sides. In this experi-
ment, the goals were opposite to that of the FTIR method. All
of this was done to achieve a sufficiently diffuse light angled
upward and tangentially from underneath the setup. If the light
was too localized, then glare would appear as the indentations
increased. This did not become apparent until the heavier
weights were added in preliminary experiments. Something
of an iterative method was needed to perfect the lighting. The
experimental setup is shown in Fig. 6 before speckles had
been added to the PDMS and before the white poster boards
and black cloth had been added for the lighting.

Camera Calibration

There have been DIC experiments through materials with dif-
ferent indices of refraction. One method is to use elastic image
registration schemes to undo the distortion of images caused
by refraction [15]. Another method corrects for the distortion
by creating a new calibration algorithm which calculates the
location of the planes and their indices of refraction from the
calibration grid [16]. For 3-dimensional DIC systems, the
cameras have to be calibrated to allow the software to deter-
mine the coordinate systems and calibration constants of the
two cameras. In this experiment, this was done with a flat grid
of 9 by 9 dots each spaced 10 mm apart (0.39 in). The entire
grid was roughly the size of the area to be deformed by the
model. It was necessary to do this camera calibration as closeFig. 5 Schematic of DIC experimental setup
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to where the speckle pattern was to be measured and through
the same media that would be present during the experiment.
This meant that the grid had to be placed on the surface of the
PDMS. This way any refraction from the glass and the PDMS
were included in the camera calibration. The calibration was
specific to each set of PDMS (10:1, 20:1, 30:1, and 40:1)
because the thicknesses and index of refraction for the
PDMS are not necessarily constant. About 30 images of the
calibration grid were taken in different orientations and loca-
tions. Fig. 7 shows one of these images. The grid was held just

above the PDMS surface and at various angles and positions.
Because distortion caused by refraction through the glass and
PDMS is a concern, care was taken that the VIC-3D software
did not indicate excessive error when calibrating the cameras.

Specimen Prep

Once the cameras had been calibrated for a particular PDMS,
the surface could be speckled with black spray paint. Original
attempts at using a solvent based spray-paint resulted in poor
adhesion to the PDMS as the weights were applied to the
model. Better results were found using the Krylon H20 acrylic
latex aerosol black spray paint and giving sufficient time for
the paint to dry. For speckling, the PDMS plate was placed in a
fume hood as the spray paint was sprayed above and parallel
to the surface so that some small black speckles fell onto the
surface of the PDMS. This a standard method for applying
speckles for DIC [12]. Fig. 8 shows an example of the speckle
pattern used. The goal was to have good contrast. Half the
surface should be black and half white with unique and dis-
tinct speckles. No white spray paint was used as a background
for fear that a continuous layer on the surface would reinforce
the surface stiffness. Instead the white model and well lit
backing were used to give the appearance of a white back-
ground behind the black speckles. The speckles were desired
to be small enough as to be distinct within each subset. This
depended on the magnification of the lens used and the reso-
lution of the cameras.

Correcting Index of Refraction Distortion

The index of refraction between air and the PDMS are differ-
ent. This creates discrepancy between the out-of-plane dis-
placements observed by the cameras and the displacements
that are actually occurring. To quantify this discrepancy, a
small indenter was 3D printed to have a known gap of 2 mm
(0.079 in). This indenter was then pressed into the surface of
the PDMS as shown in the top drawing in Fig. 9.

Fig. 6 Photograph of experimental setup without speckle pattern, lights,
and masking

Fig. 7 Image used for calibrating the cameras, calibration grid is behind
glass and PDMS Fig. 8 Image of speckle pattern on PDMS surface
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When the surface of the PDMS was speckled instead of the
indenter, the image below was obtained. Fig. 10 shows the
deformed PDMS surface under the indenter as it was being
pressed. Note that the surfaces are flat away from the edges,
indicating that the pressure was sufficient to cause bottoming
out.

The height measurements were then taken at the three posi-
tions shown in Fig. 11. The squares indicate the area where the
out-of-plane displacement was averaged over. These squares
were chosen to be at the center of each surface, far enough away
from any curvatures near the edges in Fig. 10. The top and
bottom squares in Fig. 11 are the bottom surfaces of the indent-
er. Their values are taken and then averaged together. The value
from the middle square was then subtracted from the previous
average to get the difference in height. The actual indenter
depth had been measured with micrometers to be 2 mm.

This process of measuring the gap depth of the indenter
was performed at the five locations on the surface of the
PDMS shown in Fig. 12. In each position the DIC indicated
a gap depth of 1.4 mm instead of the actual 2 mm. To correct
for this error, a correction factor shown in Table 2 had to be
multiplied by the vertical displacements, w, to obtain the ac-
tual vertical displacements as in the equation below. This pro-
cess was repeated for each of the four different PDMS con-
centrations. The results are shown in Table 2.

It was significant that the correction factors were all near 1.4
because this is the index of refraction of PDMS [17]. This meant

that index mismatching was occurring between the air and the
PDMS.

To gain confidence in the correction, a second experiment
was performed where the indenter was speckled black and the
surface of the PDMSwas clear, shown in the bottom image of
Fig. 9. The direct DICmeasurement showed a 2mm gapwhen
the indenter was lying flat on the surface and a 1.4 mm gap
when it was pressed fully into the PDMS.When it was pressed

Fig. 10 3-D profile of PDMS surface contour as the indenter was pushed
downward.

Fig. 9 Method for correcting index of refraction distortion

Fig. 11 The height z was averaged over each of the three squares which
were located at the center of the three surfaces of the indenter

Fig. 12 Locations where indenter was placed for w correction factor.
1.4 mm (Measured Displacement)×1.4 (Correction Factor)= 2 mm
(Actual Displacement)
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only partially into the PDMS, the DIC showed an indenter gap
of an intermediate value between 1.4 and 2 mm.

Global z-Distortion

The index of refraction of the glass and PDMS was found to
cause an apparent global distortion in the z-values of the sur-
face as well. The DIC indicated that the undeformed surface of
the PDMS was sunken towards the center by 250 μm (0.01
in). A second set of cameras were then placed above the setup
looking downward at the surface. These upper cameras were
then calibrated separately with the grid resting on the surface
so that no glass or PDMS were between the speckles and the
cameras. These cameras indicated the undeformed surface
was not sunken. The comparison is shown in Fig. 13, with
3D contours in Fig. 14 and Fig. 15. The results meant that the
out-of-plane z values were only distorted when viewed
through the glass and PDMS in proportion to their distance
from the center. Fortunately this distortion was constant and
consistent throughout all images as the weight was loaded and
unloaded. While this invalidates the absolute measurement of
the z values, it does not affect the measured vertical displace-
ments w, which is the initial z value of the reference image
subtracted from the z values of the deformed image. If both
images were distorted in the same way, the distortion cancels
out and only the change remains which are correct when mul-
tiplied by the correction factor discussed previously. The cam-
eras have to be placed below the glass and PDMS because the
model and weights would be in the way.

The curvature when viewed from below indicates that the
refraction causes distortion to the z value dependent on its
distance from the center. This is why the calibration indenter
was measured at the five locations in Fig. 12. Interestingly, the
vertical displacement, w, was distorted the same amount at all
five locations, indicating that the distorted vertical measure-
ment, z, varies from the center but the distortions of vertical
displacement, w, are constant along the surface (i.e. always
requiring a correction factor of 1.4). The distortions causing
the pseudo-curvature in z are being subtracted from each other
when the displacement w (final zminus initial z) is calculated.

Loading

Calibrated weights were placed on top of the model in 4.4 N
(1 lb) increments up to 44.5 N (10 lbs) and then 22.2 N (5 lb)
increments to 444.8 N (100 lbs). The weights were then taken
off in reverse order to observe both loading and unloading
deformations. Because of the stickiness of the PDMS, the
results for unloading were not as useful as those for loading
because of decorrelation in the data. Care was taken to keep
the weights centered over the model. Ideally, the loading
would have been done using a loading frame with a load cell,
but this was not feasible with all the cameras and lighting that
were necessary. After the loads were placed on the model, a
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Fig. 13 The same PDMS surface appears curved when viewed from
bellow but not from above

Table 2 Stiffness of
PDMS by resin to
hardener ratio

PDMS
Concentration

Correction
Factor

10:1 1.415 ± 0.006

20:1 1.391 ± 0.019

30:1 1.395 ± 0.009

40:1 1.376 ± 0.018

Fig. 14 Surface viewed from the top

Fig. 15 Surface viewed from the bottom, note the curvature
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few seconds were allowed to pass to let any vibrations settle,
then a pair of images were taken by the cameras.

The experiment was performed for each of the four sepa-
rate PDMS concentrations (10:1, 20:1, 30:1, and 40:1). The
40:1 concentration was so far from the optimal cure ratio that
its stickiness was problematic. The surface completely stuck
to the indenter during unloading. It also resulted in lower
quality measurements. In the results section below, the lowest
quality image will be the 444.8 N (100 lbs) on the 40:1 con-
centration. A fifth experiment with 50:1 PDMS had been per-
formed but the results were discarded because of the stickiness
and lack of quality data.

Post-Processing

The area of interest is the portion of the image to be analyzed
by the software. The area of interest was selected to be about
25.4 mm (1 in. larger than the indenter model and is shown in
Fig. 16. It was desired to observe what the deformation was far
from the indenter model. Although this 25.4 mm (1 in. border
region was recorded, it is not presented in the full field results
below. Decorrelation tended to occur at the sharp edges where
the 3D printed rough indenter ended.

The lenses were Computar C-Mount 12–36 mm Varifocal
Lens. The cameras were Grasshopper 5.0 MPMono FireWire
1394b. The acquisition and processing software was
Correlated Solution’s VIC-3D. The subset was chosen to be
31 pixels and the step size to be 3 pixels. They were adjusted
to give the proper balance of spatial resolution, averaging, and
computation time. This was found to minimize gaps of
decorellation in the full-field data.

For every load, full-field data of the spatial coordinates (x,
y, z), deformations (u, v, w), in-plane strains (principal and
coordinate-based), and the curvature (principal and
coordinate-based) were obtained. The values for all out-of-
plane deformations, w, were multiplied by the correction fac-
tors in Table 2. The values for in-plane strains were also

recorded but were not the primary results used for comparison
with Müser’s data.

Results

Fig. 17 illustrates the full-field out-of-plane displacement, w
(positive means the surface indented downward, negative
means that the surface bulged upwards from a Poisson’s ef-
fect). The brighter the area, the greater the indentation into the
PDMS. The columns are ordered from stiffest to most com-
pliant as they go left to right (10:1, 20:1, 30:1, and then 40:1)
The rows indicate increasing load (5, 10, 20, 50, and then 100
lbs). from top to bottom. For 100 lbs., the 40:1 PDMS had
occasional correlation error and gaps in the data.

Another way to look at the data is presented in Fig. 18. The
top image is the vertical displacement of PDMS 30:1. The
black line, a-b, drawn across it was then analyzed in the lower
image of Fig. 18. Here the surface contour of the PDMS along
that line is in gray and the model surface profile is shown in
black and filled in gray. It can be seen that the PDMS surface
bulges above the original height at certain places. This is
where the gray line exceeds the dotted line indicating zero
deflection.

Fig. 16 The bordered region is the area of interest where the
displacements were analyzed by the software

Fig. 17 Vertical displacements for various loads and PDMS substrates, a
positive number indicates indentation into the PDMS
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Decorrelation was most likely to occur near the edges of
the indenter and the points of sharpest indentation resulting in
highly inclined surfaces. The stickier PDMS bases caused the
most decorrelation. A PDMS ratio of 50:1 was attempted but
the data was too poor for this reason and was discarded.

Fig. 19 highlights the agreement between the FTIR and the
DIC results. The FTIR indicates the regions where contact is

occurring by outlining them in a black line. The DIC contours
show the amplitude of out-of-plane deflections. The compar-
ison is analogous to the FTIR showing borders of islands and
DIC showing altitude above and below sea level. This data
shows that between the asperities, the flat surface tends to
bulge upwards due to a Poisson’s effect. This can be seen by
the negative deflection values. During post-processing it was
necessary to rotate and translate the data to register with the
data from the FTIR.

In addition to the full-field deformations, the penetration
depth as a function of load can be extracted from the dis-
placement fields. Fig. 20 illustrates depth of penetration as
a function of normalized load. w is the deflection into the
surface of a region centered on a sharp peak of the indenter
near the center of the 3-D model. P is the applied load
divided by the area of the indenter. E is the stiffness of
the flat surface. What this indicates is that the normalized
contact area versus the normalized nominal pressure fol-
lows similar curves. The different shaded dots represent
the data points for the different surfaces. Fig. 21 presents
the same data on a log-log plot.

Fig. 22 shows all the available data for four points that have
similar P/E ratios: 244.7 N on the 10:1, 111.2 N on the 20:1,
40.0 N on the 30:1, and 8.9 N on the 40:1. Notice how similar

Fig. 19 Overlay of FTIR and DIC data, the black borders are from the
FTIR method and the grayscale contours are from DIC

Fig. 20 Plot of downward displacement at a peak as a function of
normalized load, linear-linear graph

Fig. 21 The same plot of downward displacement at a peak, but
presented in log-log

Fig. 18 Measured vertical deflections compared to the 3D printed rough
surface along a characteristic line
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all the results are for contact area, vertical displacement, FTIR,
and DIC.

Only vertical displacements were presented here. The in-
plane displacements and strain measurements are of interest
but their accuracy is questionable due to the refraction through
the glass and PDMS. In future work, the authors would like to
correct for these distortions and include in-plane
measurements.

Conclusion

When Martin H. Müser and Wolf B. Dapp presented this
challenge to the contact mechanics community it was widely
believed to be an impossibly difficult challenge. But the novel
techniques presented here were able to successfully meet the
challenge goals. The University of Florida team’s results were
presented at the Gordon Research Conference by Martin H.
Müser as the winner of the challenge. The agreement between
the FTIR’s full-field contact area data, DIC’s full-field out-of-
plane displacements, and Müser’s model are excellent. When
relative contact area is analyzed as a function of normalized
pressure, the results are directly on top of the Müser data.

Using experimental techniques such as DIC on scaled in-
denters represents an exciting new methodology for the sci-
ence of contact mechanics. The experimental technique of

DIC through a transparent medium requires some tweaking
of lighting conditions and the application of correction factors,
but once these are performed the results provide full-field in-
plane and out-of-plane displacements with a resolution on the
order of 10 μm.

Improvements can be made to this experiment. A better
method than using improper base to agent mixtures to achieve
variable stiffness should be devised so that stickiness is not an
issue. Four transparent, well cured polymers of differing stiff-
ness would work better. Improvements can be considered for
the loading conditions. Using a loading frame with a cross-
head and load cell would provide better loading conditions
than using calibrated weights. This would allow for continu-
ous loading from 0 to 444.8 N (100 lbs) while the cameras
took pictures at their own rate. This would also make it easier
to apply the center of pressure at the center of the indenter.
Another measurement to be considered is the in-plane strains.
These values were obtained from the derivative of the in-plane
displacement measurements. However, they were not present-
ed in this paper, because it remains to be seen if the in-plane
strains are valid when using this measurement technique or if a
correction factor would need to be applied due to the refrac-
tion index mismatching. Pseudostrains are a common error
when performing optical measurements through media with
differing refraction indices.
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