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Abstract
A non-intrusive internal fluorescent pattern is designed, developed, and tested using digital image correlation (DIC) to 
measure deformation at internal planes of a polymer matrix material. This new patterning technique method applies internal 
patterns without introducing physical particles to the polymer specimen hence preventing significant changes to the mechani-
cal properties of the material. The feasibility of the internal fluorescent pattern for DIC measurement was established and 
quantified through a sequence of assessments including noise-floor, rigid body motion, and uniaxial tension tests. The working 
principle relies on a small amount of a photoactivatable dye, spirolactam of Rhodamine B, which is covalently bound into an 
epoxy network and patterned through the entire sample volume. A lithographic chrome contact mask, etched with transparent 
semi-randomly spaced circular features, is used on top of the polymer substrate while the dye is activated with ultraviolet 
light. The resulting microscale fluorescent pattern, collimated through more than 400 µm of the sample thickness, can be 
observed using a 514 nm excitation wavelength with a confocal microscope. The assessments demonstrated that this new 
non-intrusive and non-disruptive method of DIC patterning can measure strain fields on sub-surface planes in a transparent 
polymer matrix without bias from material deformation above that plane. To the best of our knowledge, this is the first dem-
onstration of performing DIC using sub-surface or internal patterns without adding physical particles internally and opens 
the possibility of tracking material deformation in three dimensions without using the internal structure or adding particles.
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Introduction

Polymer matrix composites have been used in structures 
and components for many applications. For example, the 
aerospace and automotive industries have been extensively 
using reinforced composites for light-weighting, and for high 
strength and stiffness [1, 2]. There is still a growing effort to 
replace conventional metal alloys with high specific strength 
polymer composites (e.g.: thermosets or temperature resist-
ant and high-strength thermoplastics) [1, 3–5]. Recently, 
the infrastructure industry has also begun to use polymer 
composite rebar to exploit the high strength and corrosion 
resistance properties [6].

Composite mechanical structures in these applications 
undergo degradation or ageing due to environmental effects 
and normal operational loads. Hence, they become suscep-
tible to fatigue cracks, impact damage and corrosion [7]. 
Consequently, it is important to obtain precise mechanical 
properties of materials and monitor deformation and strain 
of these structures to prevent material failures. There are 
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numerous techniques for measuring surface deformation and 
strain using both contact techniques (e.g.: strain gages and 
contact-type extensometer) and non-contact techniques (e.g.: 
Moiré interferometry [8], holography [9], electronic speckle 
pattern interferometry [10], and digital image correlation or 
DIC [11]).

Macroscale testing and characterization can provide 
material bulk properties and performance, but many defor-
mation mechanisms occurring at the microscale level can-
not be evaluated with only macroscale testing [12, 13]. For 
example, dissimilar material joining techniques, such as 
adhesive joining [14], can locally alter microstructure and 
mechanical properties, which can introduce unique defor-
mation mechanisms different from those of bulk properties 
[15]. Therefore, it is also important to be able to characterize 
polymer composites locally at interfaces and to investigate 
local properties within the material volume.

High-resolution imaging techniques are powerful tools 
used to acquire measurements at various scales. Conven-
tional in-situ deformation and microstructure studies are 
usually performed in a 2-dimensional (2D) manner and may 
include physical particles in the polymer substrate [12]. The 
measurement is done by imaging the surface or a patterned 
cross-section of the sample while subjecting it to mechanical 
loading; this does not properly capture internal deformation, 
since the surface deformation is not necessarily indicative 
of the internal deformation, and the latter is changed due 
to the addition of the patterning particles. Therefore, it is 
necessary to establish new methods to identify the mechani-
cal properties of polymer matrix composites that correlate 
at different length scales (e.g., microscale, mesoscale, and 
macroscale). Experiments such as micro- or nanoindentation 
have been used to measure hardness and mechanical proper-
ties; however, indentation techniques are primarily used for 
surface structure studies and sometimes assume that the sub-
strate is a stress-free single-phase homogeneous continuum 
[16]. Other measurement practices, such as atomic force or 
scanning tunneling microscopy (AFM or STM) and near 
field scanning optical microscopy (NFSOM), are full-field 
methods, but they require placing a tip on or very close to 
the surface of the sample. Consequently, real-time visualiza-
tion capability is limited by the scan rate. Although electron 
microscopy methods, such as STEM (scanning transmission 
electron microscopy) and micro-X-ray computed tomogra-
phy (μXCT) can provide internal information, they also have 
similar limitations [15].

DIC is an effective non-contact optical method used to 
measure displacements and strains on the surface [17] or 
within the volume of a deforming material [12]. In 2D-DIC, 
the intensity patterns in a subset of two images are correlated 
to track the subset displacement between the images. The 
subsets are assessed as a grid of measurement points (spaced 
at a user selected step size), creating a displacement field 

that can be used to calculate the strain values over the grid 
of points. When the material does not possess an inherent 
pattern sufficient for correlation, artificial random speckle 
patterns are produced on the surface of the material or by 
adding physical particles within the material’s volume. 
However, the latter can alter the bulk mechanical proper-
ties of a polymer material. For example, Mohsen and Zare 
have investigated the effect of increasing the volume frac-
tion interphase with nano and micro-sized particles on the 
mechanical properties of polymer composites [18, 19].

In a three-dimensional (3D) volume, Croom et al. in [15] 
used volumetric digital image correlation coupled with 
μXCT to probe 3D deformation behavior in carbon rein-
forced polymer composites in joint-affected zones to under-
stand 3D microscale deformations in composites. Chopped 
carbon fiber reinforcement was used as speckles for con-
trasting purposes. Using the fiber reinforcement as a pattern 
degrades the spatial resolution of the measurement and lim-
its localized measurement at the interphase. Similarly, the 
interphase was not captured in [20], where scanning laser 
confocal microscopy was used to image fluorescent particles 
dispersed in an agarose gel. In this case, the entire volume 
was imaged and used for digital volume correlation.

Optical microscopy and DIC have been coupled to obtain 
microscale full-field surface displacement measurements. 
Microscale strain maps of a deforming fiber reinforced 
composite were investigated using DIC [21]. Due to a lack 
of suitable textures in the natural state of the material, the 
authors used a pattern produced through powder deposition 
on the specimen surface. Previously, Berfield et al. [12] dis-
cussed the application of DIC for full-field real-time meas-
urements both at the micro and the nanoscale, performed 
on either the patterned surface or an interior plane (for 
transparent media) of a deforming body. A confocal optical 
microscope was used as the imaging device, thus consid-
erably simplifying the experimental set-up. However, for 
the nanoscale internal layer, fluorescent nanoparticle trac-
ers were physically introduced in the sample and employed 
for DIC measurements. This patterning technique alters the 
mechanical properties of the material of interest.

For this work, a non-intrusive and non-disruptive inter-
nal fluorescent pattern is designed, developed, and tested 
using DIC to measure internal deformation at microscale 
levels in an epoxy thermoset. The working principle relies 
on a concentration (i.e., 0.05 % of final mass of epoxy) of 
a photoactivatable dye, Rhodamine B spirolactam, which 
is covalently bound into an epoxy network and is fully dis-
persed through the entire sample volume without altering 
the mechanical properties of the material. A lithographic 
chrome mask, etched with transparent semi-randomly 
spaced circular features, is used as a contact mask on top 
of the polymer substrate with ultraviolet light to activate 
the internal fluorescent pattern. The resulting microscale 
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internal fluorescent pattern is activated as columns through 
more than 400 µm of the sample thickness and can be 
imaged with an excitation wavelength of 514 nm using a 
fluorescent confocal microscope with a 1.6 mm × 1.6 mm 
field of view (FOV).

The purpose of this study is to determine if the internal 
fluorescent pattern can be used to quantitatively measure 
the displacements and deformation occurring within a 
transparent polymer matrix when subjected to axial tensile 
loading. The feasibility of the internal fluorescent pattern 
for DIC measurement is evaluated and quantified through 
a sequence of assessments including noise-floor, rigid 
body motion, and uniaxial tension tests. Three different 
types of tensile test assessments are made (1) comparing 
mechanical properties with and without the addition of 
the pattern dye, (2) measurements of two internal planes 
on two specimens that are sandwiched together where the 
one specimen is loaded in tension and the other specimen 
is undeformed (no load or translation) to simultaneously 
identify the internal pattern in each specimen, and (3) 
comparing tensile test results for the same material being 
measured with the internal DIC and the traditional surface 
DIC. Additionally, a study is made of the DIC calibration 
variation with depth and experimental setup to determine 
the stability of calibrations of internal planes.

Materials

One composition of epoxy matrix system for thermoset 
polymer composites was used. It includes diglycidyl ether 
of bisphenol-A epoxy resin, also known as DGEBA (Epon 
Resin 828 purchased from Sigma‐Aldrich), a curing agent, 
polyetheramine JEFFAMINE D-230, a difunctional pri-
mary amine purchased from Sigma-Aldrich, and a Palm 
dye rhodamine B spirolactam, synthesized according to 
published procedures by Seethamraju et al. [22]. Addi-
tional processing and curing information are found in the 
supplementary material (S.M.) document.

Fluorescent Molecular Patterning Dye

In the design of this potential patterning technique, fluoro-
genic probes with properties responding to changes in their 
environment, and that can transition from a dark state (off) 
to an emitting state (on), are of interest. One such class of 
molecular probes change their spectral (absorbance and/or 
emission) properties in response to illumination with ultra-
violet (UV) light and are termed fluorophores. A specific 
example of a responsive fluorophore is the rhodamine spiro-
lactam (RS) derivative shown in Fig. 1.

RS was previously employed as a UV activated fluoro-
phore for super resolution microscopy and later as a water 
sensor [22]. In this work, RS is used as a photo-imageable 
fluorescent dye for creating a 3D internal fluorescent pattern 
for measurement of displacements and strains using DIC.

Sample Preparation

DIC Pattern Design and Chrome Contact Mask

A contact mask was designed with circular transparent fea-
tures for the purpose of photoactivating fluorescent cylin-
drical regions onto the polymer RS-substrate via UV light 
exposure. With the mask in place over the sample, the sam-
ple was irradiated, activated, through its thickness to gener-
ate viewable and spatially accurate pattern features onto the 
internal planes. The lithographic pattern was generated using 
the Nanolithography Toolbox software package [23] devel-
oped at the National Institute of Standards and Technology. 
The circle radius was held at 10 μm and pattern generation 
proceeded by random circle placement, constrained by a 
minimum edge-to-edge distance of 2 μm imposed between 
neighboring features, which yielded an average aerial cover-
age of the transparent circles of 28.5%. This pattern density 
is within the recommended aerial coverage range of 20% to 
40% for DIC patterns of circular features [24]. The purpose 
of this pattern design was to allow the initial assessment for 
use as an internal DIC pattern and was not optimized for a 

Fig. 1  Proposed activation mechanism for the ring opening of the spirolactam through applied energy and in the presence of water. Non-fluores-
cent or ring closed (left) and fluorescent or ring opened (right)
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particular FOV. Further, optimization of the pattern feature 
size and spacing for a specific FOV is left for future work. 
Additional pattern design and specimen geometry informa-
tion are discussed in the S.M. document.

Pattern UV Photoactivation

To attain an optimal activation of the pattern with minimal 
divergence, the contact mask and the surface of the polymer 
substrate need to be in direct contact. UV photoactivation 
was carried out on a MA8 Mask Aligner (SUSS MicroTec). 
The uniaxial tensile specimens with nominal gauge area 
25.4 mm by 1.88 mm (cured as a kit of seven specimens as 
shown in the S.M. Fig. S2(b)) were placed on top of a 10 cm 
(diameter) silicon carrier wafer to provide mechanical sup-
port, pressed into hard contact with the mask secured above, 
and exposed with the collimated output of a mercury vapor 
lamp (a broadband UV source with measured intensities of 
6.5 mW/cm2 at 365 nm and 12.5 mW/cm2 at 405 nm). The 
support wafers were coated with an AZ BARLi anti-reflec-
tive layer (Integrated Micro Materials) to suppress second-
ary exposure of the specimen underside due to reflections. 
The exposure time could then be varied to control the expo-
sure dose; a large exposure dose increases the penetration 
depth of the photoactivated pattern, but risks overexposure 
at the specimen surface, blurring the feature edges. For the 
specimens (nominally 0.5 mm thick), the optimal exposure 
time was found to be 2000s, corresponding to an exposure 
dose of 13 J/cm2 at 365 nm and 25 J/cm2 at 405 nm.

UV exposure transfers the randomly distributed circle 
pattern of the photolithography mask into a corresponding 
pattern of photoactivated columns through the thickness of 
the specimen. The columns remain well defined through a 
depth of 400 µm, with no evidence of broadening at increas-
ing depth due to angular divergence of the UV light source. 
The internal fluorescent pattern is shown in Fig. 2 using 
a confocal Leica microscope DM6000CS with a single 
charged-coupled device (CCD) microscope camera Leica 
DFC365 and a 10 × magnification with a 1.0 numerical aper-
ture (NA) objective. Additional internal fluorescent pattern 
images are illustrated in the S.M. document in Fig. S3.

Experimental Procedures

In this section we describe first the equipment used for the 
imaging followed by a description of the test procedures 
for the DIC calibration study, rigid body motion test, and 
various tensile experiments. The results of each of these are 
presented individually in the Results section. Details regard-
ing the mechanical testing frame, DIC parameter study, and 
noise-floor tests are discussed in the S.M. document with 
only summary results shown in the Results section.

Equipment: Microscopes

Samples with microscale internal patterns were imaged 
using the confocal Leica microscope DM6000CS described 
in Table 1. Illumination of the internal layers of the speci-
men was performed through excitation of the fluorescent 
pattern using a 514 nm laser scanning from left to right 
and indexing down subsequent rows of the final image. The 
image size of 1024 pixels × 1024 pixels and the image mag-
nification of 1.5 µm /pixel (0.0015 mm/px) produced a total 
FOV of 1551.5 µm × 1551.5 µm (1.6 mm × 1.6 mm) and a 
depth of focus of 0.3 µm. Using this method, the major con-
tribution to each image exposure is the internal layer of the 
specimen within the depth of focus while minimizing the 
contribution from the layers above and below. An optimum 
pattern size would be between 2.3 µm and 3.8 µm radius, 
considering the optimum pattern feature size between 3 to 
5 pixels. However, for the purpose of verifying the feasibil-
ity of this new technique, a circular feature size of 10 µm in 
radius was selected. This pattern size results in a degradation 
of the DIC spatial resolution from what is possible based 
solely on the image resolution. A follow-on investigation to 
optimize the DIC pattern size is in development.

The surface pattern (for all airbrushed specimens) was 
imaged using an Olympus IX71 wide-field microscope 
with a PixeLINK Capture OEM camera and a 4 × objective. 
The image resolution was 2048 pixels × 1536 pixels, and 
the image magnification was calculated to be 0.801 µm /
pixel (0.000801 mm/px), which produced a total FOV of 
3103 µm × 2327 µm (3.1 mm × 2.3 mm) and a depth of focus 
of 8.5 µm. Single camera DIC is known to suffer from false 
strains due to out-of-plane motion when using fixed focal 
length lenses. In this case, the small depth of focus restricts 

100 µm

Fig. 2  False color image of the photoactivated fluorescent pattern at 
10 × magnification
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the possibility of measuring the specimen surface if it should 
move out-of-plane.

The microscope setups for the internal pattern and the 
surface pattern tests are summarized in Table 1, along with 
the key DIC analysis parameters that were used for each.

DIC Calibration

For DIC image acquisition, a single camera was used (2D-
DIC), which, in combination with a microscope, may intro-
duce complex distortions [25] requiring correction. A two-
step process was used for the calibrations here. First, the 
image scale was assessed using a traceable graduated slide. 
Multiple measurements were made and averaged to reduce 
some of the uncertainty in the image scale determination. 
Second, an inverse mapping process was used to correct the 
complex distortions present in the microscope imaging setup 
[26–28]. This results in the determination of a 10 × 10 grid 
of spline coefficients covering the image that maps from the 
distorted pixel space to the undistorted and includes both the 
image scaling and the non-linear distortions. The distortion 

correction procedure requires images of a patterned object, 
as it is translated to a series of rigid-body motion positions 
in the two orthogonal planar directions. The resulting distor-
tion correction is only valid for a specific aperture, focus, 
camera geometry and zoom level, so these were fixed before 
the required rigid-body motion translations (and calibration 
image acquisition) were started. For each distortion correc-
tion, a specimen patterned as described above was used, with 
a total motion of approximately 15 % of the field of view 
and each translation step in the sequence of approximately 
3.75 % of the FOV. This distortion correction procedure was 
used for both the surface patterned and internal fluorescent 
patterned specimens.

To assess the variability of the calibration at various 
planes within the depth of the specimen, a series of calibra-
tions were performed on a single specimen near the surface 
and eight additional positions within the depth of the speci-
men (shown schematically in Fig. 3). The image scale was 
set based on the traceable graduated slide and assumed to 
be unchanged through the change in depth. This assumption 
will be assessed during the rigid body motion test. A single 

Table 1  DIC reporting summary: hardware, setup, and analysis for assessment and uniaxial tests

*Unless otherwise specifically noted. Zero-normalized sum of square differences (ZNSSD) was applied in some cases, and this is specifically 
noted
**Based on initial DIC parameter study (see S.M. for details)

Hardware Leica DM6000CS Fluorescent Microscope Olympus IX71 Wide-Field Microscope

Camera CCD microscope camera | Leica DFC365 FX PixelLINK Capture OEM | PL-E423CU
Camera Interface FireWire-B USB 2.0
Objective 10x 4x
Lighting Scanning laser (emission wavelength of 514 nm) Microscope stage LED
Fan None
Numerical Aperture 1.0 0.3
Image Resolution 1024 pixels × 1024 pixels 2048 pixels × 1536 pixels
Field of View (FOV) 1551.5 μm × 1551.5 μm (1.6 mm × 1.6 mm) 3103 μm × 2327 μm (3.1 mm × 2.3 mm)
Information Depth (Depth of Focus) 0.3 μm 8.5 μm
Image Scale 667 pixels/mm 1248 pixels/mm
Exposure Time 15.4 s 1.0 s
DIC Analysis Setting

  DIC Software Vic-2D version 6.2.0, build 1321
  Subset Size 91 pixels × 91 pixels**
  Step Size 30 pixels**
  Subset Shape Function Affine
  Correlation Criterion Normalized sum of squared differences (NSSD)*
  Strain Type Hencky
  Strain-Filter Size 5**
  Image Acquisition Rate Manual (1 image/min.)
  Patterning Technique Internal fluorescent dye White base paint + airbrushed speckles
  Approximate Pattern Feature Size 29 μm 21 μm
  Virtual Strain Gauge (VSG) size 211 pixels (0.32 mm) 211 pixels (0.17 mm)
  VSG Equation (Strain-Filter Size – 1) * Step Size + Subset Size
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specimen was securely affixed on a glass slide, which was 
mounted on top of the microscope piezoelectric position-
ing stage. Focus checks and uniform intensity were used 
to ensure that the motions in the X-axis and Y-axis were in 
the exact plane of the pattern itself. Near the surface of the 
sample (plane 1 in Fig. 3) and at the 8 additional internal 
planes (in the Z-direction), a reference image was taken; then 
images at each of the required rigid-body motion translations 
(color points in Fig. 3) were also captured. Each step in the 
Z-direction (through the thickness of the sample) was cap-
tured at every 6.02 µm, which was greater than the 4.77 µm 
Z-resolution (that is the depth of field) of the microscope 
imaging, making each measurement independent of the oth-
ers. The applied translations were from approximately 50 µm 
to 290 µm with a return to zero in the X-direction and from 
approximately 50 µm to 230 µm in the Y-direction with a 
return to zero. These same images are used for the rigid body 
motion tests below.

Rigid‑Body Motion Test

A rigid-body motion test, or extended noise-floor test, is typi-
cally used to assess the systematic bias and uncertainty due 
to uncorrected lens distortions [25]. Whereas the basic noise-
floor test is applied with almost no motion. The extended 
noise-floor or rigid body motion test has substantial motion, 
however still with no deformation of the specimen. The same 
rigid-body translation images used to investigate the variation 
in calibration with depth (as described above in DIC Calibra-
tion) were also used to verify the ability of DIC to measure 
displacements at the 9 planes (spaced at 6.02 µm increments) 
into the depth of the specimen. The applied translations were 
from nominally 50 µm to 290 µm with a return to zero in 

the X-direction and from nominally 50 µm to 230 µm in the 
Y-direction with a return to zero. At each position, the images 
were taken at all 9 internal planes. That is, the measurements 
at each depth were made sequentially during the individual 
position holds, so one would not expect any changes in the 
(X, Y) positions with depth at any one hold location. This 
fact will allow assessment of the assumption that the image 
scale did not change with depth, in that the position would 
change systematically with depth if there was an appreciable 
image scale change. The repeatability of the microscope posi-
tioning stage motions was not sufficient to exactly know the 
applied translations, thus a comparison of the displacements 
to known positions will not be possible.

Tensile Experiments:

1) Comparison of Material with and without Pattern Dye

This experiment measures the uniaxial stress–strain 
response of specimens containing the photo-imageable fluo-
rescent dye (with the same percentage, 0.05 % of final mass 
of epoxy, as those used throughout this work) and specimens 
without the dye to determine if the addition of the dye has 
any effect on the resulting mechanical properties. Specimens 
containing no dye were exposed to the same conditions as 
those with dye. Three repeated tests are performed on speci-
mens of each formulation of material. Since only one set of 
the specimens could have an applied internal DIC pattern, 
only a typical surface DIC with an airbrushed pattern was 
used for consistency. The tests are performed using a com-
pact tensile frame (Fig. S4 in the S.M.) and imaged using the 
wide-field microscope (Table 1). Only the bulk properties 
are considered here.

Fig. 3  Schematic of the uniaxial 
tensile specimen calibration X 
and Y displacement shifts (color 
points, see Fig. 8a) and close-up 
of nine imaged planes within 
the depth of the specimen
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2) In-Plane Tension above a Rigid Body Specimen (Sand-
wiched Specimens)

This experiment measures two internal planes: one on 
each of two specimens that are sandwiched together on the 
tensile frame where the top specimen is loaded in tension 
and the bottom/lower specimen is undeformed (no load or 
translation). Each specimen is separately patterned. The test-
ing setup diagram appears in Fig. 4. Unfortunately, perfect 
contact between the two specimens could not be achieved, so 
the internal fluorescent pattern in the bottom specimen was 
imaged through multiple refractive indices: air, the entire 
top specimen, another layer of air (between the sandwiched 
specimen), and through a portion of the bottom specimen. 
Only the top specimen (#4) was clamped on both ends 
while the bottom/lower specimen (#3) was only gripped on 
one end and cut on the other. The cut end of Specimen #3 
was free. Another experiment where the specimen that is 
being deformed in tension is below the specimen that is not 
deformed is described in the S.M. document as Additional 
Tensile Experiment: In-Plane Tension below a Rigid Body 
Specimen.

The  tens i le  f rame i s  pos i t ioned ,  so  t he 
1551.5 µm × 1551.5 µm FOV is within the specimen’s length 
(i.e., 25.4 mm) of the reduced width section. The total nomi-
nal thickness of the sandwiched specimens is 1.0 mm. The 
grip displacement loading is applied in steps (as described in 
the Equipment: Testing Frame section of the S.M.), and after 
each step, a one-minute pause in loading was performed 
before the next loading step.

A pair of images (one in each specimen, see Fig. 4) was 
captured at the end of each pause prior to the next loading 
step. The procedure was repeated until the specimen (#4) 
under tension broke. The specimen (#3) underneath did not 
undergo any applied translation or deformation.

To measure the strain in the patterned top specimen (#4), 
the microscope piezoelectric positioning stage was trans-
lated in the Z-direction until the focal plane was focused on 
an internal plane, 350 µm below the surface of the specimen. 
The 514 nm wavelength laser was rasterized to illuminate 
the pattern and create the reference image. Subsequently, a 
reference fluorescent image was also captured 40 µm below 
the top surface of the bottom specimen (#3). This process 
was repeated at each step after the end of each pause until 
failure occurred in Specimen #4. Each image was analyzed 
using the Vic2D Correlated Solutions software. For all the 
images of the internal fluorescent pattern, the background 
was black, and the circular fluorescent features appeared 
white upon excitation when viewed with the black and white 
camera.

3) In-Plane Tension Comparing Internal to Traditional 
DIC

Additional tensile tests were conducted on the tensile 
frame, each with a single specimen under load to compare 
the internal DIC measured strains (Specimen #6) to surface 
DIC measured strains (Specimen #7). Specimen #6, already 
photoactivated with the internal fluorescent pattern and 
loaded in tension, was imaged using the fluorescent micro-
scope (Table 1) with the same 10 × magnification. The strain 
was measured in the specimen similarly to the previous ten-
sile experiments. The microscope piezoelectric stage was 
positioned, so the reference fluorescent image was scanned 
approximately 40 µm below the surface of the specimen. For 
each strain step, an image of the entire FOV was acquired of 
the specimen’s internal plane, after the strain step and the 
one-minute hold time.

Specimen #7, with traditional microscale surface DIC 
pattern, was also tested. The surface pattern was generated 

Fig. 4  Diagram of sandwiched specimens (a) Specimen #4 is gripped on both ends and Specimen #3 is only gripped on one end and free on the 
other; (b) Specimen #4 is solely pulled in tension on the frame



 Experimental Techniques

by applying matte-white base paint and a matte-black air-
brushed speckle overspray on the area within the reduced 
width section of the specimen. The DIC calibration for the 
wide-field microscope (Table 1) used for this specimen was 
performed using the same procedure described above, except 
that it was only necessary for the surface Z position. For 
Specimen #7, the same concentration (i.e., 0.05 % of final 
mass of epoxy) of fluorescent dye (inactive) was incorpo-
rated into the polymer matrix. The experiment was consist-
ent with the previous ones with photoactivated internal fluo-
rescent patterned samples. A reference image of the entire 
FOV was captured before loading the specimen. The next 
image was taken after the first grip displacement step and 
hold. The imaging procedure was repeated during step load-
ing until failure of the specimen.

Results

In this section we describe the results of the DIC calibration 
study, noise-floor tests, rigid body motion test, and various 
tensile experiments whose procedures were described previ-
ously in the Experimental Procedures section.

An initial DIC parameter study, described in the S.M. 
document, was used to determine the parameters that are 
used for all the DIC analyses in the remainder of this work, 
as shown in Table 1. It should be noted that a similar study 
could be performed for the surface airbrushed pattern, which 
could result in a different set of parameters; however, for 
simplicity, the one set is used for both the surface and inter-
nal patterns.

DIC Calibration

Calibration of the DIC imaging system is critical for a 
good DIC measurement and determines the image scale 
and distortion corrections [24]. In this work, a vendor spe-
cific method is used to correct the complex lens distortions 
that occur in optical microscopes [26]. Application of this 
method internally to multiple planes is new; therefore, a 
detailed assessment of the results is presented here. Inde-
pendent calibrations were determined at each of the nine 
planes within the depth. As described earlier, each calibra-
tion is a combination of the linear component (i.e., image 
scaling) and a non-linear distortion correction applied using 
spline coefficients. The same image scale was applied to all 
the calibrations based on measurement of images of a trace-
able graduated slide. The assumption that this is true for 
the internal layers is verified below (see Rigid Body Motion 
Test results). The non-linear component of the calibration 
can be visualized by first subtracting the linear component 
based on the applied image scale. In Fig. 5(a) and (b), the 
remaining non-linear distortion is plotted for the X-direction 

and Y-direction, respectively, for the first layer just below the 
surface of the specimen (2.39 µm as shown in Fig. 3). The 
distortion in the X-direction is a combination of a radial vari-
ation and a single oscillation from left to right in the image, 
while the Y-direction distortion is predominantly a single 
oscillation from top to bottom in the image. These seem to 
be a barrel distortion in the X-direction and a drift-like dis-
tortion (like Sutton and Kammers [29, 30] showed for scan-
ning electron microscope, SEM, images) in the Y-direction. 
The drift-like distortion observed in our work is a spatial 
effect from the laser raster path (row scan followed by step in 
column), which is similar in structure to the drift distortion 
seen in an SEM. However, in the case of the laser drift-like 
distortion, it occurs during the exposure time of a single 
image and is not continual over the time of the experiment.

Since the raster of the laser illumination is along the 
X-direction then stepped in the Y-direction, it is believed 
that the drift-like distortion is predominantly the result of 
the laser raster accuracy. Figures 5(c) and (d) are the equiva-
lent plots for the fifth layer (26.47 µm) into the depth, while 
Fig. 5(e) and (f) are for the nineth layer (50.55 µm) into 
the depth, at the same color scale range for each direction. 
Qualitatively, the non-linear distortions are quite similar 
over all nine layers within the depth. For demonstration pur-
poses, only the top, middle, and deepest layers are shown, 
however the remainder are shown in the S.M. To show the 
relative difference field, the non-linear distortion of the near-
surface layer is subtracted from the fifth and nineth layers 
and are plotted in Fig. 6, at the same color scale range for 
each direction. The differences are half the magnitude in the 
Y-direction and about a tenth the magnitude in the X-direc-
tion as compared to the total non-linear distortion (Fig. 5). 
These minimal differences suggest the majority of the distor-
tion correction can be captured with the near-surface layer 
calibration and potentially used for all the layers within the 
depth of the specimen. The same images used for the cali-
brations are used for the Rigid Body Motion Test analysis. 
Although the calibrations were performed only over the first 
50.55 µm of depth, the fluorescent pattern was confirmed to 
be visible through about 400 µm of specimen depth.

During this investigation, some anomalies led to ques-
tions regarding the calibrations. It was determined that when 
using the tensile frame on top of the microscope positioning 
stage, the positioning stage oscillated to maintain the ten-
sile frame's position. Apparently, the microscope positioning 
stage could not sustain a fixed position, due to the weight 
of the tensile frame and was constantly moving slightly to 
correct its position. Figure 7(a) and (b) shows the non-linear 
distortion for the X and Y directions, respectively, deter-
mined for a layer at 40 µm depth while using the tensile 
frame, and Fig. 7(c) and (d) shows the differences of this 
calibration from the one without the tensile frame (Fig. 5(a) 
and (b)). The color scale ranges in each direction are the 
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Fig. 5  Non-linear distor-
tion correction in pixel in the 
X-direction (a), (c), and (e), and 
in the Y-direction (b), (d), and 
(f) for calibration on first (a-b), 
fifth (c-d), and nineth (e–f) layer 
into the depth (see Fig. 3)

Fig. 6  Difference plots of the 
non-linear distortion correction 
in pixel in the X-direction (a) 
and (c), and in the Y-direction 
(b) and (d) for calibration fifth 
layer (a-b), and nineth layer (c-
d) into the depth after subtract-
ing the first layer distortion. 
For example, for the X-direc-
tion (a) is Fig. 5(c) minus 
Fig. 5(a), while (c) is Fig. 5(e) 
minus Fig. 5(a)
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same as used in Figs. 5 and 6 for the distortion and the dif-
ferences. Although the overall structure of the distortion 
(Fig. 7(a) and (b)) is similar, the features are smoothed out 
in the case of the tensile frame. This results in a calibration 
that does not fully correct the distortions when using the 
tensile frame, but also suggests that when the microscope 
positioning stage is holding the tensile frame, there will be 
some added uncertainty in measurements even when using 
the superior calibration (i.e., the near-surface layer calibra-
tion performed without the tensile frame, see the noise-floor 
results below). For example, this would be the case during 
the tensile experiments shown below.

Noise‑Floor Test

Table 2 summarizes the results for exx and eyy at nominally 
40 µm depth for the spatial noise-floor and rigid body motion 
noise-floor [24] performed without the tensile frame, and 
the spatial, rigid body motion, and temporal noise-floors 
with the tensile stage. For each case, the results are shown 
for analysis using the layer specific calibration and the near 
surface layer calibration (Fig. 5(a) and (b)). In the remainder 
of this paper, unless otherwise noted, the calibration for the 
first layer within the depth and without the tensile frame 
is used for all the other depths, since it was shown that the 
majority of the distortion correction can be captured well by 
the near-surface layer calibration without the added noise 
of the tensile frame and positioning stage issues. This is the 
case for all Tensile Experiments, which use the near-surface 
calibration without the tensile frame even for tests performed 
with the tensile frame.

In Table 2, there is no substantial difference in the noise 
floor using the near surface calibration versus the layer spe-
cific for any of these assessments. Using the tensile frame 
increased the noise-floor by almost a factor of three from 
the static noise floor due to the positioning stage motion, 
whereas the rigid body motion (without the tensile frame) 
only increased the noise floor by about 50 % on average. 
There was little to no difference seen between the temporal 
and spatial noise floors when the tensile frame was used. 
Overall, the mean strain in the exx is smaller than in the eyy, 
and that the eyy is always more negative than the exx. It is 
suspected that this might be related to the laser raster in the 
Y-direction. When using the tensile frame, the uncertainty 
in strain due to the motion of the microscope positioning 
stage dominates any additional uncertainty due to a cali-
bration using the tensile frame along with the microscope 
positioning stage.

Rigid‑Body Motion Test

Recall that the rigid-body motion test, or extended noise-
floor test, is typically used to assess the systematic bias and 
uncertainty due to uncorrected lens distortions [24]. Here 
the same rigid-body translation images used to investigate 
the variation in calibration with depth (as described above 
in DIC Calibration) were also used to verify the ability of 
DIC to measure displacements at the 9 internal planes. The 
specimen was held on a glass slide (the tensile frame was not 
used), and the images were correlated using the individual 
layer calibrations determined above. A review of the field 
plots of displacements and strains showed no systematic 

Fig. 7  Non-linear distortion 
correction for specimen in the 
tensile frame in pixel (a) in 
the X-direction and (b) in the 
Y-direction, and difference 
plot of the non-linear distor-
tion correction in pixel (c) in 
the X-direction and (d) in the 
Y-direction for calibration with 
the tensile frame subtracting the 
first layer distortion correction 
without the frame (Fig. 5(a) and 
(b) similar to the Fig. 6)
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structure that might indicate uncorrected lens distortions 
(following Sect. 3.3 of [24]). At every individual rigid-body 
motion displacement, Fig. 8(a), the spatial standard devia-
tion of displacement was typically about 0.21 µm (0.14 px) 
for both U and V displacements (shaded regions of Fig. 8(b) 
and (c)); However, the variation of the spatial average dis-
placements over the 9 planes within the depth was more 
substantial for both U and V displacements (line and points 
in Fig. 8(b) and (c) plotted on a common range of displace-
ment). For clarity, the X and Y-displacements are shown as 
U and V, respectively, in Fig. 8 and the remainder of this 
work. These changes in the average displacement are about 
3.8 and 2.4 times the individual standard deviations at the 
largest depth, respectively. This would suggest that there 
might be a change in image scale with depth, which would 
not be unexpected.

Plotting the total displacements, D, (combined U and 
V displacements) for each layer versus the displacements 

from the first layer as a reference, Fig. 9(a), shows that 
any change in the scale is quite small (i.e., the data lie on 
top of each other). The slope of the data for each layer was 
fitted using a simple linear fit and the SciPy Optimize.
curve_fit function [31], which included weighting each 
data point based on the uncertainty of each point. The 
resulting slopes are plotted in Fig. 9(b) with the propa-
gated uncertainties in the case of the SciPy function. These 
results suggest that there may be a small change in scale 
(of about 0.1 %) at the largest depth, but it is almost within 
the uncertainty of the slope determination. Additionally, 
the scaling effects shown in Fig. 9 were investigated as 
well for the individual displacement directions and using 
only the calibration from the first layer for all the layers 
into the depth. It was found that although there was more 
variation in the V slopes, the overall trend and magnitude 
of the slopes in the individual displacement directions 
were consistent with Fig. 9(b) using either calibration. 
Further investigation into this slight scaling difference is 
left to future work since our quantity of interest is strain 
and not the displacements, and small changes in depth will 
not result in large changes in scaling that might affect the 
strain determinations.

The bias (i.e., deviation from zero strain or strain error) 
and uncertainty were also analyzed for the 9 internal planes 
and 8 translation positions (Fig. 8(a)) and are shown in 
Fig. 10. The spatial standard deviation of the exx strain 
(shaded areas in the Fig. 10(a) and (b)) was 0.0003 mm/
mm on average with a minimum of 0.0001 mm/mm and a 
maximum of 0.0006 mm/mm. Whereas, the spatial standard 
deviation of the eyy strain (shaded areas in the Fig. 10(c) 
and (d)) was 0.0004 mm/mm on average with a minimum 
of 0.0001 mm/mm and a maximum of 0.0007 mm/mm. The 
uncertainty tended to increase with depth, and the increase 
was more substantial beyond 30 µm. Similar behavior was 
seen in the static noise floor without motion and without 
the tensile frame (as shown in the S.M.). It is interesting to 
note that the SciPy calculated slopes Fig. 9(b) seem to only 
increase at depths greater than 30 µm as well.

The spatial average of the strains deviated from the 
known zero value (assuming pure rigid-body motion, black 
dashed lines in Fig. 10) by a maximum of 0.0001 mm/mm 
in exx and 0.0003 mm/mm in eyy. This larger bias in aver-
age eyy than exx, as well as the more negative values of eyy, 
are consistent with the noise-floor results in Table 2. In all 
cases in Fig. 10, the deviation from zero (or strain error) was 
within the spatial standard deviation of strain for that image, 
that is any bias in the strain was within the uncertainty of the 
strain measurement.

A similar rigid body motion test analysis could be applied 
to the images taken with the tensile frame used for the cali-
bration (Fig. 7) at just the one depth used. The results of that 
analysis show average strain uncertainties of 0.0022 mm/mm 

Table 2  Summary of noise-floor results (in µm/m) at a nominal depth 
of 40 µm (see S.M for analysis details)

* based on average spatial noise 74 no motion images
** based on average of approximately 900 points tracked through 74 
sequential images

Layer specific 
calibration

Near surface 
layer calibra-
tion

Static Spatial Noise-Floor
mean(exx) 24 9
stdev(exx) 289 286
mean(eyy) -67 -66
stdev(eyy) 290 262

Rigid-Body Motion Test (Spatial Extended Noise-Floor)
mean(exx) 2 45
stdev(exx) 378 338
mean(eyy) -19 -19
stdev(eyy) 436 530

Tensile Frame Spatial Noise-Floor*
mean(exx) -26 -33
stdev(exx) 838 946
mean(eyy) -70 -60
stdev(eyy) 813 775

Tensile Frame Rigid-Body Motion Test
mean(exx) 171 184
stdev(exx) 2230 2370
mean(eyy) -47 308
stdev(eyy) 1870 2482

Tensile Frame Temporal Noise-Floor**
mean(exx) -27 -33
stdev(exx) 760 762
mean(eyy) -70 -60
stdev(eyy) 713 697
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and 0.0019 mm/mm for exx and eyy, respectively. Although 
these are about seven times larger in magnitude than without 
the tensile frame, they are not even three times larger than 

the noise-floor results with the frame in Table 2. Therefore, 
it is assumed that if the microscope positioning stage issues 
related to the tensile frame can be corrected in future work, 

Fig. 8  Positions (a) from the reference position (black circle) used for U (filled circles) and V (open circles) displacements as measured by DIC 
(gray points are the two return to zero position, showing the lack of position repeatability). The measured position variation with depth (shading 
shows ± one standard deviation) for (b) the U and (c) the V displacements

Fig. 9  a Total displacements, D, from Fig. 8(a) for all the points plotted vs. the top layer displacements at all nine depths (layers), and (b) change 
in fitted slopes of the data in (a) with depth (calculated uncertainty of slope shown as shaded area)
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then one could expect a reduction in both noise-floor and 
rigid body motion noise commensurate to the noise floor and 
rigid body motion noise without the tensile frame.

Tensile Experiments:

1) Comparison of Material with and without Pattern Dye

For Tensile Experiment 1, specimens with and without 
the photoactivated dye were tested uniaxially to determine 
if the dye had any effect on the macroscopic mechanical 
response of the material. Specimens containing no dye were 
exposed to the same conditions as those with dye. The mod-
ulus and maximum strength of 6 samples (3 with dye and 
3 without dye) were determined from tensile experiments 
with airbrushed surface patterned specimens (Fig. 11). In 
the figure, average DIC strains (see wide-field in Table 1 
for DIC details) were measured for the entire FOV during 
the holds. These points are shown and used in the strength 
and modulus determinations. The maximum strength and 
elastic modulus are 51.6 MPa (± 4.6 MPa) and 2.9 GPa 

Fig. 10  Strain analysis of DIC measured true strain versus exx for (a) U-displacements and (b) V-displacements, and eyy for (c) U-displacements 
and (d) V-displacements. Spatial average values shown as points and one standard deviation shown as shaded areas

Fig. 11  Engineering stress versus true strain relationship of 6 poly-
mer specimens (3 containing the fluorescent dye, in red dashed lines, 
and 3 containing no dye, in blue solid lines). All samples are condi-
tioned at the same humidity (60 % RH)



 Experimental Techniques

(± 0.2 GPa), respectively, for specimens without dye, and 
47.7 MPa (± 1.4 MPa) and 2.7 GPa (± 0.1 GPa), respec-
tively, for specimens with dye. The true strain at maximum 
stress for specimens with and without dye are 0.0259 mm/
mm (± 0.0017 mm/mm) and 0.0242 mm/mm (± 0.0006 mm/
mm), respectively. These results show the difference in the 
average values (of the strength and elastic modulus) were 
within one standard deviation of each other, so adding a 
small percentage of dye (i.e., 0.05 % of final mass of epoxy) 
to the polymer sample, as was done throughout this work, 
has no significant impact on the constitutive behavior of the 
polymer matrix, thus making this technique a non-intrusive 
method of obtaining an internal DIC pattern.

2) In-Plane Tension above a Rigid Body Specimen (Sand-
wiched Specimens)

For Tensile Experiment 2, the sandwiched specimens 
were tested, with only the top specimen under strain 
(Fig. 4). The results are shown in Fig. 12(a). For each hold 
in loading, the measured spatial average strain is shown as 
a data point with measured spatial ± one standard devia-
tion of strain shown as the shaded area. The top specimen 
exhibits a steady increase in strain followed by a sudden 
decrease due to the onset of necking occurring outside of 
the FOV (Fig. 12(a)) with strain uncertainties averaging 
about 0.0017 mm/mm strain, consistent with the rigid body 
test noise level when using the tensile frame. The average 
strain in the undeformed specimen deviates from zero by 
as much as 0.0024 mm/mm strain, and the uncertainty is 
0.0033 mm/mm strain on average, which is almost twice the 
rigid body test noise level when using the tensile frame. This 
is likely due to the number of changes in refraction index in 

the optical path when compared to the average uncertain-
ties of the top specimen. The internal fluorescent pattern 
in the bottom specimen was imaged through air, 0.5 mm of 
the (top) polymer specimen, another layer of air (between 
the sandwiched specimens), and 40 µm of the bottom speci-
men. Although the lower undeforming pattern was imaged 
through the upper deforming pattern, there is no bias toward 
the tensile strains of the upper specimen seen in the aver-
age strains for the lower specimen. This would suggest that 
although the lower specimen did show higher uncertainty 
due to the multiple refractive index changes, the average 
strain values were not influenced by imaging through the 
deforming specimen. An additional experiment was per-
formed with the position of the deforming specimen in the 
bottom position (details in the S.M.). The results are shown 
in Fig. 12(b) plotted similarly to Fig. 12(a).

In both tests, some unexplained shadows appeared in 
the images of the bottom specimen that locally affected the 
contrast. This was presumed to be the result of imaging 
through the upper sample and pattern. To potentially cor-
rect for these contrast changes, the use of zero-normalized 
sum of square differences (ZNSSD) correlation criterion 
was also investigated (results shown as gray dashed lines 
and shaded areas in Fig. 12). The use of ZNSSD had little 
effect on the top specimen results, but it did reduce the 
uncertainty of the bottom specimen (to about the rigid 
body test noise level when using the tensile frame) while 
increasing the bias at applied grip displacements between 
0.8 mm and 1.0 mm. It suggests there might be an advan-
tage (reduction of the uncertainty, but at the cost of poten-
tially adding bias) to using the ZNSSD correlation crite-
rion to correct for imaging irregularities, such as these, 
in deeper layers of a specimen. The advantage of using 

Fig. 12  DIC measured average true strain variation with applied grip displacement for sandwiched specimens. In (a) Tensile Experiment 2, 
the top specimen (blue circles) is strained while the bottom specimen (red squares) is unstrained. Shaded areas are ± one standard deviation, 
gray points and shading refer to ZNSSD correlated results for the same images, and the dashed black line is zero strain (expected value for the 
unstrained sample). In (b) are similarly plotted results for specimens in reverse position (see S.M. for details)
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ZNSSD in the noise-floor and rigid body motion tests was 
also evaluated, and much like the Fig. 12 results for the 
top specimen, no advantage nor disadvantage was found. 
Future work should look more into potential value in using 
ZNSSD for this type of work. Comparing Fig. 12(a) and 
(b), uncertainties for the bottom specimen are similar, but 
uncertainties for top specimens are slightly different, prob-
ably due to an improvement in lightning condition that 
resulted in better contrast in the images of the pattern in 
the tensile experiment in Fig. 12(b).

3) In-Plane Tension Comparing Internal to Traditional 
DIC

In Tensile Experiment 3, an internal fluorescent patterned 
specimen tested in tension on the fluorescent microscope 
(Table  1) is compared to surface airbrushed patterned 
specimen tested in tension on the wide-field microscope 
(Table 1). Both specimens were tested using the tensile 
frame. Although both specimens were tested with differ-
ent optical systems and DIC patterns, the strain behavior is 
similar (Fig. 13): it increases to approximately 0.03 mm/mm 
strain then suddenly decreases due to the onset of necking 
in each specimen. This shows that the internal fluorescent 
DIC pattern is capable, on average, of capturing internal 
deformation exhibited in the specimen, consistent with the 
surface deformation using more traditional DIC. Although 
the uncertainty of the measurements for internal DIC are 
larger than the traditional DIC in Fig.  13, this is most 
likely because (1) the translation frame on the wide-field 
microscope did not exhibit the issues seen in the fluores-
cent microscope positioning stage, and (2) the traditional 

surface pattern was closer to the optimal for the FOV and 
had better contrast. With further optimization of the internal 
fluorescent DIC pattern for one specific FOV, the uncertainty 
will be reduced and allow for the use of smaller subset sizes. 
These should allow for the internal fluorescent DIC pattern 
to be used for more local strain measurements as well.

Summary & Conclusions

A non-intrusive and non-disruptive internal fluorescent pat-
tern was designed, developed, and tested for use with digital 
image correlation (DIC) to measure internal deformation at 
microscale levels in a polymer matrix. The internal fluores-
cent pattern was collimated through the thickness of the speci-
men and introduced through a UV photoactivatable patterning 
technique. The resulting pattern was visible with a laser scan-
ning confocal microscope and detected on a secondary wide 
field microscope. This new patterning method is more amena-
ble to applying internal patterns without introducing physical 
particles to the polymer specimen hence preventing significant 
changes to the mechanical properties of the material.

The capability of the internal fluorescent pattern for DIC 
measurement was confirmed and quantified through a series of 
assessments including noise-floor, rigid body motion, and vari-
ous uniaxial tests. At this point in development of this method, 
the pattern scale was not optimized for spatial resolution; there-
fore, the DIC parameter study was used to select a single set of 
DIC analysis parameters that would minimize the uncertainty 
while using the smallest overall length for strain measurement 
considering the sub-optimum pattern scale. The resulting sub-
set, step, and filter sizes were used throughout the work.

Fig. 13  Comparison of average true strain for Tensile Experiment 3 using two different DIC patterning methods; (a) internal fluorescent UV 
activated pattern (inset) observed with a 10 × magnification. The standard deviations are 0.0036 mm/mm strain on average (b) surface airbrush 
spray-painted pattern (inset) observed with a 4 × magnification. The standard deviations are 0.0014 mm/mm strain on average
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An existing method of DIC calibration for standard opti-
cal microscopes, combining a linear scaling and a non-linear 
image correction, was applied and rigorously assessed. The 
linear scaling (image scale) was assumed to be constant with 
changes in depth. This assumption was found to be accept-
able based on the intended use (i.e., strain measurement) and 
the rigid body motion test results; however, for more detailed 
use of the displacement measurements, further investigation 
should be performed. The non-linear distortion correction 
had a different structure in the X and Y directions of the 
image, likely due to the laser raster resulting in a drift-like 
distortion. The non-linear distortion correction did not seem 
to vary substantially with depth, and it was determined that 
the distortion correction for the near-surface layer could 
be used at all the deeper layers being measured. This was 
confirmed by noise-floor results showing a minor difference 
when assessed with the near-surface layer correction rather 
than layer specific corrections.

The spatial noise-floor assessment showed strain uncer-
tainty of about 0.0003 mm/mm at 40 µm depth, and the 
uncertainty increased slightly with depth. The rigid body 
motion, or extended noise-floor assessment, showed a less 
than two-fold increase from the static noise-floor in strain 
uncertainty. However, with the tensile frame the rigid body 
noise floor was about 3 times larger than the static noise floor 
with the tensile frame. Additionally, the spatial and temporal 
noise-floors performed with the tensile frame showed similar 
magnitudes between the temporal and spatial results. Com-
paring the noise floor with and without the tensile frame, 
showed that the tensile frame increases the static noise floor 
by a factor of 3 and increased the rigid body motion noise 
floor by a factor of 6. The increase in uncertainty when using 
the tensile frame was traced back to the inability of the fluo-
rescent microscope positioning stage to hold position with 
the weight of the tensile frame. At the time, this was the 
only positioning stage and microscope available to image the 
fluorescent pattern, so unfortunately, this increased level of 
uncertainty had to be tolerated for the tensile uniaxial tests 
that were performed. The mean values of all the noise-floors 
showed a negative strain bias in the Y-direction, and this was 
presumed to be a result of the non-linear distortion aspect of 
the calibration that is related to the laser raster.

Regarding the non-intrusive and non-disruptive nature 
of this patterning and imaging technique, Tensile Experi-
ment 1 demonstrated that the addition of the dye to create 
the internal pattern did not affect the macro mechanical 
behavior of the transparent polymer material. Additionally, 
Tensile Experiment 3 demonstrated that the spatial average 
strains determined using the internal DIC compared well 
with the more traditional surface DIC, with the internal 
DIC only slightly increasing the strain uncertainty. To 
assess that the strain measured at deeper layers would not 
be affected by the deformation or lack of deformation in 

the layers being imaged through, two tests, Tensile Experi-
ment 2, were performed with a stack of two specimens 
with a single one deforming. The first test had the top 
specimen deforming and the bottom specimen not deform-
ing, and the second test had the top and bottom specimens 
reversed. The results show that imaging through a speci-
men (deforming or not) did not seem to bias the measure-
ment of the bottom specimen, but the bottom specimen 
did show increased strain uncertainty. It was also shown 
that the use of zero-normalized sum of square differences 
(ZNSSD) as the correlation criterion did seem to reduce 
the strain uncertainty in the bottom specimen compared to 
the use of normalized sum of square differences (NSSD) 
as the correlation criterion. This improvement was only 
seen for the bottom specimen results, whereas the top 
specimen showed little to no change in uncertainty using 
either correlation criterion. It seemed that some of the 
additional uncertainty was due to the airgap that unfortu-
nately occurred between the top and bottom specimens.

Based on these results, it has been shown that this new 
non-intrusive and non-disruptive method of DIC patterning 
can measure strain fields on sub-surface planes in a transpar-
ent polymer matrix, without bias from material deformation 
above that plane. It was also found that after correcting some 
experimental limitations (e.g., increased microscope posi-
tioning stage weight capacity and improved lighting condi-
tions) the uncertainties should be substantially reduced. Now 
that the patterning method has shown its functionality, the 
pattern size can be optimized for the intended field of view 
and the pattern application optimized for the required depths 
of interest within the material.
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