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For the characterization of the mechanical deformation of materials at microscopic length scales, image pro
cessing of a high-quality surface pattern was used. We imprinted speckle patterns onto a thin polymer film
attached to the surface of flat and curved metal substrates using flexible molds and soft-thermal nanoimprint
lithography. High optical contrast was achieved by mixing black dye into the film generating high absorption in
the elevated structures, and by adding titania nanoparticles as fillers to the recessed areas to induce diffuse
scattering. For accessing resolution suitable to detect deformation at an individual grain level, the structure sizes
were scaled down from 20 μm to 2 μm. For both structure sizes imaging was tested using a digital image cor
relation setup, that enables 3D imaging of samples with angles of up to 10◦ of inclination.

1. Introduction
Digital Image Correlation (DIC) is an image-based, full-field analysis
technique that is used for mapping the displacement and strain fields on
the surfaces of specimens from the images recorded at the different
stages of deformation [1]. It is a widely used experimental approach to
obtain quantitative information on the local distribution of strains and
characterize deformation heterogeneity in materials, i.e. in structural
metallic materials when subjected to various modes of deformation such
as tension, compression, shear, bending, or torsion [2,3]. To perform
DIC analysis, a surface pattern and the acquisition of the images of the
patterned surface before deformation (at reference state) and at the
deformed state are required. In the post-processing of acquired images,
the image at the reference state is divided into subsets (a group of pixels
with distinct grayscale values), which are then tracked by crosscorrelation in the subsequent images at the deformed state to locate
their corresponding positions (see Fig. 1) [4]. Each subset must present a
unique distribution of grayscale pixel intensities, to ensure accurate
matching of the cross-correlation algorithm in DIC analysis. For this
purpose, DIC patterns must consist of high contrast and densely
distributed pattern features (speckles) of a random granular or semi-

periodic design with a minimum feature size of a few pixels (3 to 5
pixels) [5]. Another crucial requirement is that the pattern must be
mechanically robust, adhere to the specimen surface and maintain its
adherence during deformation to match the displacement of the spec
imen surface underneath [6,7]. In addition, the method chosen for
pattern application should not alter the microstructure and the me
chanical properties of the specimen. For instance, long exposure to heat
and pressure during pattern application and the etching into the metallic
surface must be avoided.
DIC provides an opportunity to characterize the material behavior at
different length scales ranging from macroscopic to micro and nanoscale
since the spatial resolution that is achievable with this technique de
pends on the resolution of the imaging source and the feature size of the
applied surface pattern [8,9]. In addition, DIC analysis can be performed
either as two-dimensional (2D-DIC) with a single imaging source posi
tioned perpendicular to the specimen surface, or it can be employed as a
three-dimensional method (3D-DIC) by using two cameras (stereo
vision) (Fig. 1 a). In 3D-DIC analysis, the right and left cameras are
positioned at an angle to each other (often 10–12◦ ) and the specimen
surface is imaged at an inclined angle to compute the shape and out-ofplane motion. An example of an imaging source that can be used for 3D-
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DIC analysis (a stereomicroscope) and a visible spectrum light source, i.
e., a light emitting diode (LED), used to ensure sufficient lighting on the
surface pattern, is demonstrated in Fig. 1 b. A schematical illustration of
metallic specimens often used in mechanical testing is given in Fig. 1 c.
Depending on the requirements of the testing conditions, cylindrical
specimens with curved surfaces may also be required. While the 2D-DIC
method is only applicable to conduct measurements on flat surfaces, 3DDIC can be extensively used for flat and non-flat surfaces [10].
To perform DIC analysis at microscopic length scales using optical
microscopy (i.e. stereomicroscope), the surface pattern must present an
optical contrast and the pattern features must have an appropriate size
and distribution. This remains a challenging task, as either an optical
contrast or suitable size is missing in the existing patterning techniques
[6,11]. With the conventional pattern applications providing optical
contrast (i.e. spray painting or airbrush patterning), the random nature
of these techniques only allows for limited control and the achievable
pattern feature size ranges between 10 and 30 μm [12]. However, much
smaller feature sizes are required from surface patterns to characterize
strain heterogeneity in individual grains of structural metallic materials.
A pattern feature size on the order of a few micrometers (~2–3 μm)
would be suitable to conduct DIC measurements using high magnifica
tion optical microscopy within the optical resolution limits. Another
method alternative to the paint-based applications to generate the
speckle patterns with optical contrast would be laser interference-based
speckle patterning. The speckles are generated as a result of the phase
difference of scattered waves from the surface. The constructive

interference of scattered waves forms bright spots, whereas the dark
spots are formed due to destructive interference [13]. This patterning
strategy could generate a speckle pattern with good contrast, however,
surface roughness is needed and it is not possible to generate laser
speckles on the mirror polished surfaces [14]. Another disadvantage is
that the laser interference speckles may result in less accurate mea
surements due to the decorrelation effect. The intensity fluctuations of
the scattered laser during the deformation of the specimen may change
the speckle contrast or distort the speckle shape, which becomes more
critical with surface tilt, out-of-plane motion, and large deformation
[15,16].
DIC pattern applications based on lithography techniques enable
reproducible pattern transfer on specimen surfaces with controlled
pattern feature size and distribution. Using lithography-based methods,
numerically prepared speckle pattern designs can also be used as tem
plates and transferred to the specimen surfaces with high precision [17].
Fig. 1 d shows an example of a computer-generated speckle pattern
design, which is called an optimized pattern. This is a highly periodic
pattern with equally spaced speckles (half-pitch of a periodic grating)
that are randomly distributed in the near-field. To prepare the bitmap of
the optimized pattern as stated in ref. [18], a randomized phase was
generated in the frequency domain and an inverse Fourier transform was
then performed. As compared to the random granular speckle patterns,
the speckle morphology of such a pattern results in enhanced informa
tion content within each subset of the pattern with uniformly distributed
speckles of varying shapes. The numerical studies carried out on

Fig. 1. a) Principle of 2D-DIC and 3D-DIC, the latter is applicable to perform measurements on flat and non-flat surfaces, b) 3D-DIC measurement set-up with a
stereomicroscope and an external LED light directly incident on the metal surface, c) schematic illustration of the metal specimen with a square indicating the region,
where the speckle pattern needs to be applied, d) computer-generated, optimized speckle pattern template required to be imprinted on the metal specimen surface
with high precision and optical contrast and a subset (red square) represented on the pattern. In DIC analysis, the subsets at the reference state are tracked in
subsequent images at the deformed state to locate their corresponding positions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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optimized patterns have demonstrated that the precision of displace
ment and strain fields could be improved when DIC measurements are
performed over these patterns based on the pattern quality assessment
metrics to predict the performance of different patterns [17,18]. Among
lithography methods, electron beam lithography (EBL) [19,20], and
photolithography (PL) [21] have already found applications for DIC
pattern preparations. The contrast of the patterns prepared by those
methods is insufficient to conduct optical-DIC measurements since they
have been prepared to collect the images of the surface pattern for DIC
analysis by scanning electron microscopy (SEM-based DIC). Moreover,
the patterning using EBL or PL is typically restricted to substrates with
high flatness. Another approach, which has been followed in the liter
ature to generate speckle patterns on specimen surfaces is printing
(generation of a predominantly flat surface pattern by ink deposition)
[22–24]. The printing-based applications may allow for pattern transfer
on non-flat surfaces and the resulting patterns present an optical
contrast, however; the resolution that is achievable with these tech
niques may be limited to generate the patterns with small-scale speckle
size (on the order of a few micrometers) with high precision.
In this context, a newer lithographic approach for DIC pattern
preparation would be based on imprinting (generation of a surface relief
with height contrast). Nanoimprint Lithography (NIL) is a patterning
process used to replicate the stamp topographies on the substrates by
molding a stamp into a thin film. NIL has proven to have a resolution
much below 1 μm and hence provides an opportunity to generate scal
able DIC patterns from the same pattern template [25]. Among the
different NIL approaches, the soft, hybrid process of thermal-NIL and
UV-NIL is based on the use of elastomeric, UV-curable poly
dimethylsiloxane (PDMS) stamps and a UV-curable, thermoplastic
polymer film, which can be softened by heat and subsequently hardened
by cross-linking before demolding. During an imprinting time, the UVPDMS stamp assumes conformal contact to the substrates while the
viscous resist fills the cavities by squeeze flow and capillary action [26].
The flexibility and adhesion of UV-PDMS stamps make the process
suitable for pattern transfer on non-flat specimen surfaces [27,28]. This
process was found particularly suitable because of the possibility to
choose low imprint temperatures with low pressure and generating a
robust, thin polymer layer on different substrates. In addition, it is a
cost-effective method, which does not require extended time for pattern
transfer compared to EBL and PL patterning. A desired optical contrast
using this process can be generated onto a metallic substrate from a
colored, topographically patterned film through thickness contrast. To
achieve an optical contrast on the metallic substrates from a patterned
film, the elevated structures must strongly absorb the light, while it must
be scattered from the recessed areas when illuminated with mono
chromatic visible light. If that is achieved, it would provide sufficient
contrast to the speckle structures at the grayscale. Alternatively, a light
scattering material can be added into the recessed areas to induce diffuse
reflections and enhance the optical contrast of the patterned film.
In this work, we propose soft-thermal NIL as an additive patterning
to generate scalable DIC patterns with high optical contrast. The pro
posed method is suitable to transfer speckle patterns on both flat and
non-flat specimen surfaces. Therefore, soft-thermal NIL as a patterning
technique offers a possibility to conduct DIC measurements on different
surface geometries with a wide range of magnification selections of the
optical imaging source that is used to acquire the images of the
patterned surface.

mold by scaling the same image template. After EBL, the etched Cr
pattern was subsequently transferred into the silicon substrate by
anisotropic reactive ion etching to create a surface topography of
speckle structures, and the resulting depth of structures was 2.6 μm for
both large and small structures on the master molds.
The selection of the speckle size was made based on the resolution
range of a stereomicroscope (Correlated Solutions, Inc., South Carolina,
USA) used to acquire the images of speckle structures for DIC. The res
olution range of this microscope is between 3.5 μm/pixel (lowest
magnification) and 0.5 μm/pixel (highest magnification). Acquiring the
pattern images with the lowest magnification settings requires the
speckle pattern with ~20 μm speckle size, which we will be referred to
in the paper as “large speckle structures”. To be able to use the highest
magnification settings that can be achievable with this microscope, a
pattern with ~2 μm speckle size is required, which will be referred to in
the paper as “small speckle structures”. We preferred to demonstrate the
pattern with two examples of speckle size, however, the different size
selections for the same pattern can be made depending on how detailed
information is needed from the specimen being analyzed. While the
large structures are well-established to study the bulk deformation with
a subset area corresponding to ~100 × 100 μm2, the small structures are
needed to analyze the local deformation behavior at an individual grain
level with a subset area of ~10 × 10 μm2.
Following the preparation of the master molds, a replica with an
inverse topographical pattern was created on an Ormostamp layer (an
inorganic hybrid polymer from micro resist technology GmbH, Berlin,
Germany) on a glass wafer backbone. This Ormostamp copy was sub
sequently used for casting flexible UV-PDMS stamps (second replica) for
patterning the metal specimens. This procedure creates a working stamp
with the same polarity as the original and ensures a long lifetime of the
original in case further replicas are needed. The surfaces of both the
original master and Ormostamp copy were coated with a monolayer of
perfluorinated silane as an anti-sticking agent to prevent sticking during
subsequent molding. Before coating with an anti-sticking layer, the
surfaces were activated by oxygen plasma treatment.
For the replication of UV-curable PDMS KER-4690 (Shin-Etsu Chem
ical Company Ltd., Tokyo, Japan from micro resist technology GmbH)
stamps, an equal ratio of prepolymers was mixed. This mixture was
degassed in the vacuum oven at room temperature to remove air bubbles
and subsequently poured onto Ormostamp. It was then cured by UV
exposure for 5 min at 30 W/cm2 and peeled off from the mold.
Stainless Steel 316L was used as a metallic substrate to demonstrate
the applicability of the method. The speckle patterns with 20 μm and 2
μm speckle sizes were imprinted on the flat specimen surface, as well as
on the cylinder specimens with 11 mm diameter. Before pattern transfer,
the steel substrates were polished to reduce the roughness of the asreceived steel surface from the manufacturer. The polishing steps
involve, grinding the steel surfaces with abrasive Silicon Carbide (SiC)
paper and electropolishing using 70% ethanol, 10% butoxy ethanol,
10% perchloric acid, and 10% water-containing electrolyte. After elec
tropolishing, a mirror-like surface finish was obtained on the steel
substrates with the surface roughness on the order of a micrometer.
Thermoplastic and UV-curable resist mr-NIL 6000.3 (micro resist
technology GmbH) was selected for the process. Since the spin coating of
the resist on the surfaces of mechanical testing specimens is not feasible,
the thickness of dispensed resist layer on the surface can not be fully
controlled. Therefore, anisol was used for dilution to reduce the vis
cosity of the resist and to ensure a thinner layer of resist coating on the
metal surfaces. In addition, to achieve an optical contrast in the final
patterned film, the resist was mixed with a black dye. Non- fluorescent,
black powder dye named Sudan Black B was chosen for the mixing due
to its solubility in alcohol. First, 100 mg of Sudan Black B dye was dis
solved in 1 ml of anisol, and later four droplets of this mixture were
mixed with 1 ml of mr-NIL 6000.3. At every application, a droplet of the
black-colored diluted resist was dispensed on the metal substrate. After
spreading the resist, it was prebaked for 2 min on the hot plate at 100 ◦ C

2. Materials and methods
The master molds were prepared by patterning a hydrogen silses
quioxane (HSQ, EM Resist Ltd, Macclesfield, UK) resist on a silicon sub
strate with a chromium interlayer using EBL (EBPG 5000+ by Vistec/
Raith GmbH, Dortmund, Germany). Two different sizes of speckle struc
tures, i.e., 20 μm speckle size, patterned on a 2 × 2 mm2 area, and 2 μm
speckle size, patterned on a 1 × 1 mm2 area, were created as a master
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for solvent removal, resulting in a hardened polymer layer. The backside
of the UV-PDMS stamp was placed on the adhesive tape and the struc
tures were brought into contact with the resist-coated metal substrate.
The corners of the adhesive tape were attached tightly to the metal
specimen to have slight and homogeneous pressure for pattern transfer.
The specimen was kept on the hot plate at 100 ◦ C for 15 min for the
filling of the resist to the cavities of the UV-PDMS stamp and subse
quently, the resist was cross-linked under 365 nm UV-light through a
transparent PDMS stamp for 3 min at 30 W/cm2. The stamp was
demolded by delamination, leaving a topographical pattern in a thin
layer of black-colored film on the metal substrate. After replication, the
residual layer was not removed by etching.
Finally, titanium dioxide nanoparticles (titania, Sigma-Aldrich
Chemie GmbH, Darmstadt, Germany) with 21 nm primary particle size
and 99.5% purity were used as a white scattering pigment to fill the
recessed areas of the speckle structures. Titania nanopowder was swept
over the pattern by soft tissue and the particles were mechanically
squeezed into the grooves to fill the entire groove from the bottom of the
recessed area to the rim. The speckle structures were visually controlled
using an optical microscope to ensure a sufficient and homogeneous
filling throughout the whole patterned area. Once the filling was
completed, the residual amount of titania on the elevated part was
intended to be removed by using a soft paintbrush. The pattern was then
wetted with a droplet of water to fix the particles and the excess water
was removed by soft tissue. The sequence of the process for the prepa
ration of speckle structures on flat and curved steel substrates is depicted
in Fig. 2, starting from the dispensing of the black-colored thermoplastic
resist on the metal surfaces to the filling of the recessed areas of the
patterned film with titania nanoparticles.
The characterization of imprinted speckle structures was performed
by optical microscopy (INM 20, Leica Microsystems, Wien, Austria), SEM
(Ultra 55, Carl Zeiss GmbH, Oberkochen, Germany), laser scanning
confocal microscopy (LSCM) (Keyence VK-X-3100, Osaka, Japan). The
optical micrographs were acquired in bright and dark-field imaging
mode with through-the-lens white-light illumination using 0.40 and
0.80 numerical aperture for large and small speckle structures, respec
tively. The SEM images were collected in a secondary electron imaging
mode at 2 kV acceleration voltage with a 200 nA probe current. To
reduce surface charging and image distortions in SEM, instead of
acquiring the images with a larger dwell time as a single frame, multiple
frames were integrated using a shorter dwell time. The height profile of
imprinted speckle structures and the film thickness on the recessed areas
were characterized by LSCM.

3. Results and discussion
3.1. Imprinted speckle structures
Using the soft-thermal NIL process, the large and small speckle
structures were successfully imprinted on the surfaces of flat steel
specimens and cylinders with 11 mm diameter. The imprinted structures
were characterized by LSCM to analyze the fidelity across flat and
curved specimen surfaces. The height of the speckle structures on
different surface geometries was measured at multiple locations and the
average measured structure heights are reported in Table 1.
The results indicate that the small speckle structures were fully
molded, and the slight deviation of the structure heights might result
from the stamp used in imprinting. The height profile measurements
using LSCM were also performed on PDMS stamps to analyze structure
depths, as provided in the supplementary material, and slight in
homogeneity was also observed on the stamps used for imprinting the
small speckle structures. This might be due to reactive ion etching per
formed after EBL preparation of the master mold to increase the struc
ture depths. In contrast to small speckle structures, large structures were
not fully molded and the measured structure height ranges between
~1.9 μm and ~2.5 μm on both flat and curved substrates. Nevertheless,
the imprinted speckle structures are considerably homogeneous as seen
from the height profiles of speckle structures imprinted on a cylinder
surface with 11 mm diameter given in Fig. 3.
Since the residual layer was not removed by etching after imprinting
the speckle structures, further measurements were carried out using
LSCM to determine the thickness of the film in the recessed areas. The
film from the non-structured area was removed to clear the metal sur
face and the height profile measurement was performed on an area
covering the metal surface and the imprinted structures. The metal
surface was taken as a reference plane and the thickness in the recessed
parts was determined with respect to the metal surface. The details of
the procedure to determine the residual layer thickness are provided in
the supplementary material. From the measurements, the average
thicknesses of the films in the recessed parts were found to be ~0.5 μm
for large structures and ~0.7 μm for small structures. This is much
smaller than the average height of the structures of 1.9–2.5 μm and
would therefore add up to a total height of 2.4–3.2 μm in the elevated
Table 1
The height of speckle structures imprinted on flat and curved (convex cylinder)
steel surfaces measured using LSCM.
Speckle size
Substrate
Structure
height

20 μm (large)
flat
2.3 ± 0.2 μm

20 μm (large)
curved
2.2 ± 0.3 μm

2 μm (small)
flat
2.5 ± 0.2 μm

2 μm (small)
curved
2.6 ± 0.1 μm

Fig. 2. Soft thermal-NIL process flow for the
generation of the speckle pattern on the metal
surfaces; a) dispensing of the black-colored
thermoplastic resist on the flat and curved
metal surfaces using a pipette; b) UV-PDMS is
brought into contact with the resist that is
dispensed on the metal surface. After the resist is
molded under slight and homogeneous pressure
and subsequently cross-linked by UV exposure; c)
UV-PDMS is demolded and a topographical
pattern is obtained on the metal surface in a
black-colored film; d) titania nanoparticles are
used as a white scattering pigment to generate
diffuse reflections from the metal surface and
achieve significant contrast concerning the
absorbing black film structures.
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Fig. 3. Height profile of imprinted speckle structures on a curved cylinder surface with 11 mm diameter measured using LSCM a) large structures with 20 μm speckle
size, b) small structures with 2 μm speckle size.

areas of the structures.

reflections from the metallic bottom layer would pose a problem for the
imaging of such structures in incident light mode. Therefore, the
recessed areas were filled with titania nanoparticles that would induce
diffuse scattering. The imprinted depth of 2.6 μm was also found wellsuited for the filling process. After the addition of titania, the diffusely
scattered light from recessed areas and black absorbing film present
sharp (black and white) and also homogeneous contrast, and diffuse
scattering instead of specular reflection would enable to maintain this
contrast over a large observation angle. The dark-field optical micro
graphs of the speckle structures are presented in Fig. 4 c and Fig. 4 f.
When choosing an appropriate white scattering pigment to cover the
recessed areas, the selection of the particle size of the nanopowder was
made by taking into account Rayleigh scattering to induce diffuse
scattering on the patterned film when used in an incident light mode
with a visible spectrum LED light source in DIC applications. For a blue
light used in the experiments with the wavelength (λ) of 450–485 nm,
and the particle size (Dp) of titania nanoparticles (21 nm) used as fillers,
the particles should result in Rayleigh scattering and generate diffuse
reflections according to light scattering model given by the following
formulation based on dimensionless size parameter (α) [29];

3.2. Contrast and reflection measurements of speckle structures
The initial analysis regarding the contrast and reflectivity of the
imprinted speckle structures was carried out by acquiring the bright and
dark-field optical micrographs as demonstrated in Fig. 4. On the dark
field optical micrographs, only the reflections from the speckle edges are
visible for both large and small speckle structures (Fig. 4 b and Fig. 4 e).
This indicates that the incident light is absorbed throughout the whole
patterned area, i.e., within the elevated structures (with a minimum
resist height of 2.5 μm) and the recessed parts (with a minimum resist
height of 0.5 μm), proving the high absorption of the film, but also that
the film in the recessed parts is not sufficiently thinned. Despite the
significantly deep stamps (up to 2.6 μm) used in the imprinting process
to ensure a thin residual layer, it is difficult to achieve a very thin re
sidual layer with a specific thickness on metal substrates that would
enable to distinguish between areas of high and low light absorption.
However, even if the residual layer is sufficiently thinned, due to the
highly reflective nature of metal surfaces under incident light, the

Fig. 4. a) Bright and b) dark-field optical micrographs of large speckle structures, d) bright and e) dark-field optical micrographs of small speckle structures. In darkfield optical micrographs of both large and small speckle structures, only the reflections from the speckle edges are visible. With the addition of titania to the recessed
areas, the dark-field optical micrographs c) and f) represent the black and white contrast of the speckle structures resulting from the diffuse reflections that
titania induces.
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/
α = π Dp λ

backscattered electrons from the patterned film leads to a darker
contrast in SEM images.
As seen from the SEM images, for both large and small speckle
structures, the recessed areas are almost completely filled with titania
nanoparticles and the filling seems to be almost to the upper rim.
However, there is still a layer of nanoparticles left on the elevated areas,
even after brushing with the soft paintbrush to remove the residual
titania at the elevated parts. Although there are residuals of nanopowder
that remained on the elevated parts of both large and small structures,
this is more prominent on the SEM image of small structures acquired at
ten times higher magnification. The residual titania, however, does not
deteriorate the black and white contrast observed in optical microscopy
measurements in incident light mode. This is probably due to the fact
that for high optical reflection, a thicker layer of titania is needed. Even
a dense, but thin coverage of the entire surface in the small structures, as
observed in the SEM image, had a negligible effect on the contrast. This
would also confirm the rough estimate of the ~10% reflection of a 2.5
μm thick titania film. A thin scattering layer on top of the elevated
structures would even scatter part of the light that otherwise would be
reflected by the flat polymer surface.
The dark-field optical microscopy images of the speckle structures
with and without titania fillers were also confirmed from the images
taken using a DIC camera under blue LED light directly incident on the
patterned surface, except for the small speckle structures without titania
fillers. Unlike dark-field optical micrographs, the small speckle struc
tures are visible and present a contrast to the metallic substrate. How
ever, in both cases (large and small speckle structures), the contrast is
significantly improved with titania fillers added to the recessed parts.
The contrast variations of speckle structures with and without titania
coverage were evaluated by plotting the image histograms from the
images collected by the DIC camera as seen in Fig. 6. The image histo
grams represent the grayscale distribution of pixel intensities and create
a basis for comparing different structures. The intensity of pixels ranges
between 0 (fully black) and 255 (fully white) and depending on the pixel
brightness, the intensities correspond to an intermediate value (Fig. 6 a).
As a reference, the histogram of the computer-generated image template
of speckle structures is also demonstrated (Fig. 6 b) and the contrast
variations of imprinted speckle structures are evaluated in comparison
to the reference. The histogram of the original image template has two
peaks at low and high gray levels, which shows high contrast between

where πDp is the circumference of the particle and α ≪ 1 should
result in Rayleigh scattering, which is the observed case from the images
of speckle structures filled with titania nanoparticles. The nanoparticle
size is also well suited to fit into the micrometer-sized recessed areas of
the molded pattern. Additional to the particle size, the scattering is also
dependent on the thickness of the titania film. In [30], a reflectance of
35% was found for an 8.5 μm thick uniformly and densely packed film of
21 nm titania nanoparticles at 410 nm wavelength. Assuming a linear
behavior scaling with the thickness of the film, a 2.5 μm thick titania
layer would result in ~10% reflection, which is considerably more than
the 4% specular reflection of an ideally flat polymer film at vertical
incidence. This means, even by taking into account the less dense
packing of the films presented here, the structure depth is well-chosen to
ensure a contrast of a factor of ~2 between the absorbing and scattering
areas.
It should be emphasized that if the two-color (black and white)
combination is intended to completely cover the exposed areas of the
highly reflective metallic bottom layer, the patterned film could be
colored white by mixing the resist with white pigment, and the recessed
areas could also be covered with black, light-absorbing particles. How
ever, because of the difficulty in finding a suitable white pigment
dissolvable in either the resist or alcohol (i.e. titania nanoparticles), it
was not a preferred way in this work to generate the contrast in speckle
structures.
The speckle structures were further characterized by acquiring the
high-resolution images using SEM before and after the addition of titania
fillers (Fig. 5). When imaging with SEM, the elevated structures appear
brighter in secondary electron imaging mode (Fig. 5 a and Fig. 5 c). The
structures were not coated with a conductive layer before imaging,
instead, the low acceleration voltage was utilized for scanning. Despite
the low voltage used for imaging, there is still a charging effect which
resulted in the images appearing glossy. The accumulation of directly
generated secondary electrons in the film might cause the build-up of
negative potential and the bright appearance of the structures, in this
case, is mainly generated by the backscattered electrons, causing the
emission of secondary electrons from the sample or the SEM components
(SE2 and SE3 type). With the addition of titania to the recessed areas of
speckle structures (Fig. 5 b and Fig. 5 d), the strong suppression of

Fig. 5. SEM images of large speckle structures a) before b) after titania addition, small speckle structures c) before d) after titania addition. Although titania provides
good coverage to the grooves of the structures, residual nanopowder is also observed on the elevated structures. The residue of nanopowder does not significantly
deteriorate the black and white contrast of structures observed in optical measurements.
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Fig. 6. Histograms of pattern images to evaluate the contrast variation of speckle structures at the grayscale with and without titania coverage, a) For clarity, the
corresponding grayscale intensity values of an arbitrary pixel sequence on the x-axis are plotted. The intensity of pixels ranges between 0 (fully black) and 255 (fully
white) and depending on the pixel brightness, the intensities correspond to an intermediate value. The histograms belong to b) the original computer-generated
image template as a reference, c) large speckle structures in a black patterned film, d) large speckle structures with titania addition, e) small speckle structures
in a black patterned film, f) small speckle structures with titania addition.

black and white. For large speckle structures (Fig. 6 c), a black patterned
film with a thickness contrast simply generates large areas of black,
which means that both the elevated and recessed areas are absorbing the
light. In this case, the existence of bright pixels is due to the reflections
from the speckle edges. With the addition of titania to the recessed areas
(Fig. 6 d), the peak emerges at higher gray levels, representing areas of
high scattering (diffuse white), while the peak at lower gray levels is
shifted slightly from black to gray. The two peaks at the lower and
higher edges can be still clearly distinguished with a shallow plateau
between them, indicating that the residual scattering is present
throughout the pattern. For small speckle structures in a black patterned
film (Fig. 6 e), there is a single peak in the central area of gray levels and
the distribution at the grayscale is not in the full intensity range. For DIC
patterns, the Gaussion-type distribution with intermediate values of
pixels at the grayscale concentrated at the narrow range represents poor
contrast [31]. With the addition of titania (Fig. 6 f), this peak broadens
and the pixels occupy a wider range of gray levels, indicating that the
contrast essentially increases, but the peak does not resolve into two

distinct peaks, contrary to what is observed for large speckle structures.
While the bimodal distribution is the ideal situation for a sharp contrast
between black and white for a given speckle pattern, a Gaussion-type
distribution with a wide range of pixel intensities at the grayscale still
represents a sufficent contrast. The patterns with such characteristic
distribution are also well-suited to perform DIC measurements [31,32].
In terms of contrast variations, the discrepancy between the histo
gram of large and small speckle structures with titania addition is not
due to the patterning process. The imprinting process and filling with
titania to the recessed areas are also well suited for small speckle
structures. High optical contrast similar to the large structures is ach
ieved with the addition of titania. However, the limited resolution of the
DIC camera poses a problem. The pixels can not be fully resolved at the
magnification, where the images of the small speckle structures are ac
quired, and the slight blur on the images yields a Gaussian-type distri
bution with an intermediate value of pixel intensities. In case of a
different optical imaging source with a better resolution (an optical
microscope with through-the-lens illumination) is used to acquire the
7
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images, it was confirmed that the small speckle structures result in a
bimodal distribution of black and white on the image histogram, cor
responding to that of large speckle structures. The image histograms
constructed using stereomicroscope image and optical microscope
(Leica, INM 20) image (as seen in Fig. 4 f) of small speckle structures
with titania addition are given in Fig. 6 f for comparison.
The images of small speckle structures acquired from the DIC camera
without and with titania fillers used to construct the image histograms in
Fig. 6 e and Fig. 6 f are presented in Fig. 7 a and Fig. 7 c, respectively.
Despite the intermediate contrast, the speckle structures in a black
patterned film (without fillers) may still be used, if the 2D-DIC method is
chosen and imaging is taking place perpendicular to the patterned sur
face. The use of such a pattern presents a challenge in 3D-DIC imaging,
where the patterned surface is imaged at inclined angles. The images of
the patterned surface acquired from the right and left cameras of the
stereomicroscope slightly differ from each other due to the inhomoge
neous reflections from the metallic bottom layer and the recessed areas.
In this case, the equivalence of the subsets from the left camera image
cannot be found in the image of the right camera (Fig. 7 b) and as a
result, DIC analysis cannot be performed. The addition of titania fillers
was required to generate diffuse scattering and equalize the views from
the right and left cameras (Fig. 7 d). This occurs independent of the
specimen design being imaged and is common for both flat and non-flat
surface imaging.
While the current results are presented for flat specimens, where the
illumination comes from a ring-shape LED light source, curved specimen
surfaces present two additional challenges. First, a stable contrast of the
reflected light has to be present at a wider range of angles. For a 2 × 2
mm2 area on a cylinder with an 11 mm diameter for large speckle
structures, the full angle of illumination is enhanced to 20◦ , and thus the
reflection spans over an angle of 40◦ . This means that both, the right and
left camera of the stereomicroscope, placed at about ±5◦ inclination of
the sample center, have to get the same amount of light, and also the
same contrast of individual speckle structures. While the black colored
flat surfaces from the elevated structures present only little reflection
variation for all angles, the use of titania nanoparticles in the recessed
areas proved to be well-suited even at larger inclinations of the pattern
and both, the overall contrast and the difference in reflection at the
borders of speckle structures on curved surfaces contrast is preserved.

Second, during imaging, the borders of speckle structures on cylinder
surfaces may appear blurred due to the limited depth of field of the
imaging system. The corresponding height differences from the center of
the speckled area and thus the required depths of fields are 80 μm (10◦
inclination for 2 × 2 mm2) for the large and 20 μm (5◦ for 1 × 1 mm2) for
the small speckle structures, for spanning the entire area of 330 μm (20◦ )
and 80 μm (10◦ ), respectively. For flat specimens, the height difference
for 3D-DIC is less than 10 μm for an inclined view of 5◦ on a 2 × 2 mm2
large sample. For the lower magnification sufficient for imaging the
large speckle structures this is ~600 μm, for the higher magnification,
this is ~100 μm. At the magnification settings, especially for imaging the
small speckle structures, out-of-focus behavior has to be considered.
This adds an additional challenge to the application of small speckle
structures on curved surfaces in DIC since it is highly possible that the
inclination of structures causes a blur at the borders of the field of view.
The limitation of the depth of field is because of the construction of the
stereomicroscope used for 3D-DIC imaging. The optical path is more
complex than that of conventional optical microscopes. Additionally to
the focussing, a loss of contrast at the borders of the speckle patterns can
be attributed to the inclined set up, since the vertical sidewalls of the
recessed areas restrict the complete illumination and scattering of the
full depth of the filler.
4. Conclusions
The imprinting of micro-sized patterns is a viable way to generate
high optical contrast speckle patterns for DIC measurements. As an
imprint process, soft-thermal NIL provided flexibility for combining the
thermoplastic patterning with the required mechanical and optical
properties of the resist. The developed process is suitable for highly
precise imprinting of the speckle patterns with different pattern feature
sizes down to 2 μm resolution and with a 2.6 μm imprinted depth of
structures. For large speckle structures, high optical contrast is validated
by the histogram of the image acquired from the DIC camera. For small
speckle structures, the limited resolution of the DIC camera at the
magnification used to acquire the image results in higher image noise.
The process is viable for structure replication on both flat and non-flat
specimen designs since the flexible stamps allow for conformal contact
also on curved surfaces. The patterned film is mechanically robust that
Fig. 7. Small speckle structures acquired from the
DIC camera. Overview images a) without and c) with
titania fillers. The subset images demonstrating the
cross-camera matching of the subsets in the speckle
images taken from the right and left camera of the
stereomicroscope for 3D-DIC analysis using the small
speckle structures b) as a black topographical film
with thickness contrast alone. When the surface
pattern is imaged at an inclined angle, the views from
the right and left cameras are not identical because of
the uneven reflections generated from the metallic
bottom layer and the recessed areas. d) with titania
fillers in the recessed areas, the diffuse reflections are
even ensured at inclined angles and the views of the
pattern from the sides are equalized.
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allows conducting deformation measurement over this without showing
any degradation during the deformation of the metal specimens. The
reflection from the metallic bottom layer is prevented and the contrast is
sufficiently improved with the combination of highly absorbing resist
and highly scattering (reflecting) areas filled with titania nanoparticles.
Thus, the process can be applied to perform optical DIC measurements
on highly reflective metallic surfaces.
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