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Abstract

Background Digital Image Correlation (DIC) is a popular experimental technique for measuring full-field deformations in
materials. Accurate motion and displacement field reconstruction in DIC depend heavily on the intrinsic material texture
or speckle patterns painted on the material prior to deformation. Many traditional techniques such as spray painting, ink
stamping, or manual texturizing have provided adequate performance but are often challenging to apply on highly compli-
ant, porous or non-planar surfaces.

Objective To address this challenge we present a new, robust and efficient technique to print DIC speckle dot patterns on
both planar and non-planar sample surfaces using a custom-modified 3D printer in an automated fashion.

Methods In this new technique, a 3D printer is modified by replacing the conventional extrusion head with a syringe filled
with ink. The motion of the 3D printer is controlled via customizable G-code scripts, precisely controlling both the extrusion
volume and spatial positioning of the print head in a well-controlled and predictable fashion.

Results The printed speckle dots have radii on the order of O(10%) pm, and the subsequent DIC reconstructed deformations
have an accuracy on the order of O(1072) pixels and O(10~*) in measuring displacements and strains, respectively. Further-
more, we demonstrate that this technique has the capability to print suitable patterns for tracking large and heterogeneous

deformations in highly compliant and porous materials, as well as materials with significant 3D topographies.

Keywords Digital image correlation (DIC) - Speckle pattern - 3D printing - Non-planar surface

Introduction

Digital image correlation (DIC) is a popular experimental
technique for measuring full-field deformations [1-5]. It is
well recognized and appreciated that the overall accuracy
and precision of any DIC measurement significantly depends
on the underlying intrinsic DIC pattern quality [6-9]. Ide-
ally, a quality DIC pattern should meet these basic require-
ments [6], providing: (i) high contrast: spatially-isotropic
varying grayscale intensities and continuous, large inten-
sity gradients; (ii) randomness: non-repetitive patterns to
facilitate uniqueness in the full-field displacement results;
(iii) isotropy: no directionality in the pattern; (iv) stabil-
ity: a good speckle pattern is expected to adhere tightly to
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the sample surface and deform with the sample (i.e., as a
Lagrangian marker). To achieve these characteristics within
a DIC speckle pattern, various patterning techniques, sum-
marized in Tables 1 and 2, have been developed, yet several
challenges, in particular for printing on highly compliant,
and non-planar materials still remain.

For example, the size, density and quality of spray painted
speckles often depend on external factors that can be chal-
lenging to control precisely including ink viscosity, nozzle
size and spray distance. The density and spatial distribution
of airbrushed speckles can also be non-ideal due to uneven
spraying time [10]. Similar uncertainties exist in other coat-
ing or scratching based methods, where pattern quality can-
not always be precisely controlled [11-13]. These shortcom-
ings have spawned significant research efforts towards new
experimental techniques for designing optimal DIC patterns
[14-19]. Some include pattern design via soft lithography or
ink jet printing transfer methods [20, 21]. However, lithogra-
phy methods can be time-consuming to implement in large-
scale applications and have limited applicability to compli-
ant or non-planar surfaces. Stamp, inkjet printing, tattoo, or
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Table 2 Summary of current popular DIC pattern methods in various applications
No. Pattern Natural or Capability Macro-scale Micro-scale  Non-planar SEM-DIC  Extreme Bio-
method artificial of printing applications applications sample sur- applica- high- mechanics
(constructive/  designed pat- faces tions temperature  applications
destructive) terns
1 Natural tex- Natural X v x* X v v
ture
2 Airbrush or Constructive ¥ v v x v v
spray paint
3 Tattoo or Constructive v/ v v X v v
transfer
method
4 Stamp or Constructive v/ v X X v X
inkjet print-
ing
5  Spincoating  Constructive ¥ X v v X v
Particle Constructive ¥ X 4 v v X
coating or
compressed
air method
7 Nano-film Constructive ¥ X 4 v 4 X
remodeling
8  Lithography  Constructive Vv X X v v e
or focused
ion beam
9  Scratching or  Destructive X v v x v X
abrasion or
etching
10 3D printing  Constructive Vv v v X 4 v

method

*Most natural patterns are used under SEM or high magnification optical systems to obtain clear images of the inherent microstructure, where

planar samples are mostly used

other transfer methods also face significant challenges when
applied to non-planar, or highly compliant surfaces.

To address these challenges, we introduce a new pattern-
ing technique capable of printing highly repeatable, custom-
designed DIC speckle patterns on planar and non-planar,
soft and stiff materials. This method, inspired by recent
advances in tissue engineering and 3D bio-printing [34], is
implemented using open-source tools, making it highly cus-
tomizable, cost-effective, and automated. Here, a 3D printer
is modified by replacing the extrusion tip with a syringe tip
filled with ink. The motion of the 3D printer is controlled
by executing user-designed G-code files directing both the
spatial position and ink extrusion volume of the printer. The
G-code data file is compiled with user-assigned speckle dots
sizes and positions, which can be easily customized based
on the DIC users’ application. Our printed speckle dots have
typical radii on the order of O(10) pum ~ O(1) mm, with
the final DIC tracked deformations providing a resolution
on the order of O(1072) pixels and O(10™*) in measuring
displacements and strains, respectively (cf Assessment of
Print Pattern Quality). Because our new technique is built

on a 3D printer platform, its prints are highly repeatable
and can be executed across small and large specimens in
a fully automated fashion. Optimal DIC patterns can be
designed a priori accounting for each user’s unique applica-
tion demands. While we demonstrate its capability here to
print on non-planar surfaces up to surface angles of 30°,
straightforward extensions (e.g., through the inclusion of
a sample rotation spindle) can be adapted to facilitate 360°
printing if necessary.

The rest of this paper is organized as follows. First, we
introduce the experimental setup of our DIC patterning
technique in Experimental 3D Printing Setup. The printed
pattern can be well controlled by a user-customized G-code
script, which directs both the extrusion volume and spa-
tial positioning of each single dot. The relation between
the extrusion volume and the printed dot size is discussed
in Controlling Printed Speckle Dot Size. In Assessment of
Print Pattern Quality, we assess our printed DIC pattern
quality by evaluating the DIC measurement errors via syn-
thetic and real experimental examples. Finally, we summa-
rize this paper and provide future directions in Conclusions.
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(a)

3D printer

LULZBOT.

Input

G-code Sample

Fig.1 Experimental setup of a 3D printer to paint DIC speckle dot pat-
terns. (a) A 3D printer is modified by replacing the extrusion tip with
a syringe filled with ink. The action of the 3D printer is controlled by
executing a G-code via a USB connection. Inset (*) is zoomed in (b)
where a DIC speckle pattern is printed onto a sample. (c) Printed DIC

Experimental 3D Printing Setup

Modified 3D Printer

The device used to print DIC patterns can be fabricated
by modifying most-any extrusion-based 3D printer.
In our case, a LulzBot Mini 2 (LulzBot, Fargo, ND) is
customized by removing the filament extruder, cooling
fans, and filament heaters that are typical of 3D printers.
These components are then replaced with a gear-driven
ink-filled syringe assembly, where the plunger acts as a
direct replacement for the original filament extruder. This
direct replacement makes it possible to accurately control
the amount of ink that is expelled from a needle by using
the same gearing mechanism that once controlled the 3D
printing filament extrusion.

3D Printing Control via Customized G-Codes

The significant advantage of our proposed DIC pattern-
ing technique is that each dot location and size can be
precisely controlled via a customized G-code, a com-
mon language used for controlling 3D printers [35]. In
general, a G-code file is composed of three parts: start
part, main body and end part. In the start part, the initial
coordinates of the needle’s position (X, y, z) and extru-
sion are set to a reference state after a prime extrusion is
set. The main body part of the G-code follows the steps
outlined in Fig. 1(d1—d4) to control the position of the
needle and the extrusion volume of the ink transferred to
the sample’s surface (see Controlling Printed Speckle Dot

&

(b) rrypr—

(d1)
Syringe

Needle

patterns on a non-planar sample and a planar sample. (d) Pattern print-
ing process: (d1) lowering down the extruder close to the sample surface
and extruding a certain volume of ink; (d2) lifting the syringe needle up;
(d3) moving the extruder to the center position of the next speckle dot;
(d4) repeating (d1)

Size for more details about controlling speckle dot size).
During the actual printing cycle the needle tip is in close
proximity to the top surface of the sample but is typically
programmed to avoid coming in direct contact with the
surface. In the end part, the extruder is moved away from
the sample surface and its motor turned off.

In practice, the size and spatial density of DIC pattern
dots can be further determined by implementing DIC pat-
tern optimization rules [14—19]. Typically, the diameter of
each pattern dot is expected to be 2 ~ 5 px, (px: pixels)
[36] and the total area of printed dots covers 40 ~ 70% of
the sample surface [37]. The center position of each dot is
pseudo-randomly distributed [17, 18], e.g., generated from
a Poisson-disc sampling procedure [38], to guarantee the
uniqueness of the DIC tracking results [18]. A list of G-code
commands used to control the 3D printer motion are sum-
marized in Appendix A.

Controlling Printed Speckle Dot Size

In our proposed DIC pattern technique, each individual
speckle dot is printed by extruding a single droplet of pre-
scribed ink volume from the 3D printer needle tip. The size
of the printed speckle dot can be accurately predicted from
a simple theoretical model and input into the G-code file,
where the size and shape of the printed speckle dot depends
on the contact angle between the ink liquid and the sample’s
top surface, extruded volume during each print step, and the
slope of the sample’s surface. In this section, we describe the
theoretical model and compare it to experimental measure-
ments as validation.
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Fig.2 Scaling relationship between the printed speckle dot radius
and 3D printer extrusion volume for various ink-sample surface con-
tact angles. Dashed lines show Eq (1) with discrete markers provided
by the numerical solutions of the Young-Laplace equation using the
software Surface Evolver [39]. Two insets are illustrations of how
ink droplets, with two different contact angle values are printed onto
the sample surface

Theoretical Model

We begin by considering the simplest case: printing a DIC
pattern onto a planar sample surface, where each single
speckle dot has a perfect circular shape and its radius, r, is
the radius of the bottom contact area between the ink droplet
and the sample surface, obeying the following relation':

.3 1/3
- 3sin” 0 vl . )
(2 + cosB)(1 — cosh)?

where 6 is the contact angle between the ink liquid and the
sample’s top surface, and V is the extrusion volume during
each print step. Equation (1) is plotted as dashed lines in
Fig. 2. We also conducted numerical simulations minimizing
the interfacial energy between the ink and surface using the
software Surface Evolver [39]. Results are plotted in Fig. 2
using hollow markers and overlaid with Eq (1).

From Fig. 2, we find that the radius, r, of each individual
printed speckle dot generally scales with the extrusion vol-
ume, V, as r« V'/3. For the same droplet volume, the smaller
contact angle of the liquid ink generates a larger individ-
ual speckle dot, because it is of a shallower shape before
final evaporation. Two examples of extruded droplets are

! Final speckle dot radii may be smaller than Eq (1) if there are con-
tact angle hysteresis and pinning effects during the ink liquid evapo-
ration process. However, these effects were not observed in our exper-
iments.
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Btrusion | (@)15x107mL  (6)30x107mL () 45x107mL  (d)6.0x107 mL :|
(i) Input
design
(ii) Printed
pattern
(iii) Printed | 02 02 02 0.2 Q
dotrad'u.Js 0 0 0 | ol —
probability
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Dot rad (mm) Dot rad (mm) Dot rad (mm) Dot rad (mm)

Fig.3 Designed and printed speckle patterns. (i) Designed DIC pat-
terns where speckle dots are following a Poisson disc sampling
with a spatial density of 1200 dots per square inch. Each speckle
pattern was printed with increasing extrusion volume: (a) 1.5 X
1077 mL, (b) 3.0 x 1077 mL, (¢) 4.5 x 10~ mL and (d) 6.0 x 10~7 mL.
(ii) Experimentally printed DIC patterns are in good agreement with
their designed pattern templates in (i), (see red markers in each sub-
figure; scale bar: 2 mm). (iii) Statistics plots of the radii of experi-
mentally printed speckle dots

visualized in Fig. 2 insets: the left inset shows an extruded
107> mL ink droplet with a surface contact angle of 45°
forming a shallow dome shape, while the right inset fea-
tures an extruded 10~* mL ink droplet with a surface con-
tact angle of 90° forming a hemispherical shape. The final
speckle dot radius is measured after the deposited ink has
dried completely.

Experimental Validation of Printed DIC Pattern

To assess the practical validity of Eq (1), we printed vari-
ous DIC patterns guided by Eq (1) and measured the final
printed dot radii as shown in Fig. 3. Here, a glass syringe
(Hamilton, Franklin, MA) is first filled with black acrylic
ink (Liquitex Artist Materials, Piscataway, NJ) and installed
into the 3D printer to extrude ink droplets onto a highly
compliant polyurethane-based open-cell elastomeric foam
(Poron XRD, Rogers, CT), which will further be analyzed
using DIC in Case Study II: Uniaxial Compression Test.
The surface contact angle between the foam and the ink
was measured to be around 10° by least square fitting Eq (1)
against the experimentally measured printed speckle dot
radius vs. single dot extrusion volume curve, as shown
in Fig. 2. The inner diameter of the syringe needle in our
experiments is 150 pm. We tested four different extrusion
volumes ranging from 1.5 x 1077 mL to 6.0 X 10~" mL with
a fixed spatial density of 1200 dots per square inch. Spe-
cial care was exerted to prevent individual ink droplets
from overlapping (Fig. 3; first row). The input designs are
shown in Fig. 3(i). The resulting experimentally printed
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sample surface with a slope of 10°. (b) Simulated speckle dots with
a fixed volume 10~° mL on an angled surface with slopes changing
from 0° to 20°. (c—d) Simulated a, b, and eccentricity, (1 — b/a),
with various ink extrusion volumes and surface slopes, where a, b are
defined in the inset of (c)

DIC patterns are presented in Fig. 3(ii), which are in good
agreement with the original designed patterns. The radii of
all the printed speckle dots are further analyzed and sum-
marized in Fig. 3(iii) with a general size distribution rang-
ing from 100~200 um, corresponding to Spx~10px in the
images in Fig. 3(ii). All experimentally measured speckle
dot radii are in good agreement with their theoretical pre-
dictions given by Eq (1) (see red vertical line style markers
in Fig. 2).

Printing DIC Patterns on Non-Planar Surfaces

A big advantage of using a 3D printer over conventional 2D
printing techniques is the ability to print on more complex-
shaped 3D surfaces. To demonstrate this capability, we used
our 3D printing method to deposit a custom DIC pattern on
a sinusoidal 3D surface of varying frequency (see Fig. 1(b)).
Since the print head needs to be programmed to trace the 3D
topography of the sample to deliver the precise print pattern,
the user must first supply the 3D surface coordinates to the
G-code, which can be obtained via common 3D metrology
techniques (e.g., 3D surface scanning [40]).

To quantitatively evaluate the effects of the sample
topology on the final printing pattern, we numerically
simulated the printed speckle shape evolution as a func-
tion of the local sample surface slope angle, a, and the ink
extrusion volume, V, using the software Surface Evolver
[39, 41] as before. We find that for a given surface slope,
all printed speckle dots maintain an almost fixed shape
(Fig. 4(a)). For a given extrusion volume, the eccentricity

&

Fig.5 Quantitative assessment of the printed DIC patterns shown in
Fig. 3(ii) via synthetically-applied deformations. (a, b, d) The dis-
placement RMS error for the synthetically applied rigid body trans-
lation (a), uniaxial stretch (b), and pure shear (d) deformations. (c,
e) Error bar plots of DIC reconstructed uniaxial stretch ratios (c) and
shear angles (e)

of the printed speckle dot increases as the sample surface
slope increases (see Fig. 4(b)). However, the resulting
eccentricity (1 — b/a, see inset of Fig. 4(c) for definitions
of a, b) remains less than 0.3 as long as the surface slope
is within 30°.

Assessment of Print Pattern Quality

In this section, we assess our printed DIC pattern quality via
both synthetic and real experimental examples. In the synthetic
examples, we apply various types of known deformations to
deform the reference image to mimic mechanical loadings, fol-
lowed by DIC analysis of the virtually applied deformations.
Similarly, in the real experimental example, a sample is painted
using our proposed pattern technique and then uniaxially com-
pressed to about ~ 40% nominal compressive strain. The sam-
ple compression process is recorded with a digital camera set
at a framing rate of 0.5 frames per second (fps). Finally, the
recorded image sequence is post-processed using our recently
developed augmented Lagrangian DIC (ALDIC) method and
the commonly used local subset inverse compositional Gauss-
Newton (ICGN) method [5]. Finally, to demonstrate that our
technique can produce high quality speckle patterns on 3D,
non-planar surfaces, we applied our printing method to a speci-
men with significant 3D surface undulation and tracked its dis-
placement and strain fields during a simple uniaxial tension test
using a 3D stereo-DIC system.
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Case Study I: Synthetic Deformation

First, we assess our printed pattern quality by applying
three types of known synthetic deformations, i.e., rigid
body translation, uniaxial stretch, and pure shear, and then
compare the original and DIC-reconstructed displacement
fields.

We apply each synthetic deformation to an 8-bit, gray-
scale image of final size of 401 px by 401 px depicting
a cropped region of interest from the images shown in
Fig. 3(i). The imposed rigid-body translations are along
the x-direction ranging from 0.1 ~ 1 px with an incre-
ment of 0.1 px. The imposed uniaxial stretches are along
the x-direction with stretch ratios ranging from 1.01 ~ 1.1
with an increment of 0.01. The pure shear deformations are
defined with prescribed shear angles ranging from 0.5° ~ 5°
with an increment of 0.5°. Schematic diagrams of all these
three types of deformation are shown in the left column of
Fig. 5. To generate the deformed images, we used a bicu-
bic spline interpolation scheme to interpolate the grayscale
values at subpixel locations [42]. No additional noise terms
are applied to the synthetically deformed images. Next, we
apply an ICGN local subset DIC algorithm where the DIC
measurement error is proportional to the inverse of the sum
of squares of the subset intensity gradients (SSSIG) [18]°.

All the resultant displacement and deformation gradient
fields are extracted after the convergence of the local ICGN
algorithm with a subset size of 64 px by 64 px, and a subset
spacing of 16 px by 16 px. The measured displacements
(ﬁi and 12;) for each subset of each image pair can be com-
pared directly to the imposed true displacements («! and u;_).
The root mean square (RMS) error among all the n subsets
within one deformed image is used as a metric to evaluate
the error level of the DIC analysis per given input pattern,

and is defined as:
n (u;—ﬁ;) +(u’y—l?t’y>
RMS error = Z @

i=1

The RMS error in the solved displacements are sum-
marized in Fig. 5(a, b, d), and error bar plots of the com-
puted uniaxial stretches and shear angles are summarized
in Fig. 5(c, e), respectively. We find that the RMS error
in the solved displacements is within 0.015 px for all of

2 Other DIC methods, for example, FE-based global DIC, ¢-FIDIC
[3, 4], ALDIC [5, 43], could achieve better accuracy than the ICGN
local subset DIC algorithm. However, the error of ICGN local subset
DIC method is a useful metric in pattern quality assessment as its
error correlates well and proportionally to the information encoded
in the images.

the small deformations (rigid body translations, uniaxial
stretches with stretch ratio less than 1.05, and pure shears
with shear angle less than 3°), which is similar or even bet-
ter when compared to DIC patterns generated with other
popular methods [15, 16, 19, 29, 44]. The displacement error
increases for large deformations, however, still remains on
the order of 0(10‘2) px. In addition, we find that the error
in the measured deformation gradients and stretch ratios and
shear angles maintains a relatively low level on the order of
0(107%), and does not increase significantly as the defor-
mation magnitude increases. For all of our evaluated pat-
terns, the extrusion volume of each speckle dot does not
show strong effects on the accuracy of the final reconstructed
deformations. In general, our printed patterns provide
high accuracy during DIC post-processing, with displace-
ment and strain measurement precisions ~O(1072) px, and
0(107%), respectively.

Case Study Il: Uniaxial Compression Test

In order to assess the suitability of our printed DIC pat-
terns during an actual experiment, we performed a large
deformation uniaxial compression experiment on an open-
cell polyurethane foam sample (Poron XRD, Rogers, CT
with a nominal weight density of 240.3 kg/m?) compar-
ing the DIC displacement data with its cross-head data.
The dimensions of the foam specimen were approximately
12.7 x 12.7 x 12.7 mm? where the camera-facing sample
surface was printed with 600 speckle dots using a syringe tip
of inner diameter of 80 pm filled with acrylic ink (Liquitex
Artist Materials, Piscataway, NJ) at an extrusion volume of
2.07 x 1078 mL. All of the painted speckle dots follow the
aforementioned Poisson disc sampling rule [38].

The experimental setup consists of the same elements
as previously described in Landauer et al. [27]. Briefly, a
screw-driven linear actuator (Ultra Motion, Cutchogue,
NY) with a ballpoint tip is employed for imparting uni-
axial compression via a top steel platten and a load cell
(LCFD-50, Omega Engineering, Stamford, CT) is con-
nected to a custom-built LabView (National Instruments,
Austin, TX) interface allowing synchronization of the
actuator displacement, imaging, and force data collection
components (see more details in [27]). The optical system
for DIC image collection is composed of a scientific PCO
Edge5.5 camera (edgeS.5, PCO-Tech Inc., Romulus, MI)
and a long-distance microscopy lens (K2/S, Infinity Photo-
Optical Company, Boulder, CO) along with two LED light
panels (Lykos Daylight, Manfrotto, South Upper Saddle
River, NJ).

Proper resolution of displacement and strain fields can be
challenging for highly porous and compliant materials, and
we recently presented two new DIC methods that perform
well under such circumstances, namely q-FIDIC [4, 27], and
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Fig.6 Uniaxial compression experiment using 3D printed DIC pat-
tern. (a) ALDIC full-field y-displacements (i-iv) and e, strains
(v-viii) at four time points during the compression load cycle (dashed
squares in (b)). Localization bands due to slight surface imperfec-

ALDIC [5, 43]. Here, we apply the ALDIC method to evalu-
ate the suitability of our printed patterns in resolving large
and partially heterogeneous deformations. For all ALDIC
calculations the subset window and step size are set to 64 px
by 64 px and 16 px by 16 px, respectively, and the image
sequence is post-processed cumulatively comparing all
deformed images to a single, fixed and stress-free reference
image (typically the first image prior to loading application).

Figure 6(a)(v-viii) plots spatial variations in the compres-
sive strain (e,, = du, /dy) along with its spatial field average

(a) Top view (b)

(c)
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Fig.7 3D shape, displacement and strain measurements of a 3D
specimen undergoing uniaxial tension. (a) Schematic diagram of the
3D stereo-DIC experimental setup and the geometry of the tested
non-planar, 3D sample. (b) Two representative camera frames are
shown. A selected region of interest (ROI) is highlighted by the blue
box, and the printed speckle pattern in the red box is enlarged in (c).
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tions are clearly visible and well-resolved using the printed DIC pat-
tern (scale bar: 5 mm). (b) Stress-strain curve comparing strain data
derived from ALDIC and crosshead data

(Fig. 6(b)) compared to the cross-head derived strain data.
Closer examination of the spatial variations in e, during the
compression load cycle reveals the emergence of localization
bands (likely due to surface imperfections) which are well
resolved by our 3D print pattern and the ALDIC method.
Furthermore, the average compressive strain from the ALDIC
compares well to the cross-head derived strain measure in the
general stress-strain curve (Fig. 6(b)). Taken together, these
results demonstrate the suitability of our new 3D printing
technique for conducting high resolution DIC experiments.
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(d) Reconstructed specimen surface morphology via the VIC-3D
algorithm. (e) Comparison between the mean values and standard
deviations of the designed and measured surface morphologies along
the x,-axis. (f—h) Measured u,, u,, u; displacement fields. (i) Com-
parison between the measured tensile strain e,, and the applied strain
calculated from the prescribed cross-head displacement
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Case Study lll: Uniaxial Tension of a Specimen
with a 3D Topography

In addition to the previous 2D examples, we also tracked
the deformation of a sample with a prescribed 3D topog-
raphy undergoing uniaxial tension via 3D stereo-DIC. The
non-planar specimen was 3D-printed with an elastic S0A
resin (Formlabs, Somerville, MA) and its designed geom-
etry is shown in Fig. 7(a). The top and bottom surfaces of
the sample are flat to fit into the grips of the particular load
frame, while the front and back faces consist of sinusoidal
undulations with a double-peak shape. To improve the con-
trast of our speckle patterns, we first sprayed the front sur-
face of the sample with white acrylic ink, and then printed a
G-code designed, randomly distributed speckle pattern with
a dot density of 4,000 dots over an area of 63.5 x 25.4 mm?.
Each single speckle dot has an ink extrusion volume of
3.0 x 1077 mL, with a radius of about 130 pm.

Next, the sample was loaded in simple tension, where ten
steps of 0.508 mm in cross-head displacement were applied
incrementally to the specimen. During the test, two CCD
cameras (FLIR Systems, Richmond, BC, Canada) and two
zoom lenses (Xenoplan 1.4/17-0903, Schneider Optics Inc.,
Hauppauge, NY) were used to collect stereographic images
of the deformation process. Two representative frames cap-
tured by the two cameras are shown in Fig. 7(b), where the
printed, 3D pattern in the red box is further enlarged in
Fig. 7(c). The 3D displacement field was reconstructed using
the commercially available VIC-3D 2010 system (Correlated
Solutions Inc., Irmo, SC) [45] by analyzing a selected region
of interest (ROI), which is marked by the blue box shown in
Fig. 7(b) “Camera 1”. In our VIC-3D analysis, we chose a
subset size of 41 px by 41 pixels with a uniform subset spac-
ing of 8 pixels in each direction. The reconstructed specimen
surface morphology is shown in Fig. 7(d—e), where a red
dashed line is displaying the prescribed surface topography
as printed, whereas the blue data points are showing the mean
and standard deviations values of the reconstructed surface
along the x,-axis. The computed u,, u,, and u; displacement
fields are summarized in Fig. 7(f—h), respectively. Next, we
employed a plane fitting method with a 95% confidence inter-
val® to compute the infinitesimal strain e,, along the principal
loading direction, and compared it with the prescribed strain
calculated from the cross-head displacement (Fig. 7(i)). We
find that both the reconstructed, 3D surface morphology and
the tracked deformation fields are in excellent agreement
with the designed/applied values, demonstrating that our 3D
printing technique is well-suited for generating high quality
speckle patterns on non-planar 3D surfaces.

* The 95% confidence interval region is smaller than the size of the
markers.

Conclusions

In this paper we present a new DIC pattern technique based
on a fully customizable 3D printer. The 3D printer is con-
trolled via easily scripted G-codes that allow for printing
fully customizable DIC patterns on even complex 3D sur-
faces in an autonomous and automated fashion. This allows
for inputting of optimal print pattern designs based on the
experimental setup and the deformations to be expected.
The typical printed speckle dot radius is on the order of
O(10% um, and is well predicted by our proposed theoretical
model as described in Controlling Printed Speckle Dot Size.
In order to assess the quality of the kind of print patterns
that can be generated with this new 3D printing technique, we
conducted DIC analyses using both synthetic and real experi-
mental images via the typical metrics of accuracy and precision
in the recovered displacement and strain fields. We find that the
reconstructed DIC displacement and strain accuracy is similar
to many to be considered optimal pattern designs, i.e., on the
order of O(1072) px in measuring displacements and O(10~%)
in measuring strains. For example, the RMS error of measured
displacements is within 0.015 px for deformations featuring
rigid body translations, uniaxial stretch ratios less than 1.05,
and pure shear angles less than 3°. Finally, we show that our
3D printer is also suitable for printing reliable DIC patterns on
highly compliant and porous material surfaces undergoing large
deformations with nominal compressive strains 50% ~ 90%.
We conclude this paper with a few thoughts on advancing
this work. First, in this study we have purposefully designed
speckle patterns following the Poisson disc sampling proce-
dure to avoid overlapping dot patterns. Yet, there are more
complex DIC pattern design algorithms that have shown capa-
bility of producing even better reconstruction results for cer-
tain deformation scenarios [14—17, 19, 46]. These would be
straightforward to implement as long as they are within the
print resolution of the given printer setup, which can also be
customized for inks of different surface tensions and syringe
tip extrusion diameters. Second, in this paper we assessed the
quality of our print pattern and the reconstruction capability of
the applied material deformation using classical and advanced
DIC formulations (i.e., the local subset ICGN method and the
ALDIC method). However, due to the well-defined shape of our
printed speckle dot patterns, advanced single particle tracking
algorithms [38, 47] can also be employed to reconstruct motion
fields, which opens the door to providing potentially superior
reconstruction capabilities at high seeding densities compared
to DIC. One of the biggest challenges when it comes to single
particle tracking algorithms is the proper detection of discrete
particles and accurate resolution of their centroid positions.
Furthermore, by introducing two or more color extrusion heads,
multi-attribute single particle tracking becomes possible, which
we recently demonstrated can significantly improve the recon-
struction of high frequency content under large deformations
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Table3 List of Q-code . Command Usage Parameters Example
commands used in controlling
motor motion [35] Gl Linear move Position (X, Y and Z), extrusion (E) and G1 F200
move speed (F)
G21 Set units to mm G21
G28 Move to the origin M83
G90 Use absolute coordinates G90
G92 Set position Position (X, Y and Z), extrusion (E) G92 EO
MS83 Set to relative mode MS83
M84 Motors off M84
M302 Allow cold extrudes State (P) 302
T Select tool Tool number TO

or non-affine motions [38]. Third, we demonstrated that in
the absence of a rotating sample stage we could print reliable
speckle patterns up to surface slope angles of 30°. A straightfor-
ward modification to the current printing setup for facilitating
360° printing can be achieved by mounting the sample onto a
rotating stage. Finally, we provide an open-source MATLAB
function (https://github.com/FranckLab/DIC_pat_gcode) for
generating various input G-code files specifically controlling
the spatial arrangement and position as well as the extrusion
volume for each speckle dot.

Appendix A. G-Code Commands Used
in Controlling Motor Motion

A list of G-code commands used to control 3D printer
motions are summarized in Table 3.
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