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The objective of this research was to develop a 500-N desktop universal testing machine
(UTM) with the capability to find the full-field deformation of a sheet specimen during tensile
testing. The machine is equipped with a CMOS camera as the sensor to capture the images of
the specimen during material tests. Using the open source 2D digital image correlation (DIC)
program Ncorr, we can analyze the images and obtain the full-field deformation and strain. In
this research, it was found that the speckle patterns generated by a spray paint and an airbrush
were equivalently good. The deviation of the displacement measured by the DIC method with
the two patterns can be less than 1%. More tests show that the 2/3-inch-diameter lens with
a large field of view can have more accurate strains than the other 1-inch-diameter lens with
a small field of view used in this research. The static and continuous loading material tests
demonstrated that the strains measured on the UTM were consistent with those measured on a
commercial system.

1. Introduction

For a reliable, cost-efficient, and sustainable design of components, accurate knowledge of
the material behavior in the intended application is of particular importance. This knowledge
is determined in material tests under different conditions and loads. While performing the
material tests with a universal testing machine (UTM), the deformation of the material and
applied force are measured to obtain the properties of the material. Furthermore, the measured
values are required to derive several indirectly measurable quantities such as strain or stress.
Several possible methods can be used to measure the deformation; these differ in the sensors for
the deformation measurement. Which measuring method is most suitable must be considered
on a case-by-case basis. Such methods are divided into the following categories:

* use of an extensometer (contact or noncontact) and
* use of a strain gauge.
Contact extensometers have physical contact with the surface of the specimen. Knife

edges at the end of the two sensor arms generate a form-fit with the surface and move with

*Corresponding author: e-mail: wclee@mail.ntust.edu.tw
https://doi.org/10.18494/SAM.2019.2368

ISSN 0914-4935 © MYU K.K.
https:/myukk.org/



2670 Sensors and Materials, Vol. 31, No. 9 (2019)

the deformation of the specimen. Inside each contact extensometer, the two sensor arms are
fixed at a defined distance. When this distance changes or when the arms are deflected, a
different electrical signal is detected in the range sensor. An industrial system is specified
with a resolution of 0.1 um, allowing even the slightest deformation to be measured. On the
other hand, an extensometer of this type can only measure a few millimeters, which makes it
unsuitable for detecting large deformations. Furthermore, it is prone to damage, especially in
the moment of a fracture in a specimen. Another characteristic of this extensometer is the high
repeatability of measurements. The weight of this extensometer may affect the measurement,
especially for thin materials or materials with low stiffness such as foils or polymers.
Noncontact extensometers have no physical contact with the specimen, making them less
prone to damage. One measurement method is to apply dots on the surface of the specimen
and acquire continuous images of them by using a camera as the sensor as shown in Fig. 1. An
algorithm identifies the dots and tracks their movement to determine the displacement. Both
the longitudinal and transverse deformations can be detected. The dots on the surface are
necessary for the unique identification of the movement and have to be applied before testing.
Another noncontact measurement method is the use of a laser extensometer. This measurement
method does not require the application of marks on the surface. A laser beam is pointed on the
surface. Owing to the different surface structures in each point, the laser is reflected uniquely
and detected by a sensor as a speckle pattern. Each mark on the surface is like a “fingerprint”
and is detected at each step of deformation. While testing, these marks are tracked and enable
the calculation of the strain. Noncontact measurement methods have the advantage of having
no physical contact between the specimen and the measuring device. Therefore, no effect on
the measurement occurs, which is especially advantageous for ductile or thin specimens.
Another measurement method is the use of a strain gauge as the sensor applied to the surface
of the specimen. While testing, the deformations are measured directly and locally since the
strain gauge is adhered to the surface of the specimen. Strain gauges are based on the principle
of a changing electrical resistance of an elongated conductor. The most common type is a foil
strain gauge made of a metal foil arranged as a grid on a plastic foil base. Strain gauge circuits,
especially quarter and half bridges, are particularly sensitive to temperature changes, because
the changes cause the strain gauge and leads to expansion or shrinkage, thus bringing the bridge

& F=35.\N

Fig. 1.  (Color online) Schematic of the UTM with a camera as the sensor.
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out of balance. Another method to compensate for an uneven temperature effect on the leads is
to twist them. Owing to the time-consuming application of gauges, these are not typically used
in material tests but rather in the determination of loads on components in their applications.

The extensometers and strain gauges usually cannot show the full-field deformation or
full-field strain, which is somehow less informative when performing material tests such as
tensile, compressive, and bending tests. One method that can show the full-field deformation
is the digital image correlation (DIC) method. Several researchers have studied how to apply
2D or 3D DIC methods to material testing(1’4) or strain measurement.®) Because the full-field
deformation can be viewed, the comparison can be easily made between the results of the DIC
measurement and finite-element analysis.(6’7) The DIC methods can also be integrated with
high-speed photography to measure the deformation at a high strain rate.®” This technique
can also be used to measure the material properties on the microscale.!” When performing
material tests, it will be advantageous if DIC is available.

The objective of this research was to develop a 500-N desktop UTM equipped with a camera
as the sensor to observe the full-field deformation of a sheet specimen during tensile testing by
using an open source 2D DIC algorithm. This work can be beneficial to researchers who are
interested in developing a UTM with a DIC capability, or to those who would like to add a DIC
capability to their existing UTM.

2. Materials and Methods

The structure of the UTM that we developed and the open source DIC algorithm are
described as follows.

2.1 Hardware of the UTM

The desktop UTM built for this research can apply a test force of 500 N on a sheet specimen.
An overview of this UTM is shown in Fig. 2. The linear scale for position monitoring is
attached onto the right side next to the frame. The linear scale is the Model WTAS slim-
type linear scale by CARMAR (Taiwan) with a measuring length of 0200 mm. According
to the manufacturer, the accuracy of the device is =6 pm. Moreover, two limit switches were
implemented to limit the movement of the slide as protection against damage.

A camera for image acquisition is also part of the hardware. In this UTM, the Basler
agA2500-14mg, a camera for industrial applications, was utilized. This camera is equipped
with a 5.7 mm (k) x 4.3 mm (v) CMOS sensor with a 2592 x 1944 pixel resolution, which is
5 MPs in total. Owing to these dimensions, the pixel size is 2.2 x 2.2 umz. For this camera, the
following two lenses were used to compare their results:

e The Computar M1614-MP2 has a diameter of 2/3 inch (17 mm) and a focal length of
f=16 mm. The ratio between the focal length and the aperture diameter is maximal at F 1.4.
Both focus and aperture are manually adjusted for this lens.

* A lens with a diameter of 1 inch (25.4 mm), /= 12 mm, and a maximal ratio of F 1.8 is also
manually adjustable.
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Fig. 2. Overview of the hardware for the UTM.

A stepper motor is mounted on the top of the machine to provide the motion of the upper
wedge grip. The motor is a hybrid stepper Model CKM266-NAC (Chyen Den, Taiwan). The
motor exerts a holding torque of 12 kg-cm or 1.18 N-m, which was tested to be large enough to
generate a 500 N pull force through a trapezoidal screw.

A load cell, which is at the bottom of the lower wedge grip, is a device used to measure force.
It is based on measuring the elastic deformation of a spring element resulting from the force to
be measured with the aid of strain gauges inside. For the research, the load cell Model 8524 by
Burster was used. According to the manufacturer, the accuracy of this device is £0.25%. This
sensor is designed to measure unidirectional tension or compression forces up to 500 N. In
the load cell, four strain gauges are applied, and this forms a full bridge. The recommended
excitation voltage for the bridge is 5 V, which leads to an output signal in the range of 7.5 mV.
This signal is too small to be measured directly; therefore, an amplifier is added after the load
cell to raise this signal to a level that makes it usable. An amplifier Model CPJ by SCAIME is
suitable for performing this operation. This device amplifies the input signal from the load cell
up to £10 V and the current up to 20 mA.

After amplification, a signal is acquired and transmitted to the software to be converted to a
strain and subsequently to a force. For data acquisition, a myDAQ by National Instruments was
used. This compact USB device is equipped with two analog inputs (Als) and outputs (AOs) as
well as a digital programmable function interface, which can be configured as input or output.
One of the Als is used to acquire the signal of the load cell. We used the software LabVIEW
also by National Instruments to process the signals acquired by myDAQ. In LabVIEW, a handy
function for myDAQ is available to input the signal to the software.

Owing to the compatibility of the software and hardware components, LabVIEW is also used
to program the machine controls. Three control or acquisition branches, which are the load
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cell, stepper motor, and linear scale branches, are executed simultaneously in the LabVIEW
environment, and signals are transferred between them. Figure 3 shows a simplified flow chart
of the machine control.

2.2 DIC method

The idea behind DIC is to record digital images containing measurement data and to employ
algorithms to analyze these images for the extraction of the measurement data. In recent
years, the use of this method in engineering has increased significantly. DIC is a method for
the noncontact optical measurement of displacements with the automatic image analysis of
previously acquired images made by matching them and finding the correlation between certain
areas to create displacement vectors. In engineering applications, often minuscule motion is
of interest, i.e., measuring deformations in material testing. Therefore, the requirements in the
resolution are high.(”)

In an image, many pixels have the same grayscale value. Therefore, no unique correlation
between the pixels in the two images is possible. To create a correspondence, the pixels have
to be unique. To achieve this, a pattern is applied to the surface of a specimen. However, when
a repeating pattern is used, the problem described above arises again. A grid, for example,
has several identical points and, therefore, no unique correlations are created. This uniqueness
is achieved by applying a speckle pattern on the surface. A speckle pattern is a randomly
distributed, ideally isotropic pattern with random particle shapes. The key factor of this pattern
is the high information content, which enables a unique identification all over the surface via a
comparison of certain regions. Several papers show how important the quality of this pattern
is for achieving reliable results.!>™'® Those researchers conducted research that focused on
evaluating the quality of a speckle pattern. Further research is being done to continuously
improve the pattern.(!”

In addition to pattern quality, other factors affect the DIC measurement method. Changing
light conditions between the images leads to a change in grayscale value, and thus affecting the
identification of the pixels. An algorithm that is less sensitive to changing light conditions was

developed.ag)
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Fig. 3. (Color online) Flow chart of the machine control with three simultaneously executed branches.
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For the procedure discussed, a model that allows the detection of motion in successive
images in mathematical terms must be created. Therefore, the method of template matching
is performed. It is based on the minimization of the greyscale value difference between two
subsets from a reference image (template) and a deformed image. A subset is a small area of
the surface of the specimen defined in an image. However, this method leads to a decrease in
correspondence with the increase in the deformation of the subsets, termed decorrelation. For
this reason, a shape function is employed to take this deformation into account.!!)

Various noncommercial DIC software programs are available for optical strain measurement.
Furthermore, commercial software programs such as VIC, GOM Correlate, and StrainMaster
are available. The open source DIC software Ncorr was adopted in this research. Itis a 2D DIC
software developed at the Georgia Institute of Technology.!”) In validations, the software shows
good results compared with commercial DIC software for the measurement of deformations of
metals and polymers.(zo) The algorithm was written in C++, and the user interface was written
in MATLAB. This provides a clear interface and easy handling of the software. For more
specific applications, the developers allow the user free access to the source code to adjust it for
their applications.

2.3 Specimen preparation

The specimens used in this research were flat aluminum specimens cut using a waterjet from
a sheet. Each specimen was made according to ASTM E8 with a thickness of 0.5 mm and a
width of 12.5 mm. Afterward, the speckle pattern was applied to the specimen. As mentioned
previously, the pattern has a significant effect on the results. Therefore, three different patterns
were applied and subsequently evaluated to find the pattern that produced the best results with
the DIC measurement.

A simple method of generating a pattern was to use a marker with a tip diameter of 0.5 mm
and create the pattern by hand on the surface of the specimen. The second way to apply a
pattern was to use a standard can of spray paint. A continuous horizontal motion at about 0.5 m
from the nozzle to the surface leads to an even and isotropic pattern. For this method, there is a
risk of paint splashes, which must be avoided to obtain an even particle size.

The third way to apply a pattern was to use the spray paint from the can and spray it via
an airbrush pistol. This method created the finest pattern due to the small nozzle diameter of
0.3 mm. The air pressure has a significant effect. A high pressure leads to finer atomization of
the paint and reduces the risk of clogs in the nozzle. On the other hand, the small drops of paint
dry quickly and may be dry before they reach the surface. Spray tests showed that a three bar
pressure generated good results. Figure 4 shows the outcome of the three different patterns on
the specimens. It can be observed that the speckles were getting finer from the top pattern (made
by the marker) to the bottom pattern (made by the airbrush).

In Fig. 5, the three patterns are shown in a closer view. A microscope with 20x and 45x
magnifications was used to examine the pattern more closely. The diameter of the dots made
with a marker is about 0.5 mm, the spray paint produces particles of different sizes and shapes,
and the airbrush produces the finest particles.
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Fig. 4. (Color online) Patterns created with marker by hand, with spray paint and with airbrush.

Magnification 20x  Magnification 45x

Marker

Spray paint

Airbrush

Fig. 5. (Color online) Patterns created with different methods under microscope magnification.

3. Results and Discussion

3.1 Pattern tests on the UTM

Before performing strain measurement tests, the accuracy of the Basler camera with the
two lenses was tested by comparing the measured displacement of the force-free specimen
using a linear scale with the results of the DIC software. During the test, the specimen was
only clamped in the upper wedge grip to obtain a constant displacement with no strain. Since
the specimen was not loaded, no deformation of the machine occurs and the value of the linear
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scale is used as a reference value. Three different patterns were investigated to find the optimal
pattern for further strain measurement. In Fig. 6, the experimental setup is shown. The camera
with a Computar lens diameter of 2/3 inch was used to capture the images of the specimen with
the aid of the LED light source. In Table 1, an overview of the deviations in median values to
the linear scale and range of displacement is shown. A displacement of 2 mm was measured
using the linear scale. The deviation of the median value with the spray paint pattern was
0.009 mm, which was less than 0.5% of the total displacement. For the test with the airbrush
pattern, the deviation of 0.016 mm also showed good accuracy. In these tests, the marker
pattern showed a deviation of —0.051 mm or —2.5%. These results, especially the comparison
between the marker and the other two patterns, have been partly confirmed, since it was
mentioned that smaller particles of the pattern lead to a higher accuracy when the smaller subset
in DIC was used.?" The radius of the subset used here was 65 pixels. Because the difference
between the spray paint result and the airbrush result was minimal, both should be good to be
used. Since the spray paint pattern leads to the highest accuracy, it was used for the following
tests.

3.2 Lens tests on the commercial system

The next step was to clamp both ends of the specimen and perform tests to measure
strains. For the validation of the results acquired with our UTM, more results from a validated
testing machine are required. Therefore, tensile tests on the commercial system, Instron 3365
(Instron, USA), were performed. Because the capacity of the commercial system is 5000 N,
which is much larger than the 500 N we used in our tests, these tests provided results on the
machine with sufficient stiffness. The procedure of the tests was with successive increases in
force in certain steps until 500 N was reached. The test setup is shown in Fig. 7. The same
DIC program, Ncorr, was used for strain measurement on both our UTM and the commercial
system.

Table 1
Test results on three different patterns using the Basler
camera with a computar lens of 2/3 inch diameter.

Displacement (mm)

Min. Med. Max.

_” Linear scale 2.000
Ft‘- | Marker 1.941 1.949 1.957
=2 == M Spraypaint  2.001 2.009 2.017
: Airbrush 2.008 2.016 2.025

Fig. 6. (Color online) Experimental setup with the
Basler camera and the LED light for the pattern tests.
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Two different lenses are tested here to find out which lens leads to more accurate results.
Images were taken with the 2/3-inch-diameter lens at a distance of 260 mm from the specimen.
The lens with a 1 inch diameter had a smaller focal length, and the camera was placed 40 mm
from the specimen. Figure 8 shows the images taken with the two lenses. It can be seen
that the field of view of the 1-inch-diameter lens was much smaller than that of the 2/3-inch-
diameter lens.

An overview of the test results is shown in Table 2. The results for images taken with the
I-inch-diameter lens showed that a median value in the Y-direction (longitudinal direction) was
2.77 x 107, which was about twice as high as that obtained by using the 2/3-inch-diameter lens
or strain gauge. According to these investigations, the images taken with the l-inch-diameter
lens showed that the values were very high with a wide range compared with the images taken
with the 2/3-inch-diameter lens. The reason for this is the fact that the 1-inch-diameter lens
with a smaller field of view is more sensitive to the camera noise or ambient light. Then, it was
determined that the 1-inch-diameter lens was not suitable for measuring the strain; thus, it was
not used in further tests.

3.3 Strain measurement on the UTM and commercial system

To validate the test results from the UTM that we developed, the strain measurement results
were compared with the results measured with a strain gauge and those measured with the

e Bar sty LR
N

ST

y

LED Light

2/3" lens 1” lens

Fig. 7. (Color online) Test setup for validation tests Fig. 8. Images captured by using the lenses with
on Instron 3365. diameters of 2/3 and 1 inch.

Table 2
Test results for Y-strains with different lenses on the commercial system (Instron 3365) using DIC.

Y-strain (x 107)

Min. Med. Max.
Strain gauge 1.30
Commercial, spray paint, 2/3-inch-diameter lens 1.20 1.46 1.80

Commercial, spray paint, 1-inch-diameter lens 1.36 2.77 3.57
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commercial system Instron 3365. Table 3 shows a summary of the results at a test force of 500 N.
The same DIC program Ncorr was used for analyzing the images captured on our UTM as well
as on the commercial system.

For the Y-strain results from the commercial system, the median values from the spray paint
pattern with the 2/3-inch-diameter lens are close to the strain gauge results. A deviation of
1.6 x 10 occurs. Besides the good results measured by the commercial system, the results
from the test with the UTM and 2/3-inch-diameter lens show a slightly larger deviation,
3.3 x 107*, and a smaller range of distribution comparable to the results from the commercial
system. The tests on the UTM with the spray paint pattern and 2/3-inch-diameter lens also
prove to be consistent for the full-field measurement of strains comparable to the measurement
results on the commercial system.

All of the previous results were compared and validated at a static point of 500 N. To
simulate an increasing test force and validate the accuracy of the DIC measurement over the
full test force range, tests with a successively increasing force were performed. For this test,
only the specimen with the spray paint pattern was used on the basis of previous investigations.
Tests were performed with identical hardware and DIC software on the commercial system and
UTM. To validate the values, the strain gauge results were used again. As in the previous static
test, the Y-strain was subject to investigation to determine the full-field strains. The full test
force range is shown in Fig. 9. Over the full test force range, the deviation in the DIC results on

Table 3
Test results for Y-strains on the commercial system (Instron 3365) and our UTM using DIC.

Y-strain (x 1075)

Min. Med. Max.
Strain gauge 1.30
Commercial, spray paint, 2/3-inch-diameter lens 1.20 1.46 1.80
UTM, spray paint, 2/3-inch-diameter lens 1.36 1.63 1.92
14 X0 : s
—e— Strain Gauge g

=exsgts==- Comm DIC 2
UTM DIC b

08 |

Y-strain

06 L

04 L

02 L

L 1 ! L 1 ! L .
50 100 150 200 250 300 350 400 450 500
Force

Fig. 9.  (Color online) Comparison of Y-strain values under increasing test force up to 484 N.
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the commercial system from the strain gauge is small with a maximum of 1.2 x 10™%. Almost
identical were the results of the DIC measurements on the UTM with a maximum deviation of
1.2 x 107* at the maximum test force of 484 N. The validation showed good accuracy of the
DIC measurements compared with the strain gauge measurements. Furthermore, the results of
our UTM are comparable to the results of the commercial system.

4. Conclusions

A UTM was built for this research to realize a UTM with a DIC capability with the use of
a CMOS sensor. The open source DIC software Ncorr was adopted for this UTM. Several
material tests were performed to find out the best conditions for conducting tests on the UTM
to obtain accurate results, and the important results are summarized as follows.

* Three different methods of producing a speckle pattern were tested. Measurements with
the spray paint pattern produced accurate results comparable to the airbrush pattern. The
results of the marker pattern made by hand were less accurate than those of the spray paint
and airbrush patterns. The deviations of the spray and airbrush patterns in the displacement
tests were less than 1% from the displacement measured on the linear scale, and that of the
marker pattern was about 2.5%.

e The 2/3-inch-diameter lens with a large field of view generated more accurate results than
the l-inch-diameter lens with a small field of view. The deviation of the strain measured
by using the l-inch-diameter lens was about twice as high as that obtained by using the
2/3-inch-diameter lens.

* The strains measured by the UTM developed in this research and those measured by the
commercial system were consistent. For the static loading at 500 N, the strains measured by
our UTM and the commercial system were about 3.3 x 10™* and 1.6 x 10~* more than that
measured by using the strain gauge, respectively. For the continuous loading, the results
measured by our UTM, the commercial system Instron 3365, and the strain gauge still
showed good consistency.

This paper can serve as reference for those who would like to build a UTM with a DIC
capability. Further improvement of the UTM structure to make it more robust will be a future
work to increase its accuracy.
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