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Abstract— In the recent past, Digital Image Correlation as a
tool for surface deformation measurement has gained widespread
acceptance in various industries. The technique is to find
displacements with subpixel accuracy and with simple
experimental setup which ensure high accuracy and high
efficiency. In this work, the displacement and strain estimation of
a dual phase steel undergoing tensile test has been carried out.
Keywords—Speckle pattern; non-contact based method; Region
of Interest; Correlation criteria

l. INTRODUCTION

Strain measurement is the key element of material testing in
almost any field. Experimental strain analysis has gained
popularity in manufacturing industries because of its ability to
test the durability and withstand nature of the specimen.
Deformation and corresponding strain are vital parameters
within engineering and manufacturing projects. However,
measuring the parameters outside the laboratory, in real cases,
requires a tough choice between conventional methods keeping
accuracy, simplicity and cost balanced. The conventional
methods are mostly contact based methods which include
electrical strain gauges, mechanical dial gauges, acoustic
emission techniques etc. But, the contact based methods lack
issues like sensitivity to noise, damage to the recording unit,
loss of contact of sensors with the surface, influence of
environmental noise and temperature, measurement error etc.
Non-contact based methods are categorized as interferometric
technique and non-interferometric technique which precede
contact based methods in terms of accuracy, human error and
repeatability of experiment.

Digital Image Correlation (DIC) is a non-contact based
optical technique that acquires an image of the object, stores it
and performs image correlation analysis to extract full field
deformation of that object. It relies on the inherent textures of
the measurement surface and do not require the use of
structured light sources. The concept involves comparing the
gray intensity changes of the object surface in the acquired
images with the reference image. In the last few years, the
technique has gained popularity and is commonly used as a
useful tool for full field deformation measurement in the area
of experimental mechanics. The measurement setup required
for this technique consists of an imaging device, monocular in
case of 2D DIC and stereo for 3D DIC. The schematic layout of
a test setup is given in figure 1.
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Figure 1: Schematic diagram of DIC setup

The specimen is made to confirm to the ASTM guideline.
The operation is carried out in well illuminated environment.
The optical axes of the digital camera are set as perpendicular
to the measurement surface. Several images are taken during
the test and analyzed with respect to the original image i.e.
before any loading to get the full field strain contours.

Il.  SURFACE CHARACTERISTICS

The surface pattern plays an important role in measuring the
surface strain of the specimen as the analysis is done by
comparing the gray intensity changes of the surface. The
motion field is computed by comparing point to point matching
method between the reference image and deformed image. For
this, various subsets are formed to find the correspondence of
the pixel of interest in various images [1] [2]. For analyzing the
DIC technique, a flat surface is required as textured surface. The
random textures also called as speckle pattern are artificially
applied on the surface of the specimen before the test is
conducted. The speckle pattern and it size is important to ensure
accurate and unique identification of the displacements in the
deformed image. There are a number of technique available like
lithography, stencils, ink, stickers etc. for generating speckle
pattern where spray painting is commonly used technique to
create speckle pattern [3].



A. Spray Paint:

The most common speckle pattern generating technique
is with ordinary spray paint. This technique is suitable for
any size of specimen where the paint applied on the
specimen does not chemically react with the material of the
specimen. Generally, the specimen surface is coated with
white paint in order to create gradient between the
background with the paint [4].

B.Toner:

The toner powder is generally used to generate speckle
pattern for very small specimens typically smaller than
12mm. The specimen is coated white and the toner powder is
blown with a small lens blower, or by mouth, onto the surface
[5].

C. Stencils:

This technique is adopted for very large specimen to
achieve perfect speckle pattern. The stencils are made from
thin vinyl with water or laser cutting techniques [6].

D. Lithography:

Lithography technique is used for very small sized
specimen. Accurate control of pattern location is achievable.
This technique is suitable for high temperature and it does not
depend on the substrate type. However, this process is time
consuming and expensive [7].

E.Ink:

This technique affects surface minimally and high strains
can be measured effectively. The ink is dotted on to the
surface with a marker to generate speckle pattern [5].

I11. OPERATING PRINCIPLE

The fundamental concept of Digital Image Correlation
technique involves comparing the deformation of each image
of the specimen surface i.e. reference image and set of
deformed image. The region of interest (ROI) in the reference
image is defined at first while implementing the DIC method.
The ROl is further divided into evenly spaced virtual grids or
windows to track the changes in each image (Figure 2).
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Figure 2 : (a) Reference image, where red square shows
the window used for tracking and the intersection points of
the yellow grid are the points to be calculated; (b)The
calculated displacement vectors of the deformed image[8].

Each point of the virtual grid is responsible for computation
of the displacement to obtain the full-field deformation

(Figure 2). The basic principle of 2D DIC is the tracking (or
matching) of the same points (or pixels) between the two
images recorded before and after deformation (Figure 3). In
order to compute the displacements of point P, a square
reference subset of (2M + 1) x (2M + 1) pixels centered at
point P (x0, y0) from the reference image is chosen and used
to track its corresponding location in the deformed image. The
square subset matches a wider variation in gray levels which
enable specific identification as compared to that in other

subsets.
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Figure 3: Schematic illustration of a reference square subset
before deformation and after deformation [9]

The mapping between the point Q (xi, yi) in the reference
subset with Q’(xi’, yj’)in the target subset can be done with a
shape function [10] or displacement function [8][11] (Figure
3) and is given by:
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where the & and m identify the analytical formulations of the
mapping functions.

Korah et al.[12], proposed polynomial second order shape
functions and are by far the most adopted ones and the equations
are expressed as:
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Where, u and v are the x- and y- directional displacement
components of the reference subset centre, uy, Uy, Vx, Vy the first
order displacement gradients and Uxx, Uxy, Uyy, Vxx, Vxy and vyy the
second order ones.

IV. CORRELATION CRITERION

Different correlation criterion are used to evaluate the similarity
between the reference and deformed subsets for correlation
analysis. There exist many definitions of correlation criteria in
the literature, that are categorized into two groups, namely CC
criteria and SSD correlation criteria [8].



Table 1: Commonly used cross-correlation criterion [8]
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Table 2: Commonly used SSD correlatlon criterion[8]
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The mean, median and standard deviation are expressed below.
In table 1 and 2,
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V. ERROR SOURCES OF 2D DIC
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The Digital Image Correlation is one such interferometric
technique which can be easily implemented with a simple
experimental setup. However, it can also be affected by the
measuring system. The accuracy of the DIC system mainly
relies on the imaging system, loading system and the selection
of the suitable correlation algorithm. The errors related to the
imaging and loading system are in selecting the right size of
speckle pattern, non-parallel between the acquisition unit and
specimen, distortion of images, influence of noise while
acquisition and digitization. The errors are also due to
inappropriate cross-correlation algorithm and execution are
selection of subset size, the cross-correlation criterion, Sub-
pixel algorithm, Shape function and Interpolation scheme. The
improvement of accuracy of 2D DIC needs estimation of the
errors related to different error sources [13]

V1. APPLICATION OF 2D DIC

The Digital image correlation is widely being used in various
industries as automobile, civil constructions, ophthalmology,
experimental strain analysis etc.

Gali et al. [14] evaluated crack propagation and post-cracking
behavior in steel fiber reinforced concrete (SFRC) beams, using
full-field displacements obtained from the digital image
correlation technique. Surface displacements and strains during
the fracture test of notched SFRC beams with 0.5 and 0.75%
volume fractions (Vi) of steel fibers were analyzed and
established the relation between the crack opening width as a
function of crack tip opening displacement and the residual
flexural strength of SFRC beams. Lai et al. [15] introduced a
method based on digital image correlation (DIC) to measure
crack extension in graphite beam specimen, a brittle material.
It used DIC with a step function to measure cross-correlation of
the displacements. The cross-correlation method successfully
identified the path of an advancing crack based on DIC results.
Cinar et al. [16] introduced the concept of phase Congruency to
detect and quantify cracks and their opening. The accuracy of
the proposed algorithm in detecting cracks was compared with
conventional method as Heaviside function fitting. It was found
that the PC-based method is more accurate and robust to noise
than the widely used gradient based and Heaviside algorithms.

The DIC technique was also employed in Ophthalmology. The
mechanical properties of retina undergoing tensile loading were
observed [17]. It measured the multi-directional corneal strain,
thickness and radius of curvature in human eyeballs [18]. The
measurement of strain distributions within the articular
cartilage and measurement of diabetic retinopathy with the DIC
technique were also reported in various literatures [19][20].



The DIC technique was applied to monitor the structural health
of man-made structures such as the dynamic displacement of a
bridge [21]. It was found that the approach was cheap and
simple in comparison to that of Linear Variable Differential
Transformers (LVDTSs) and dial gauges. In this investigation,
DIC approach was used to measure the x-displacement, y-
displacement, corresponding strains in x and y directions and
the variations of cross-correlation over the deformation on a
dual phase steel.

VIl. EXPERIMENTATION

The experiment was conducted on a dog-bone shaped dual
phase steel of 30 mm and width 5.62 mm. Pastable stickers
were used on the surface of the specimen to create speckle
pattern. The two ends of the specimen were clamped by the
jaw of the Universal testing unit (make: Instron 8862) to
experience tensile loading. The image at the beginning was
considered as reference image. Loading was applied at a rate
of 0.03 mm/sec and continuous images were captured by
LaVision Imager E-lite of 1626-pixel x 1236-pixel with an
exposure time 100 ps to 80 ms.
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Figure 4: Experimental setup

A total of 769 images were taken from the beginning of the test
to end and they were analyzed using LaVision Strain master to
calculate the full field displacement. The experimental images
of reference image and deformed image are given in figure 5.

e

Figure 5: Experimental Images of (a) Reference image and (b)
Deformed image

It was observed that the variation of strain from 0 to 100
images were about 3% that increased to 28% at the failure
stage. The rate of variation in strain was maximum between
450 to 769 image (Figure 6).
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Figure 6: Variation of strain with images

Stress - strain curve is an important element of material
testing when it is subjected to loading condition. Here, the
strain has been calculated using Digital Image Correlation
technique and with the conventional strain gauge for
validation purpose. The specimen exhibit strain softening
behavior after achieving 3% strain and went on upto 27%.
(Figure 7) The elasticity of the specimen was observed upto
400 MPa beyond which the specimen started yielding to load.
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Figure 7: Stress- Strain relationship obtained from DIC and
Strain gauge

From the graph, it can be inferred that, upto 570 Mpa the
specimen was in elastic zone having a strain of 2.3% which is
quite less. But as the stress increased, corresponding strain
also increased and failure occurred. The DIC method is well
backed up by the conventional strain gauge method with a
correlation of 97.6%.



The DIC technique can be a better solution over contact based
technique i.e. strain gauge as it is more vulnerable to breakage
and environmental noise.

The vertical and horizontal displacement are calculated by
finding correlation between the reference subset and
deformed subset. The reference image was split into a number
of subsets that were further processed in many intermediate
stages before obtaining the final position. The vertical
elongation was less than that of horizontal elongation
obtained during the test. (Figure 8,9).
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Figure 8: Contour plot of x-displacement of Reference
image and Deformed Image
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Figure 9: Contour plot of y-displacement of Reference image
and Deformed Image

Strain is the ratio of change in dimension to the original
dimension. It was observed the vertical strain as 0.275% and
the horizontal strain as 1.3%. The vertical strain ex profile

and horizontal strain ey profile for different loading
conditions are given in figure 10, 11.

0.000

-0.025

position [mm]
Exx[S]

Figure 10: The vertical strain exx profile at load OkN, 3.15kN,
3.78kN, 3.93kN
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Figure 11: The horizontal strain eyy profile at load OkN,
3.15kN, 3.78kN, 3.93kN

The strain is calculated by finding correlation between two
consecutive images. The reference image has highest
correlation coefficient i.e.1 and it gradually decreases to 0.42
with increasing loading. The change in correlation coefficient
with the image number is shown in figure 12.
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Figure 12: The correlation coefficient profile for Image no.1
(Reference image), 701 (Intermediate image) and 769
(Deformed Image)

VIII.

There exists no. of techniques for strain estimation like strain
gauges, mechanical dial gauges, extensometers etc. which are
contact based methods and has lacuna like sensitivity, noise
etc. Digital Image Correlation has become widely popular
overcoming the issues of contact based methods.

CONCLUSION

The investigation experimented with a dual phase steel to
measure displacements and the corresponding strain values.
A total of 769 images were captured and analyzed
consecutively. The x and y displacement were calculated and
the corresponding strain were analyzed. The stress strain
relationship was established. The strain underwent about 28%
strain change before failure during the tensile test.
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