
Optical Metrology
Lecture 8: Measurement of Strain by Digital Image 

Correlation



Measurement of strain
• Strain measurements are 

important in mechanical 
sciences. 

• A strain in any material can be 
defined as the coefficient of the 
change in length and the initial 
length. 

• Strains are involved in many 
important material properties 
and parameters (i.e. Stress-
Strain Curve, Young's 
Modulus, Poisson's Ratio, 
etc.).



Measurement of strain
Strain gauge is a good solution, but too cumbersome 
for 2D strain maps. Not practical!



Digital Image Correlation
• Is an optical method that uses a 

mathematical correlation analysis to 
examine digital image data taken while 
samples are in mechanical tests.

• Capture consecutive images with a 
digital camera during the deformation 
period to evaluate the change in 
surface characteristics and understand 
the behavior of the specimen while is 
subject to incremental loads. 

• To apply this method, the specimen 
needs to be prepared by the 
application of a random dot pattern 
(speckle pattern) to its surface.



The Technique
• This technique starts with a picture before loading (reference image) and 

then a series of pictures are taken during the deformation process 
(deformed images). 

• All the deformed images show a different random dot pattern relative to 
the initial non-deformed reference image. 

• With computer software these differences between patterns can be 
calculated by correlating all the pixels of the reference image and any 
deformed image, and a strain distribution map can be created.

 
 
 
The digital image correlation requires computer software and an appropriate digital 
camera. To get accurate measurements with this technique it is important to consider 
some variables. The results are going to depend on the digital image resolution (pixels 
columns (c) × pixels rows (r)), the width (w) and the height (h) of the specimen, the 
distance between camera and specimen (d), the focal length of the lens (f), and the 
application of the speckle pattern (See Figure 1.2). 
 
 

 
 
 

1.2   Relating Image Resolution and Specimen Dimensions 
 
 
The resolution refers to the number of pixels in an image and describes how many details 
can be appreciated in an image. The image resolution and the specimen surface area can 
be related to determine the quantity of space that each pixel is going to represent in the 
specimen image (See Figure 1.3). To determine the quantity of space represented by a 
pixel in a specimen image, the specimen dimensions (width and height) have to be 



The Setup
• Optimal results depend on image resolution, width 

and height of specimen, distance between camera 
and specimen, focal length and speckle pattern.
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telephoto lens (focal length > 55 mm). The higher the focal length, the closer the image is 
going to be registered in the digital camera. 
 
 

 
 
 
It is not necessary to know an exact distance or focal length for each different specimen 
dimensions, because they can be adjusted in different ways to get the specimen focused 
with the camera. If the camera needs to be very far from the specimen, the image can be 
focused by using a long focal length and vice versa. The distance between camera and 
specimen also depends on the specimen dimensions. The higher the specimen 
dimensions, the higher the distance between camera and specimen will be needed. 
 
 

1.4   Distortion Effects 
 
 
The distortion effects are a problem that still affects all the digital cameras. The distortion 
can be defined as the lens defect that produces an imperfect image. Distortion effects can 
appear when the lens is zoomed. Zoom lenses at their maximum wide-angle (28 mm) or 
telephoto (> 80 mm) setting can be affected by barrel or pincushion distortions, 
respectively (See Figure 1.8). Also, to avoid distortion effects, the images need to be 
centralized. 
 
 

 
 
 

Focal Length and Distance 
between Camera and Specimen
It is important to determine 
adequate distance and lens.

The three categories are wide- 
angle lens (focal length < 35 
mm), normal lens (35 mm < focal 
length < 55 mm) and telephoto 
lens (focal length > 55 mm). 

The higher the focal length, the 
closer the image is going to be 
registered in the digital camera.
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Distortion Effects
The distortion can be defined 
as the lens defect that 
produces an imperfect image. 
Distortion effects can appear 
when the lens is zoomed. 
Zoom lenses at their maximum 
wide-angle (28 mm) or 
telephoto (> 80 mm) setting 
can be affected by barrel or 
pincushion distortions, 
respectively. 

To avoid distortion effects, the 
images need to be centralized.



Camera Calibration
Calibrating the DIC system is a key process to ensure that the 
measured results are accurate. 

DIC calibration gives the information to relate the ideal model of 
camera to the actual physical device and to determine the position and 
orientation of the camera with respect to a world reference system. 

This information includes two kinds of parameters, intrinsic parameters 
and extrinsic parameters. 

Calibrating the DIC system is a key process to ensure that the measured results are accurate. Both 
cameras can be calibrated at the same time. DIC calibration gives the metric information to relate the ideal 
model of camera to the actual physical device and to determine the position and orientation of the camera 
with respect to a world reference system. This metric information includes two kinds of parameters, 
intrinsic parameters and extrinsic parameters. The intrinsic parameters indicate the internal geometric 
and optical characteristics of the camera, such as focal length of the lenses, distortions of the lenses, and 
the positions between the lenses and CCD image device. The extrinsic parameters indicate the external 
geometric relation between the camera and the specimen, such as rotation matrix and translation vector. 
With the calibration data, DIC system can translate the image coordinate to geometric coordinate. The 
calibration plate should be placed in the same plane as that of the CCD chip of the camera and at a same 
distance as that of the specimen or in front of the specimen as shown below.  Detail description about the 
calibration can be found by the literature [Y.H. Wang, T.C. Chu, and M.A. Sutton.].  
 
The calibration can be initiated when the software shows the color pattern of dots as shown in the live 
image as shown below, this indicates that the plate is in the same plane or it is parallel to the CCD Chip 
plane. An image of the calibration plate is also shown below. 
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Camera Calibration
The intrinsic parameters indicate the internal geometric and optical 
characteristics of the camera, such as focal length of the lenses, distortions 
of the lenses, and the positions between the lenses and CCD image device. 

The extrinsic parameters indicate the external geometric relation between 
the camera and the specimen, such as rotation matrix and translation vector. 

The calibration plate should be placed in the same plane as that of the CCD 
chip of the camera and at a same distance as that of the specimen or in front 
of the specimen as shown below.
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Speckle Pattern
The specimen surface to be studied must 
have a random dot pattern. 

The speckle pattern is essential, because it 
permits the software to be able to identify and 
calculate the displacements with accuracy. 

To obtain accurate results with the digital 
image correlation it is important to get an 
adequate speckle pattern. 

An adequate speckle pattern must have a 
considerable quantity of black speckles with 
different shapes and sizes. 

The effectiveness of the speckle pattern can 
be determined by the quantity of pixels per 
black speckle. A good speckle pattern must 
have small black speckles (10 pixels), 
medium black speckles (20 pixels) and large 
black speckles (30 pixels).

1.5   Speckle Pattern 
 
 
The specimen surface to be studied must have a random dot pattern [Limess, 2008]. The 
speckle pattern is essential, because it permits the software to be able to identify and 
calculate the displacements with accuracy. To obtain accurate results with the digital 
image correlation it is important to get an adequate speckle pattern. An adequate speckle 
pattern must have a considerable quantity of black speckles with different shapes and 
sizes (See Figure 1.9). The effectiveness of the speckle pattern can be determined by the 
quantity of pixels per black speckle. A good speckle pattern must have small black 
speckles (10 pixels), medium black speckles (20 pixels) and large black speckles (30 
pixels). The quantity of pixels per black speckle size is approximated (See Figure 1.10). 
 
 

 
 
 
To identify the ideal size of any black speckle in a specimen, a relation between the black 
speckle size desired (small, medium or large) and the quantity of space represented by a 
pixel in a specimen image (ςw or ςh) can be made. Knowing the quantity of pixels that 
any black speckle size must have and the pixel size represented in a specimen image, 
their product are going to give us the proper dimensions of the black speckles in the 
specimen. 
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Speckle Pattern

⇣ = p⇥ &

Speckle dot size

The equation 3 allows to calculate the dimensions of a black speckle in a specimen, 
where ζ is the black speckle length in a specimen, p is the quantity of pixels that the 
desired black speckle size must have and ς is the pixel size represented in a specimen 
image (ςw or ςh) (See Figure 1.11). It is important to notice that the results of ζ are an 
approximation to have an idea of how the black speckles length must be in any specimen. 
Also, to get accurate results is very important to avoid black speckles bigger than the 
large black speckles. 
 
 

 
 
 

2    Methods and Materials 
 
 

2.1   Vic-2D 
 
 
The Vic-2D uses the digital image correlation technique to make strain measurements 
[Limess, 2008]. This system is able to provide two-dimensional strain maps of an entire 
planar specimen surface. The equipment consists of computer software and a digital 
camera with appropriate lens and resolution (See Figure 2.1). The digital camera records 
the pictures during the mechanical testing process and the software analyzes the images 
and calculates axial and transversal displacements, as well as axial, transversal and shear 
strains. 
 
 

Small
Medium

Large



The Theory

 
3. Basic Theory of Digital Image Correlation 

DIC tracks the position of the same physical points shown in a reference image and a deformed image.  

To achieve this, a square subset of pixels are identified on the speckle pattern around point of interest on 

a reference image and their corresponding location determined on the deformed image. A box shown in 

Figure 1 is an example of subset. The digital images are recorded and processed using an image 

correlation algorithm. 

 

Many parameters are included while obtaining accurate DIC results.  Some of the parameters include 

speckle size, speckle density, type of algorithm, subset size, subset overlap, gray level interpolation, etc.  

Highly optimized input parameters provide very accurate results. The focus of this section will not be on 

optimizing input parameters but rather investigating the accuracy and reliably of the DIC technique. 

Bornert’s et al. work listed in the reference section gives a good assessment of the importance of input 

parameters. 

 

The basic principle or the processing work is done by the software; it calculates the average gray scale 

intensity over the subset in the reference image and deformed image and compares them. Equation 1 

shows the basic form of the cross-correlation term using the two consecutive images. 
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Here, u and v are the in-plane displacements of the center points of a subset located at (rC, sC), and uL and 

vL are the displacements of an arbitrary point (rL, sL) in the subset. L1 represents the intensity of subset 

pixels in the reference image.  L2 represents the intensity of pixel in the deformed image. Solving for the 

variables u and v gives the in-plane deformation in the x direction and y direction, respectively. The size 

of the subset is 2n x 2n. The complete term from Equation 1 gets different values at different positions in 

the deformed image. The maximum value of the term shows the matched position of the most similar 

pattern in the deformed image compared to the reference image. A more accurate approach is the 

normalized correlation equation. Equation 4 shows the normalized correlation equation. 
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In the Equation (4) the normalized correlation coefficient C (u, v) reaches its maximum at one. The in-

plane displacements can be determined by identifying a subset around a point at one position in the 

reference image and comparing it to the subset around a point in the deformed image having the same 

intensity distribution.     Y.H. Wang’s et al. study listed in the reference section gives a more thorough 

description of principal of DIC, T.C.Chu, J.S. Lyons and Hung P. C. 
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Calculate the average gray scale intensity over the subset in the reference 
image and deformed image and compare them. Eq. 1 shows the basic form 
of the cross-correlation term using the two consecutive images.

Here, u and v are the in-plane displacements of the center points of a 
subset located at (rC, sC), and uL and vL are the displacements of an 
arbitrary point (rL, sL) in the subset. L1 represents the intensity of subset 
pixels in the reference image. L2 represents the intensity of pixel in the 
deformed image. Solving for the variables u and v gives the in-plane 
deformation in the x direction and y direction, respectively.



The Theory
A more accurate approach is the normalized correlation equation.
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In the Equation (4) the normalized correlation coefficient C (u, v) reaches its 
maximum at one. The in-plane displacements can be determined by identifying a 
subset around a point at one position in the reference image and comparing it to 
the subset around a point in the deformed image having the same intensity 
distribution.



The Theory
In the Equation (4) the normalized correlation coefficient C (u, v) reaches its 
maximum at one. The in-plane displacements can be determined by identifying a 
subset around a point at one position in the reference image and comparing it to 
the subset around a point in the deformed image having the same intensity 
distribution.

Calibrating the DIC system is a key process to ensure that the measured results are accurate. Both 
cameras can be calibrated at the same time. DIC calibration gives the metric information to relate the ideal 
model of camera to the actual physical device and to determine the position and orientation of the camera 
with respect to a world reference system. This metric information includes two kinds of parameters, 
intrinsic parameters and extrinsic parameters. The intrinsic parameters indicate the internal geometric 
and optical characteristics of the camera, such as focal length of the lenses, distortions of the lenses, and 
the positions between the lenses and CCD image device. The extrinsic parameters indicate the external 
geometric relation between the camera and the specimen, such as rotation matrix and translation vector. 
With the calibration data, DIC system can translate the image coordinate to geometric coordinate. The 
calibration plate should be placed in the same plane as that of the CCD chip of the camera and at a same 
distance as that of the specimen or in front of the specimen as shown below.  Detail description about the 
calibration can be found by the literature [Y.H. Wang, T.C. Chu, and M.A. Sutton.].  
 
The calibration can be initiated when the software shows the color pattern of dots as shown in the live 
image as shown below, this indicates that the plate is in the same plane or it is parallel to the CCD Chip 
plane. An image of the calibration plate is also shown below. 
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The Theory
In the Equation (4) the normalized correlation coefficient C (u, v) reaches its 
maximum at one. The in-plane displacements can be determined by identifying a 
subset around a point at one position in the reference image and comparing it to 
the subset around a point in the deformed image having the same intensity 
distribution.



The Theory
Most sophisticated algorithms 
optimize correlation results with 
illumination compensation and 
affine transformations.

http://www.dantecdynamics.com/measurement-principles-of-dic



The Theory
Most sophisticated algorithms 
optimize correlation results with 
illumination compensation and 
affine transformations.



The Theory

Like a strain gauge is zeroed to an "undeformed" 
condition and then used as reference, the first 
image is used as reference.

DIC provides experimental data that is directly 
comparable to Finite Element simulations.

Triangulation between two cameras is used to 
determine location in z-direction.



Experimental setup

 
 
 

2.2   Setup and Operation of the System 
 
 
For the success of strain measurements with the Vic-2D, it is indispensable to get a good 
speckle pattern. The speckle pattern can be naturally occurring or can be applied. It can 
be applied with white and black paint. First painting the surface with a thin layer of white 
paint (it could be brush or spray paint) and then applying a black mist of paint (spray 
paint) to create the black speckles. To apply the black mist of paint it is essential to keep 
approximate two feet of distance between specimen and spray can (See Figure 2.2). The 
speckle pattern needs to be applied considering the relation between the pixel size 
represented in a specimen image and the amount of pixels per black speckle (equation 3) 
(See Figure 2.3). 
 
 

 
 
 
To take the pictures during the deformation period, the specimen needs to be prepared to 
be subject to the mechanical test. After the sample and the universal testing machine are 
settled, select an accessible position for the digital camera and adjust the focal length to 
fix and acquire a clear image (See Figures 2.4 and 2.5). Set the aperture range of the 



Experimental setup
4.  Measurement Setup Using DIC and Extensometer 

 
 
To measure sheet metal strain with the tensile test, 2D deformation setup is required (i.e. only one camera 
is needed).  The picture above shows the experimental setup. A tensile test machine with an extensometer 
attached on the backside of the sample was used for measuring the conventional engineering strain-stress 
curve; the DIC system with a high speed camera was set in the front of the sample on a stable tripod to 
measure true strain over the whole area. The tensile test specimens used in the experiment were prepared 
according to the ASTM standards. To enable the DIC measurement, random speckle patterns were 
sprayed on the object surface; first with white spray paint and then with black spray paint. The pattern 
was as thin as possible. 
 
During the measurement process, an image of the object was taken before and after the deformation and 
then the DIC system applied the correlation algorithm to quantitatively evaluate the data of contour, 
deformation and strain. The DIC system includes a high speed camera “REDLAKE, MotionPro X3 Plus” 
with lens “Nikon, AF Micro Nikon 60mm f2.8D”, which has full resolution of 1280×1024 when 2000fps. It 
was placed in front of the specimen as shown in Fig. 3. The distance was adjusted between the camera 

and the specimen depending on the specimen area to 
be measured. The camera was connected to a computer 
with 2.13G CPU, 2G RAM and Windows XP Pro OS 
was used, in which the data is acquired and evaluated 
using the ISTRA 4D software from Dantec Dynamic. In 
order to eliminate interruptions from surrounding 
light, a powerful green LED light source was 
employed to illuminate the sample and a 
corresponding filter (to let only the reflected green 
light go through) was utilized to let only the reflected 
green light go through the camera lens. 
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Experimental setup
In our DIC setup, Redlake's Motion Pro X3 high speed camera was used. This camera combines excellent 
resolution to frame rate performance, along with the advanced feathers for accurate high speed motion 
analysis. The highest resolution of camera is 1280x1024 at 1000 frames per second. In our measurement, 
an interested area was chosen. The resolution of interested area is: 160x550 pixels, which corresponds to 
12.5x43 mm, or with another word, one pixel corresponds to 0.078mm on sample surface. The length of 
the interested area is a little shorter than the gage length (50mm) of the extensometer due to shades. 12x12 

pixels unit was chosen as 
subset for correlation 
calculation, the evaluated 
image is (160-12)x(550-12). 
That means we lost 6 pixels 
on each edge in the 
evaluated area. 
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Experimental setup
displacement to the left in the transversal map and the highest displacement down in the 
axial map, and the red color represents the highest displacement to the right in the 
transversal map and the highest displacement up in the axial map. In the strain maps the 
violet color represents the lowest positive strain values or the highest negative strain 
values and the red color the highest positive strain values or the lowest negative strain 
values. 
 
 

 
 
 

 
 
 
The strain values obtained in the preliminary tests are not the expected. Using the 
Youngís Modulus of aluminum known by theory (E=70GPa) and the universal testing 
machine reading (loads), the expected strains were calculated. The data (strains values) in 
the strain maps was export from the Vic-2D to an Excel document file. An average of all 
the axial strains of each strain map corresponding to the sample images taken during the 
elastic period was calculated to compare the Vic-2D results with the expected strains.  In 
the 1O1O1 inches aluminum samples the strains obtained from the Vic-2D are very high 
(See Table 3.1 and Figure 3.3). However, in the 1.3O1.5O1.0 inches aluminum samples 
the strains obtained are better, but still a little bit higher (See Table 3.2 and Figure 3.3). A 
Strain vs. Stress graph (not Stress vs. Strain) was made to compare the strains. In this 
case, with the Strain vs. Stress graph is easier to see and understand the differences 
between strains. The Strain vs. Stress graph of the aluminum samples shows that the 



Experimental setup

 
Fig. 6 Strain-time profile of DP600 with DIC and extensometer  

 
 

To compare DIC data with traditional method we have selected three points on the specimen. Point A & 
C represent the two ends of the extensometer. The strain values at these two points are very close to data 
from extensometer, but just a little smaller than extensometer’s data after the necking. Point B represents 
the region of necking, which extremely larger than extensometer’s data after the necking.  Figure 5 and 
Figure 6 show the strain vs time at those points.   Figure 7 shows the true strain along the line ABC over 
time.  Figure 8 show the test repeatability of major strain measurements.   

 
Fig. 7 Different colors indicate strain levels at different times during the test. Profile of axial strain 

along the red dotted line over time. 
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DIC overview
Advantages

Non-contact measurement.

Rich-data, over 10000 points in surface.

Analysis is done in post processing.

Provides information for shape, position, displacement, and strain.

Calibration technique ensures high accuracy. 

Not affected by rigid body motion.

Disadvantages

Cannot measure existing damage.

Must have a clear line of sight by camera.



Software
• Open source 2D-DIC Matlab. http://www.ncorr.com/

• Improved Digital Image Correlation (DIC), Elizabeth 
Jones. http://www.mathworks.com/matlabcentral/
fileexchange/43073-improved-digital-image-
correlation--dic-

• 2D and 3D DIC. Correlated solutions. http://
www.correlatedsolutions.com/

http://www.ncorr.com/
http://www.mathworks.com/matlabcentral/fileexchange/43073-improved-digital-image-correlation--dic-


Activity
• Analyze two data-sets with the Improved Digital Image 

Correlation (DIC) toolbox.

- Dataset 1: An experimental data set used for illustration in 
the DIC toolbox.

- Dataset 2: Simulation data of ideal strain.


