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Abstract— Measuring 3D deformation and strain are crucial 
parameters in structural engineering applications both at the 
construction and operational stages. Precise 3D full-field 
measurements are useful in structural optimization, damage 
detection and retrofitting. Digital Image Correlation is a non-
contact optic-based measurement technique that is proven to be 
an ideal candidate in this regard. It has the potential to become 
a cheap, simple, and precise solution for deformation 
measurement. However, the currently available Digital Image 
Correlation measuring systems require expensive dedicated 
software packages and physical resources which are difficult to 
access. Therefore, there is a need to develop a cost-effective 
measuring technique to effectively use it in the local context. 
This research focuses on the development and validation of a 
precise non-contact-based deformation measurement 
technique. In the proposed method, 3D full-field deformation of 
the deforming object is measured by processing stereo 
photographs taken with commonly available digital cameras 
using the image processing toolbox available in the MATLAB 
commercial package. Further, the proposed method is enhanced 
by developing it as a standalone application, which can be 
installed and conveniently used by any technician. Capability of 
using the developed application in common civil engineering 
laboratory experiments has been demonstrated. 
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I. INTRODUCTION

Precise measurement of full-field deformation plays an 
important role in civil engineering applications as it is 
essential for understanding structural and material behavior. 
In general, the deformation measuring techniques can be 
divided into two categories as contact-based and non-contact-
based measuring systems. 

Contact-based measuring techniques such as dial gauges 
and strain gauges have been used for decades. However, these 
techniques require probe/sensor to be installed at each and 
every point of measurement which makes them less effective 
in full-field deformation applications [1]. Further, the stiffness 
of the probe/sensor can influence the measurements, 
especially in the case of thin flexible applications.  

Digital Image Correlation (DIC) is a non-contact optic-
based measurement technique capable of measuring full-field 
deformation on a specimen by eliminating the above-
mentioned shortcomings [1]. These techniques utilize image 
processing techniques developed for computer vision. Over 
the last two decades, significant research has been conducted 
and various tools and software programs have been 
developed. Such commercially available programs [2] come 
with dedicated hardware, which are very expensive.  

While 2D measurement programs are easy to use and 
popular in the industry, researchers prefer algorithms 
developed for 3D measurements due to better verification 
techniques involved with using multiple cameras.  

Recently, researchers at University of Moratuwa 
approached a cost-effective precise 3D full-field measurement 
algorithm that can be used for such applications using 
commonly available digital cameras and computer vision 
toolbox available in the MATLAB commercial package [3].  

This paper is focused on development of a Graphical User 
Interface (GUI) and its applicability in different experimental 
configurations so that the technique can be easily used by any 
researcher. Further improvements to the developed algorithm 
to utilize over cracked regions were also included. 

II. METHODOLOGY

The proposed measuring system consists of two digital 
cameras with similar resolutions mounted on a rigid frame 
targeted to capture the specimen placed within the Volume of 
Interest (VOI) as shown in Fig.1. The cameras are positioned 
in a way to obtain the maximum overlap of the VOI to 
optimize the resolution of the camera in achieving better 
accuracy. The Depth of Field (DOF) should be capable of 
covering the out-of-plane deformation of the specimen 
clearly. 

The two cameras are connected to a computer with the 
newly developed application. A random speckle pattern must 
be applied on the surface of the specimen to track the 
deformation [3]. Since lighting plays an important role in 
these techniques, two external lighting sources were used to 
provide uniform lighting on the surface of the specimen during 
the experiment [4]. 

Fig. 1. Schematic of the proposed experimental setup 
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A. Developed Application 
The proposed image processing algorithm presented in 

Section 2.B was developed using computer vision toolbox 
available in MATLAB. The MATLAB App Designer is used 
for development of GUI. 

MATLAB App Designer is capable of integrating the two-
app building primary tasks such as laying out the visual 
components of a GUI and programming the App behavior. 
App Designer is capable of automatically generating the 
object-oriented code that specifies the layout and design of the 
App.  

The developed 3D full-field deformation measurement 
application system consists of separate Apps for image 
acquisition, stereo camera calibration, 3D reconstruction and 
DIC analysis and results as shown in Fig.2. All these Apps are 
connected to one main App to select the tasks. Users can get 
familiarized with the App using the user guide provided with 
the installation setup. Fig.3 shows the interface of the main 
App window. 

For the selected Region of Interest (ROI) in the specimen’s 
surface, X, Y, Z, total displacement and XX, YY, XY strain 
outputs can be obtained after the analysis using the App. 

B. Image Processing Algorithm 
The workflow of the proposed system is presented in Fig.4 

and the relevant main areas in image processing are discussed 
here. 

1) Camera Calibration 
First, it is important to calibrate the camera system to apply 

stereo ranging techniques with a reasonable level of accuracy. 
It is a process of finding the intrinsic (focal length, lens 
distortion) and extrinsic parameters (relative translation and 
rotation of cameras in the global coordinate system) of the 
camera. Checkerboard patterns with the specified square size 
are used for the calibration process. 

Once the size of the checkerboard square is specified, the 
application first detects the points of intersections in the 
checkerboard pattern and calculates the camera intrinsic and 
extrinsic parameters [5]. Then the points of intersections are 
re-projected back to the image using the calculated camera 
parameter matrix as shown in Fig.5. 

The mean value of the difference in distances between 
detected and predicted points in each calibration image is 
calculated in terms of pixels and termed as mean reprojection 
error. Then, the mean value of individual mean reprojection 
errors of calibration images is calculated and termed as the 
overall mean pixel error as shown in Fig.6. 

 
Fig. 2. Full-field deformation measurement application system 

 

Fig. 3. Graphical User Interface of the main App 

This overall mean pixel error is recommended to be kept 
within one pixel [6]. When the overall mean pixel error is 
higher than one, the camera parameters should be recalculated 
by eliminating the outliers (calibration images having higher 
mean pixel error). It is recommended to capture 20 or more 
stereo calibration images covering the entire volume of 
interest for better accuracy using the checkerboard [6].  

After finishing the camera calibration process, the system 
can be used to get the actual measurements of specimens. 
Then, stereo-images can be acquired during the displacement 
of the specimen. 

2) Rectification of Images 
The image planes of both cameras cannot always be held 

in parallel. Therefore, the images taken must be rectified in 
order to generate the stereo pair images. After image 
rectification, the stereo matching problem is reduced to 1D 
search along horizontal lines, instead of 2D search [7] which 
reduces the complexity of stereo matching problem to a 
simplified way. 

 
Fig. 4. Flowchart of the proposed system 



 
Fig. 5. Reprojection errors 

 

Fig. 6. Overall mean pixel errors 

3) Disparity Estimation 
The separation between two matching objects is called the 

stereo disparity. It is measured in pixels and can be positive or 
negative (conventions differ). It will vary across the image. 

Disparity mapping techniques can be broadly divided into 
two categories such as local methods and global methods. 
MATLAB provides different functions such as semi global 
matching (SGM), block matching (BM) for both of these 
methods to estimate disparity. In this proposed system, both 
methods can be used to get desirable results. 

4) 3D Scene Reconstruction 
From the obtained disparity map, x, y and z coordinates of 

each pixel can be extracted, which describes its position in the 
three-dimensional space and it can be re-projected again to 
obtain 3D point clouds. Fig.7 shows such obtained 3D 
reconstruction in one of the conducted experiments (Section 
3.A.1). Although the 3D point cloud seems to be smooth, it 
contains several null areas at some locations where 
corresponding disparity/depth values are not estimated 
properly due to regions of uniform intensity in images. 

Densed disparity map estimation methods are time-
consuming and take higher computational power to estimate. 
So, interpolation and smoothing filters are used here to get fair 
results as an alternative solution for the unsmooth 3D point 
clouds. Standard Savitzky–Golay smoothing filter is used here 
for the smoothing of point cloud data [8]. 

5) Feature Detection and Matching 
Local features and their descriptors are the basic elements 

of various computer vision algorithms. Local features refer to 
a pattern or distinct assembly found in an image, such as a 
point, edge, or corners. 

The computer vision toolbox of MATLAB provides 
numerous algorithms to find different local features and their 
descriptors. According to the comparative analysis, the KAZE 
algorithm extracted the highest number of matched features 
[8]. Therefore, the KAZE algorithm is incorporated in finding 
the transformation matrix of the defined subsets in 
consecutive image pairs. Fig.8 shows the local features found 
in one segment and its matched points between initial and 
displaced states of a specimen (Section 3.A.1).  

6) Displacement & Strain Calculation 
The ROI must be divided in a way that each divided 

segment would have enough distinct local features to 
determine the transformation matrix after deformation. ROI is 
divided into several segments in the undeformed image in 
terms of pixels and segments are shifted with the selected 
number of pixels overlaps in iterations to fully cover the 
selected ROI. The locations of these segments in the deformed 
image are tracked down using the transformation matrix 
obtained earlier.  

From that initial coordinates and relevant transformed 
coordinates of matched features can be obtained, then the 
following equations (1) and (2) are used to calculate the 
displacement (δ) and strain (ε) values [8]. After calculation, it 
can be plotted in 2D and 3D spaces. 

Here 𝑛𝑛 = 0,1,2,3 …. 

 𝛿𝛿𝑛𝑛 = �(𝑥𝑥𝑛𝑛 − 𝑥𝑥𝑛𝑛′)2 + (𝑦𝑦𝑛𝑛 − 𝑦𝑦𝑛𝑛′)2 + (𝑧𝑧𝑛𝑛 − 𝑧𝑧𝑛𝑛′)2  (1) 

 𝜖𝜖 = 𝛿𝛿𝑛𝑛−𝛿𝛿𝑛𝑛+1
𝛿𝛿𝑛𝑛

  (2) 

III. VERIFICATION WITH CIVIL ENGINEERING 
APPLICATIONS 

The developed 3D full-field deformation measurement 
system was used in different types of civil engineering 
applications to verify its applicability and validity. 

A. Measuring Rigid Body Motion 
Displacement of an unstressed concrete cube and a 

concrete cylinder was used to verify deformations associated 
with rigid body motions for known displacements and 
rotations. While concrete cube provides deformation of a 3D 
object the use of cylinder verifies detection of curved surfaces. 

 
Fig. 7. 3D Reconstruction of a concrete cube surface 

 
Fig. 8. Matched inlier points of a segment in cube’s surface in rigid body 
motion test (blue-initial, red-moved) 



 
Fig. 9. Experimental setup for measuring rigid body motion of a concrete cube 

 

Fig. 10. Meshed ROI of cube surface 

1) Rigid Body Motion of Cube 
A concrete cube was selected for this experiment and one 

face was marked with a random speckle pattern using a 
permanent black marker. In a flat table, white sheets were 
pasted and grid lines were marked in known distances in both 
x-direction (horizontally in table) and z-direction 
(outward/inward direction from the camera) as shown in 
Fig.9.  

Also, the cube was rotated about the y-axis (vertical/plumb 
line) and moved vertically using a wooden block with known 
dimensions. The ROI was defined and divided into 10×10 
pixels grid segments with a search window size of 3 pixels. 
Then for each displacement, analysis was done, and results 
were obtained.  

The divided ROI, smooth 3D reconstructed surfaces and 
the obtained results for 200 mm movement in the X Direction 
of the cube is shown in Fig.10, Fig.11 and Fig.12 respectively. 

2) Rigid Body Motion of Cylinder 
A rigid body motion test using a concrete cylinder was 

performed in a similar manner to assess the accuracy of the 
developed system against curved surfaces. One half of the 
cylinder face was marked with a random speckle pattern. This 
cylinder specimen was used to check the reconstruction of the 
curved surfaces and it was verified as possible based on the 
results. Fig.13 and Fig.14 show 3D reconstruction steps and 
results for 100 mm translation in X-direction respectively. 

B. Detecting Compression and Concrete Cracking 
The concrete cube previously used in the rigid body test 

was used for the compression test. This test was carried out to 

find the deformation and detect the crack patterns of the cube 
under compression. Two light sources were used to make the 
surface with uniform lighting throughout the experiment 
(Fig.15). 

The ROI was defined and divided into 12×10 pixels grid 
segments with a search window size of 3 pixels (Fig.16). Then 
for each known displacement, analysis was done, and results 
were obtained. Fig.17 shows that the cracked region has 
tensile strain (positive) and places other than the cracked area 
have compressive strain (negative). This is compatible with 
the real scenario of cracking.  

C. Uniaxial Tension 
A dog bone specimen was made using stainless steel and 

was subjected to a uniaxial tensile test. A random speckle 
pattern was applied on one face of the specimen, Fig.18. 

The ROI was defined as the specimen surface and divided 
into 10×1 pixels grid segments. Fig.19 shows the obtained 
results for the initial and just before the failure image pairs 
where the specimen has elongated under tensile loading.  

D. Early Age Shrinkage Cracks in Mortar 
Mortar mix of cement: sand ratio 1:5 was prepared, and 

pored to an apparatus especially designed to measure plastic 
shrinkage cracks [9]. Fresh mortar was transferred to the 
apparatus and compacted. The surface was flattened and the 
speckle pattern was applied using spray paint.  

Since the resolution of USB cameras (ELP 5-50mm lens, 
8MP) used earlier for the experiments was not enough to 
capture the entire field of view (FOV), two similar resolution 
camera phones (iPhone 11) were used for the experiment. The 
iPhone camera’s focal length and aperture were fixed to avoid 
the autofocussing effects. iPhones were connected using two 
earphone cables to trigger the cameras without shaking them 
unnecessarily.  

 
Fig. 11. Smooth 3D reconstruction of ROI 

 
Fig. 12. Displacement and strain contours for 200 mm rigid body translation  



 
Fig. 13. 3D reconstruction of curved cylindrical surface and smooth 3D point 
clouds 

 

Fig. 14. 100 mm translation of rigid cylinder in the X-direction (units: mm) 

Then, strain application was started step by step. One end 
of the rubber mold was fixed, and the other end was pulled by 
rotating the wheel. Since, the mortar sample inside moves 
along with the rubber mold, the strain applied will be 
transferred to the mortar sample. Stereo images were captured 
continuously while applying the strain.  

The ROI was defined into 15×1 grid segments (Fig.20) 
and the DIC analysis was done. Results depict that the 
displacement is gradually increasing from the fixed end to the 

 
Fig. 15. Compression test setup of a concrete cube 

 
Fig. 16. Divided segments and correlated subsets 

 
Fig. 17. Cube compression test results of yy strain (left – just before failure, 
right – after failure) 

moving end (Fig.21). Moreover, the entire ROI was plotted 
with positive (tensile) strains and values were higher near the 
cracks than the other regions.  

IV. CONCLUSION 
A cost-effective reliable measurement system was 

developed using MATLAB computer vision toolbox and 
verified against preselected set of experiments carefully 
designed to assess different civil engineering applications. It 
has been shown that the proposed application can be 
effectively used to capture 3D surfaces as well as generate 
full-field deformation and strain fields. Further, it is shown 
that the algorithm is capable of detecting crack initiation and 
propagation as well as capturing the deformation field of a soft 
medium such as motor paste (before hardening).   

The authors are presently focusing on verifying the results 
using more precise measurement techniques, such as a laser 
transducer. Authors are presently working on expanding 
possible applications and improving the precision of the 
measuring system. 

The general limitation of this study is that the detectable 
out-of-plane deformation of the object is confined to the DOI, 
which is dependent on camera properties. Another drawback  

 
Fig. 18. Uniaxial tensile test setup and specimen 

 
Fig. 19. Uniaxial tensile test results 

 
Fig. 20. Defined ROI, Divided segments, 3D reconstruction and smooth point 
clouds of mortar specimen 



 
Fig. 21. Displacement and strain plots of mortar under tensile strain 

is the comparatively high computation time required 
compared to contact-based approaches when measuring fewer 
locations. Currently, only laboratory-scale applications are 
validated using the proposed system. It is intended to improve 
the developed technique to eliminate certain constraints in 
future. 
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