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Abstract 
 
 
 
At Luleå University of Technology, the Division of Polymer Engineering wants to find a way 
to observe the strain and stress distribution on a damaged laminate. That’s why this work 
investigates the potential of DSP method (Digital Speckle Photography Method) for this 
analysis. The goal of this work is to determine the limit of this system and so find a solution 
in order to use DSP method for strain field calculation. The first part of this project is 
modelling of a damaged laminate with FE-method. The second part of this thesis is to analyse 
the strain distribution with a DSP system and the limit of this project. To summarize, the main 
problem of this system is the difficulties to correlate because of the large displacement of the 
specimen. The second point is the smallness of the strain variation. So in order to solve this 
problem, three proposals are made: to use thermal load instead of a structural load, use a 
tensile machine with symmetric displacement, and to modify the DSP program in order to 
permit large displacement thanks to pre-programmed displacement. 
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1 Introduction 
 
Over these last decades, the use of composite materials in advanced applications (like 
construction of boat, aircraft, space shuttle…) has increased. A composite is a combination of 
two phases (matrix and fibers) with different properties which permits to have different 
properties depending of the direction.  

Figure 1 (on the right) Geometry of a cross ply laminate 
Figure 2 (on the left) Example of Microcracking 

 
In this project, the composite used is a cross ply laminate, a composite with different layers 
which have 90° of difference of fiber orientation (Figure 1). The prediction of the behaviour 
of such material begins to be accurate, but research on composite materials continues in order 
to help industry to design parts in composite in order to make it safer and lighter. One part of 
this research concerns damage. If thermal mechanical loading is applied on laminates, 
microcracks can appear in off-axis orientation layer (Figure 2). Usually, these cracks 

Figure 3 Damaged cross ply laminate [0,902] 
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transverse the whole layer thickness and grow in the ply parallel to the fiber (Figure 3). One 
cause of this failure is the residual stresses due to the temperature of fabrication and the 
difference of coefficient of thermal expansion between layers. 
The stress state on the surface of the crack is known: free surface, but the distribution of the 
strain and the stress near this crack is difficult to predict because of the anisotropy of the 
material. 
 
DSP system (Digital Speckle Photography) is a way to observe the displacement on a 
specimen thanks to correlation of two images (one corresponding to the undeformed state and 
another corresponding to the deformed state). To do that, this system observes the 
deformation of a speckle on the specimen. This system can be used with a microscope and so 
calculate small displacement.  
In this project, using a microscope, we can have real speckle: we use to the difference of 
contrast between the matrix and fibers and the fact that the repartition of fibers in the matrix is 
random. 
 

1.1 Background 
 
At Luleå University of Technology, the Division of Polymer Engineering and the Division of 
Experimental Mechanics have decided to create a common project in order to observe the 
potential of the DSP method in the analysis of the stress and strain distribution in a damaged 
laminate. This work is the first step for a long term project which aims to find a solution to 
observe the strain and stress distribution. 
 

1.2 Why this project 
 
As seen before, the distribution of strain and stress near a crack in a damaged laminate is 
difficult to predicate because of the anisotropy of the material. Some assumptions are made on 
it but the validation of these assumptions is pretty hard, because of the lake of way to observe 
the strain field. The DSP method permits to observe the displacement of a speckle and fibers 
and matrix create a speckle in the surface of the composite, so the aim of this project is too 
observe the potential of the DSP method applied for the analysis of the stress and strain 
distribution in a damaged laminate. On the Figure 2, we can see the scale, we want observe. 
 

1.3 Material Properties 
 
The composite used in this project is composed by carbon fiber and epoxy resin. The volume 
fraction of the carbon fiber is 65%. The index 1 corresponds to the longitudinal direction and 
2 to the transversal direction. Some tests are performed in order to find the properties of this 
composite. In two tensile tests, one with [0°]8 and another with [90°]8, the longitudinal and 
transverse Young’s modulus and the Poisson’s ratio ν12 are determined. In order to calculate 
the Poisson’s ration ν23, the semi empirical model proposed by Theoracis and Philippis [1] is 

applied: 
12

21
1223 1

1
ν
ννν

−
−

= . 

 
The values of shear modulus are found in the literature.  
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The coefficients of thermal expansion are found in the literature. The creation of cracks is 
linked with the difference between these coefficients. 
The material properties are given in Table 1. 
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Table 1 Properties of the cross ply composite used 
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2 Modelling 
 
 

Figure 4 Presentation of the problem 

l0

d 

b
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three layers (two with 0° of orientation and one with 90° of orientation).  

Figure 5 Geometry of the model of the FEM simulation 

This modelling is made within a plane strain assumption. 

oblem thanks to a 2D analysis. 

2.1 Geometry 
 

he modelling is just made in 2D, so the model is divided in three parts corresponding to the 

Due to the symmetry of the specimen, the analysis can be made with only one quarter of the 
representative element (Figure 5). The real specimen has a thickness of  3,6 mm with 6 layers, 

A finite element method (FEM) is used to make a structural simulation. The aim of this 
simulation is to observe the stress distribution between two non interacting cracks (Figure 4). 
This problem is a linear problem, so only the variation of the displacement is important in 
order to determine the stress and strain distribution near the crack. That’s why just a structural 
displacement is applied on the piece. The variation of temperature in the laboratory is 
negligible effect on the local stress variation compared to the displacement applied.  

Furthermore, the geometry and the load permit to solve this pr
 
 

T
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each layers measures 0,6 mm, so d=1,2mm  (thickness of the 90° layer) and b=0,6mm 
(thickness of the 0° layer).  
It is a non interacting crack so lo≥5d, in the analysis the value of lo is equal to five times the 
thickness of 90° layer. 
 

2.2 Mesh and element 
 
An is used as element type. This two dimensional, plane strain 
olid element with four nodes allows to input orthotropic material properties and to create a 

ts because the aim of this 
nalysis is to observe the stress and strain distribution on the all length. 

e 0° layer, the second 
ne for the 90° layer. The hypothesis is made that the repartition of the fiber is random and so 

2.3 Loads and boundaries conditions 
 
Tw

 
Just o led, two sides have symmetric conditions: one 
orresponding to the X-axis and another corresponding to Y-axis (Figure 6). The upper side of 

sys PLANE42 element type 
s
modelling in plane strain. Each node has two degrees of freedom. 
 
The mesh is homogeneous with a sufficient number of elemen
a
 
Just two different element types are use in this modelling: the first for th
o
that each area has orthotropic properties. 
 

o cases are modelled with the FEM method. 

2.3.1 Undamaged laminate 

ne quarter of the specimen is model
c
the 0° layer is a free surface. In order to apply the representative load, all the nodes attached 
to the right side of the 0° layer and the right side of the 90° layer are coupled in the Y-

Figure 6 Loads and boundary conditions for the undamaged laminate simulation 
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direction. The load is applied on the right side of the specimen thanks to a constant 
displacement.  
 

2.3.2 Damaged laminate 
 
In this case, a crack is considered on the right side of specimen (Figure 7). Just one quarter of 
the specimen is modelled, two sides have symmetric conditions: one corresponding to the X-
axis and another corresponding to Y-axis. The upper side of the 0° layer and the right side of 
the 90° layer are free. In order to apply the representative load, all the nodes attached to the 
right side of the 0° layer are coupled in the Y-direction. The load is applied on the right side 
of the 0° layer thanks to a constant displacement.  
 

Figure 7 Loads and boundary conditions for the damaged laminate simulation 

 

2.4 Validation of the model 
 

2.4.1 Undamaged laminate 
 
The first step of this validation is to check if this simulation is plane strain. εz is constant and 
equal to zero so this assumption is true. 
  
The second step of this validation is to check that the simulation is agreed with the laminate 
theory. In order to do that, a constant displacement is applied on the right side of the 
specimen. The displacement applied is 0,6mm, corresponding to a strain of 1%. 
 
In plane strain, the laminate theory [2] says that for each layer the following equation need to 
be checked.  
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The simulation gives exactly the same value. So this modelling seems to be correct.  
 

2.4.2 Damaged laminate 
 
On this simulation, different verifications are made in order to validate it. The first part is to 
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Figure 8 Stress distribution along the X axis (the crack is on the right) 
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check the value of shear stress in the laminate must be small and the value of Z-strain must be 
equal to zero (plane strain assumption). These hypotheses are confirmed by the modelling. 
The second part is to check the symmetry of results. Far from the crack, results must tend 
towards a constant value (existence of an asymptote for each result) (Figure 8).  
The last verification is that the value of the X-stress is zero on the crack surface. 
 
All this verifications are checked in the simulation, so the modelling is validated. 
 

2.5 Results and conclusions 
 
The first results are the stress and strain distribution along the X-axis (Figure 9).  
In this case, a displacement is applied in order to obtain unit load (Nx =1N/mm). The variations 
of the strain are very small (about 10 nanodeformations).  
 

Figure 9 Strain distributions on the X-axis (the crack is on the right) 
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Another interesting result is the variations of strain distribution when y is increased (Figure 
10). 
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Figure 10 Influence of the Y value for the strain distribution 

 
The strain distribution is not very sensitive to the variation of the y.  
This 2D simulation shows that the value of Nx must be very high to expect strain distribution 
not to small (with Nx strains are about 10 nanodeformations). Another point is that the y 
position is not very important for the observation of strain distribution, because this 
distribution is not very sensitive to the Y-position. 
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3 Experimental system 
 
The experimental system (Figure 11) is composed by a stereomicroscope (Olympus SZX12). 
On this microscope, two CCD cameras are mounted. In this work, major part of displacements 
is in plane, but it can be interesting in the future to watch the out plane displacement. The 
cameras are 8bits Sony XC77CEs with 512x512 pixels detectors. These cameras can generate 
256 greyscales. They can take 25 pictures per second. The light system of the microscope is 
not enough because in order to observe carbon fiber composite, a reflection microscope is 
needed. That’s why, a halogen light was added, this light take the place of the binocular 
system and so permit to have a reflection light system on the microscope. This system is not 
perfect but it permits to have quite good brightness on pictures.  
 
 

Figure 11 Presentation of the experimental system 
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3.1 The DSP-system 
 
The aim of the DSP (Digital Speckle Photography) method is to calculate the variation of 
displacement of the surface of the specimen thanks to the observation of a speckle (real or 
artificial). In this case, the speckle pattern used is created by the fiber and the matrix (the 
matrix is dark and the fibers are clear) (Figure 12). 
The program used is called WinDST and has been developed in Luleå University of 
technology. This program permits to calculate the deformation and the shape of the specimen 
in 3D, thanks to the stereo microscope.  
 
 

Figure 12 Natural speckle created by fibers and matrix 

3.1.1 Parameter 
 
The magnification used for the microscope is x40, so each picture measures 0,85 mm per 0,85 
mm. In order to allow quite big load, the size of sub image is 32x32 pixels (about 53x53 μm). 
The step between two sub images is 4 pixels in X direction and 16 pixels in Y direction, 
because the wanted variation of the displacement is along the X axis.  
 

3.1.2 Theory 
 
A DSP-system consists of a computer, a frame grabber card and one or two CCD-cameras. 
CCD cameras take two pictures of the specimen (with the speckle): one as a reference (before 
the deformation) and another after the deformation; after that the computer digitizes these 
pictures and store in two matrix filled with number corresponding to the greyscale of each 
pixels of the picture. These pictures are divided in many small sub regions. The correlation 
permits to define the mean deformation variation on each sub region.   The deformation 
variation between two pictures needs to be small in order to correlate them. Thanks to all 
these sub regions, the deformation field can be obtained on the specimen. The correlation 
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consists of comparing the same area (sub image) on the two pictures. For example, on the 
Figure 13, the first graph represents the variation of the intensity for the undeformed speckle. 
The second graph represents the variation of the intensity for the deformed speckle. 
Continuous rectangle corresponds to the sub image observed, on the second graph the dotted 
rectangle corresponds to the position, after deformation, of the sub image undeformed 
speckle. The correlation can be made thanks to the intersection between the dotted rectangle 
and the continuous rectangle. 
This system calculates just the variation of displacement between two states, so the started 
temperature and started load is not important. 

Figure 13 Principle of the correlation 

 

3.1.3 Calculation of the strain 
 
Thanks to the DSP system, the displacement of each subimages is known, so after that in 
order to calculate the strain, Matlab is used to derivate the matrix of the displacement given 
by DSP system. Because of this, noises presented in the matrix of the displacement are 
amplified. That’s why, the accuracy of the measurement of the displacement is very 
important. 

3.1.4 Limit of this system 
 
The quality of the correlation is linked with the size of this intersection area. That’s why, the 
displacement of the specimen must be more than 90% of the size of the sub image, else the 
correlation cannot be made. A solution can be to increase the size of sub images but in this 
case the quality of the results would be affected because this system gives a mean 
displacement for each sub image, so the bigger they are, the poorer the results are.  
The quality of the correlation is not just linked to the size of the displacement; another 
phenomenon appears when the load increases: the focus changes. This problem affects the 
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quality of the correlation because the variation of the intensity is smoothed and so the 
correlation is more difficult (Figure 14). 

Figure 14 Influence of the difference of focus on the correlation 

 

3.2 The tensile test 
 
The tensile machine is a MINIMAT (Figure 15). On this system, one of the grids is blocked 
and another is linked to a screw and nut system. So, this machine applies a displacement to 
the specimen and a load sensor permit to have the load applied on this specimen. The 
precision of this sensor is about 1N and the limit of load is 999N. In order to reduce play in 
the assembly, a load is applied before performing the test (about 500N). Thanks to this 
preload, the repeatability of measure is increased and so the accuracy of the system can be 
checked. 

Figure 15 Presentation of the tensile machine 
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3.3  The specimen 
 

3.3.1 Unidirectional specimen 
 
In this project, a unidirectional specimen was used in order to calibrate the system. This 
specimen is composed by eight 90°- layers. This laminate is used to try to calculate the 
Poisson’s ratio ν23 and the E-modulus E2. 
 

3.3.2 Damaged cross ply laminate 
 
In this project, a cross ply specimen is used (Figure 16). It is composed by four 90°-layers 
between two 0°-layers ([01, 902]s). This specimen is polish in order to have a good quality of 
surface roughness. For making cracks on the specimen, the strain is increased until a crack is 
heard; this tensile test is made on another tensile machine than the MINIMAT. 
 

Figure 16 Specimen with the crack 
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4 Results 
 

4.1 Unidirectional specimen 
 
This measurement is simpler because the strain is constant on the entire specimen. An average 
value for E2 is found (Figure 17) but the accuracy of the system is not very good, a lot of tests 
were deleted in order to find a result because of big quantity of aberrant results.  
 

0
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Figure 17 Results of E2

4.2 Damaged cross ply laminate 
 
On the Figure 18, it seems that noises are too big to obtain an interesting result. Like these 
two following graphs show, the accuracy is not enough (two similar tests do not give the same 
curve).  
 

Figure 18 Strain distribution with F=150N 
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It seems that with these loads it is impossible to separate the noise and the real signal that’s 
why two similar tests give two different results. The width of the specimen is 11,09 mm so 
N=13,5  N/mm. The FEM simulation shows that for N=1 N/mm, strain variation is about 9 
nanodeformations so for N=13,5  N/mm the strain variation is about 120 nanodeformations and 
this variation is too small for its observation. 
 

4.2.1 Calculation of the limit of the load 
 
In order to know the limit of the system, an observation of the quality of the correlation is 
leaded.  

Figure 19 Quality of the system when the load rises 

 
The size of sub images is important, when the quality of the correlation passes under 40%, the 
result are not very accurate. And the quality of the correlation depends not just of the quantity 
of displacement in the X direction, but also of the variation in Z direction. Indeed, when a 
tensile test is made, the quality of the focus decrease with the load because of displacement of 
the specimen in Z direction.  This lost of focus perturbs the measure because the profile of the 
intensity of sub images is changed during the test, and so the correlation is more difficult to 
make. 
 
In these graphs (Figure 19), we can see that the quality of the correlation is linked with the 
load, as we say in the chapter 3. When the load Nx is more than 15 N/mm, the quality of the 
correlation is under 40% and, as we can see on the second graph, the standard deviation of the 
displacement exceeds 50%. So the calculation becomes to be impossible.  
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4.2.2 Calculation of the temperature load 
 
In order to remove the displacement of the specimen, because of the tensile test, which 
prevents a good correlation, a FEM simulation is leaded to observe the possibility of a 
temperature load. The variation of temperature is 10°C and the displacement value is 0, all 
other parameters are similar to the first FEM simulation.  
 

xε

yε

(in mm) 

Figure 20 Strain distributions on the X-axis (the crack is on the right) (Δ T=10°C) 

 
 
As we can see on the Figure 20, for a thermal load of 10°C, the value of the deformation is 
about 0,2 micro deformation. So in order to have 1 microdeformation, the thermal load must 
be 50°C. Another point is that this deformation is in the opposite sense. It is normal because 
the increase of temperature tend to close the crack. So if we want combine a thermal load and 
a structural load, in order to increase the value of the deformation, we need whether the 
temperature is decreased during the tensile test or whether the tensile load is decreased during 
the rise of temperature. 
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5 Summary of this thesis 
 
This thesis shows that the use of DSP system for calculating the strain is difficult because of 
the size of the local displacement variation compared to the displacement of the specimen. So 
we investigate to find other solutions. The limitation of this system is that the displacement of 
the specimen prevents the correlation. Two solutions:  

• Increase the local displacement variation without or with smaller displacement of the 
specimen. 

• Permit to the system higher displacement of the specimen, and so increase the local 
displacement variation with a higher displacement load. 

 

6 Proposals of solution 
 
The goal of the further studies is to try to reduce the displacement of the specimen during the 
tensile test. We find three different solutions to do that: 

• Use a thermal load, 
• Use a symmetrical tensile test, 
• Modify the program in order to allow a constant displacement for the correlation. 

 

6.1 Thermal load 
 

1. Principle 
 
The principle of this solution is simple: use a thermal load instead of or with a structural load. 
The FEM simulation shows that with just a load of 10°C, the strain we obtain is about 0,2 
micro deformation (Figure 20). So, in order to have a strain of 1 microdeformation, we need 
to decrease the temperature of 50°C. We think that it would be easier to rise the temperature 
than reduce it. The consequence is that the strain, we obtain would be the opposite of the 
strain, but that’s not a problem because it is a linear problem, so we can just multiply by -1 to 
find the same result than with a tensile test. 
 

2. Problems 
 
Different problems appear with the solution: the first is the difficulty is to install a system in 
order to increase the temperature. Actually, the thermal must be quite important if we want a 
big strain, and so the stereomicroscope would be subjected to big thermal load and so it can 
be affected by the way. 
The second point concerns the quality of the focus with a thermal load. If a thermal load is 
applied the plane strain assumption can be wrong and so the focus can be lost and we don’t 
know how the quality of the polishing would evolve. 
Another problem is the displacement of the specimen. For a big thermal load, some 
displacements appear in the composite, but we don’t know if these displacements can’t affect 
the quality of correlation. 
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The fourth problem is the homogeneity of this load. To have interesting results, we need to 
apply a homogeneous load on the specimen, so we need to have a constant temperature in the 
entire specimen. 
The last point is the problem of the time. This solution must be quite long: an elevation of 
50°C must take a quite long time if we want to have a homogeneous temperature in the entire 
specimen. 
 
Even this solution can seem interesting in a first approach; we don’t think that it is the better 
solution.  
 

6.2 Symmetrical load 
 

6.2.1 Principle 
 
Another alternative is to use a symmetrical load with the crack equidistant of the two grips 
(Figure 21). This solution permits to reduce the influence of the displacement of the 
specimen, but it also creates a lot of constraint about the position of the crack and about the 
assemblage of the specimen in the grips.  

Figure 21 Difference in the correlation with the modification in WinDST 

 

6.2.2 Problems 
 
Even if this solution can seem simple, the setting up is very difficult. We need to have the 
crack in the middle of the grips but the crack is not visible without a microscope. 
Another point is that we need to have a symmetric geometry so just one crack in the middle. 
 

6.3 Modify the program WinDST  
 

6.3.1 Principle  
 
Another solution is to modify the program in order to enter a pre-programmed displacement. 
The principle is simple; thanks to this pre-programmed displacement, each subimages of the 
picture of reference is displaced of this pre-programmed value. And so the correlation can be 
leaded without the big lost of quality due to the displacement of this specimen. As we can see 
on the Figure 22, the first graph represents the undeformed state. In the second graph, which 
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corresponds to the deformed state, we can see the red rectangle which corresponds to the 
subimage position without modification in the program, the black continuous rectangle which 
corresponds to the subimage position with the modification in the program, and the dotted 
rectangle which corresponds to the position of the information of undeformed subimage. 
 
 
 
 

Figure 22 Difference in the correlation with the modification in WinDST 

 Thanks to the modification in the program the intersection between the undeformed subimage 

6.3.2 Problems 
 

his solution is quite simple; the only problem is the programming part. Actually, this part 

better, because we don’t need more material and the program 

and the deformed subimage is bigger and so the correlation is better. 
 

T
requires a computer scientist.  
This solution seems to be the 
WinDST was developed in Luleå University of Technology and so the creator of this program 
can help for medication in the program. 
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8 Appendices 
 
 

A. Ansys code 
 
This code permits to use structural and thermal load. Parameters in the begin permit to choose 
the size of each layer of the laminate, the strain applied, the temperature variation and the 
slimness of the meshing. 
 
 
! Specimen creation 
/PREP7   
b=0.6 !0°layer thickness  
d=1.2 !2 90°layer thickness  
f=0.001124 !% of strain 
t=0 !delta T 
a=4 !meshing parameter 
l=4*a !meshing line 1 and 4 
m=2*a !meshing line 2 and 3 
n=50*a !meshing line 5,6 and 7 
  
!Points Création 
K,1,0,0,0,   
K,2,0,d,0,   
K,3,0,b+d,0,  
K,4,5*d,b+d,0,  
K,5,5*d,d,0, 
K,6,5*d,0,0,   
 
!Lines creation 
LSTR,       1,       2   
LSTR,       2,       3   
LSTR,       4,       5   
LSTR,       5,       6   
LSTR,       1,       6   
LSTR,       2,       5   
LSTR,       3,       4   
 
!Area creation 
 
AL,2,6,3,7  
AL,1,5,4,6 
 
!Element type 
 
ET,1,PLANE42 !2D with 4 nodes 
KEYOPT,1,3,2 !Plane strain 
KEYOPT,1,5,0 
KEYOPT,1,6,0 
 
!Material properties 
 
MPTEMP,,,,,,,,   
MPTEMP,1,0   
MPDATA,EX,1,,135000   
MPDATA,EY,1,,7900   
MPDATA,EZ,1,,7900   
MPDATA,PRXY,1,,0.28 
MPDATA,PRYZ,1,,0.38  
MPDATA,PRXZ,1,,0.28  
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MPDATA,GXY,1,,5000   
MPDATA,GYZ,1,,5000   
MPDATA,GXZ,1,,5000   
UIMP,1,REFT,,,20 
MPDATA,ALPX,1,,0 
 
MPTEMP,,,,,,,,   
MPTEMP,1,0   
MPDATA,EX,2,,7900   
MPDATA,EY,2,,7900   
MPDATA,EZ,2,,135000   
MPDATA,PRXY,2,,0.38  
MPDATA,PRYZ,2,,0.016385  
MPDATA,PRXZ,2,,0.016385  
MPDATA,GXY,2,,5000   
MPDATA,GYZ,2,,5000   
MPDATA,GXZ,2,,5000  
UIMP,2,REFT,,,20 
MPDATA,ALPX,2,,25e-6   
 
! Meshing 
 
LESIZE,1, , ,l, , , , ,0  
LESIZE,4, , ,l, , , , ,0  
LESIZE,2, , ,m, , , , ,0  
LESIZE,3, , ,m, , , , ,0  
LESIZE,5, , ,n, , , , ,0  
LESIZE,6, , ,n, , , , ,0 
LESIZE,7, , ,n, , , , ,0   
AATT,       1, ,   1,       0,  1 
AMESH,1  
FLST,5,3,4,ORDE,3   !selection of material properties for lines 1,4 and 5 
FITEM,5,1    
FITEM,5,4    
FITEM,5,-5   
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
CMSEL,S,_Y   
CMSEL,S,_Y1  
LATT,2, ,1, , , ,    
CMSEL,S,_Y   
CMDELE,_Y    
CMDELE,_Y1  
AATT,       2, ,   1,       0,  2 
AMESH,2   
 
!Loads 
 
DL,       5, ,SYMM  !Symmetry condition 
DL,       1, ,SYMM  
DL,       2, ,SYMM   
 
DL,       3, ,UX,f*5*d/100 !X-deformation on line 3 
!DL,       4, ,UX,f*5*d/100 !X-deformation on line 4 (just used for the checking) 
 
BFA,1,TEMP,20+t   !temperature load 
BFA,2,TEMP,20+t 
 
FLST,4,201,1,ORDE,3  !coupled line 7 (uy) 
FITEM,4,2    
FITEM,4,10   
FITEM,4,-209 
CP,155,UY,P51X   
 
!Solve 
/SOL 
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/STATUS,SOLU 
SOLVE    
FINISH   
 
!Results 
/POST1   
/EFACE,1 
AVPRIN,0, ,  
PLNSOL, S,X, 0,1.0   !X-Stress 
 
 

B. Matlab code for calculate strain 
 
 
This subroutine permit to calculate, thanks to displacement matrix given by DSP system strain 
matrix, mean strain and the Poisson's ratio 23. 
 
 
 
function [ex,ey,eptx,epty,epax,epay,p23,eptxm,eptym,p23t]=strain(u,v,x,y,a) 
 
[r,c]=size(u); 
 
eptx=(u(a,:)-u(r-a,:))./(x(a,:)-x(r-a,:)); 
epty=(v(:,a)-v(:,c-a))./(y(:,a)-y(:,c-a)); 
 
ex=diff(u)./0.0066; 
ey=diff(v')./-0.0265; 
epax=nanmean(nanmean(ex(5:25,5:25))); 
epay=nanmean(nanmean(ey(5:25,5:25))); 
eptxm=nanmean(eptx); 
eptym=nanmean(epty); 
p23t=-eptym/eptxm; 
p23=-epay/epax; 
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