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Abstract:
In current enterprises, simulations are being utilized to reduce the cost of 
product development.  Along this line, there is an increased enthusiasm 
for enhancing reliability and accuracy of the simulations. For an accurate 
and reliable simulation, it is essential to use an accurate material model 
and provide it with accurate material information. In current scenario, 
orthotropic materials are being simulated utilizing isotropic material 
model, as orthotropic material model requires more material data which 
is not promptly accessible. This research intends to test and identify 
orthotropic materials and simulate them using orthotropic material model 
in ABAQUS. Materials utilized as a part of this research were Aluminium, 
LDPE, PET. Required material data was derived by performing Uni-
directional tensile tests, DIC, and an algorithm developed. To get highly 
accurate material data from DIC, a few kinds of patterns were examined, 
and a superior pattern was resolved for camera configuration being 
utilized.   

Keywords: 
Digital image correlation(DIC), Inverses method, Low-density 
polyethylene (LDPE), Polyethylene Terephthalate (PET), Optimization.
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Notations

 

A Area of cross-section 

CD Cross direction 

c Stiffness tensor 

dCD strain at 20% elongation of specimen in CD 

dMD strain at 20% elongation of specimen in MD 

d45 strain at 20% elongation of specimen in 45o directions 

E Young’s modulus 

ep strain at 20% elongation of specimen in thickness  

F External force acting 

G Shear modulus 

L Original length 

lo Initial length 

MD Machine direction 

R Yield stress ratio 

r Yield strain ratio 

s Compliance tensor 

so Area 

w Original width 

l Change in length 

w Change in width 

 Stress 

 Strain 

t True stress 

 True strain 

e elastic strain 
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p plastic strain 

 Poisson’s ratio 

 Shear stress 

 Shear strain 
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Introduction 

Materials 

In food packaging enterprises, materials are picked such that 
they possess properties that could keep packed item from being spilled or 
damaged when the package comes under influence of any mechanical or 
vibrational loads. [1] 

 In automobile industries, materials are chosen with the end goal 
that they ought to have great strength to withstand mechanical loads while 
transportation and must be effortlessly fabricable. 

Aluminium, an element from Boron group is a silvery-white 
soft, non-magnetic ductile metal. It is the 3rd most abundant element after 
oxygen and silicon available on the earth’s crust. Aluminium is remarkable 
for its low density and ability to resist corrosion. Aluminium alloys are 
utilized in aeronautic trade and essential in transportation and structures such 
as building facades and window frames and in packaging industries and in 
food and beverage containers and for foils, etc.  

 Polyethylene Terephthalate (PET) is the most widely 
recognized plastic utilized as a part of global production. PET is known for 
its high ductility and impact strength with low friction. It has a very low 
permeability among the most plastics for gases and liquids.  

 Low Density Polyethylene (LDPE) is a thermoplastic and the 
first grade of polyethylene. LDPE has SPI resin ID code 4 in recycling. It is 
utilized in packaging industries for its property like non-receptiveness at 
room temperatures and can withstand temperatures up to 8000C and for its 
flexibility and toughness while having low density in the range of 0.910-
0.940g/cm3. 

 

 

Background

During product development, reduced experimentation 
prompts shorter and less expensive product life cycle. New material with 
different properties were been developed to meet a product prerequisite or to 
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reduce manufacturing cost. The new materials need to have a suitable 
material model so that the product which are to be built using them can be 
accurately simulated. 

Packaging Industries utilize distinctive packing materials for 
various foods. For food packing, some materials utilized are LDPE, PET, 
paper, cardboard, Aluminium foil, and so forth. For smaller objects in 
automobile parts, aluminium sheets of around 1-5mm thickness are utilized 
in automotive industries.  

Naturally different materials exhibit different properties. Due 
to the variation in manufacturing processes same materials could exhibit 
different behaviour. If the material changes properties in three directions 
(MD, CD and thickness direction) then the material is considered as an 
orthotropic material and if the material has same properties in all directions 
it is considered as an isotropic material. 

Aluminium sheets are manufactured using Rolling process. 
Rolling is a metal working process where the metal stocks are passed through 
pairs of rollers to reduce the thickness of the metal stock. For metal sheets, 
the process involved is hot rolling where the rolling process is done above 
the metal’s recrystallization temperature. In hot rolling, the metal grains get 
deformed and recrystalize maintaining equiaxed microstructure. Due to this 
process, the material grain structure gets stretched along the rolling direction 
changing the behaviour of the material. These variations in grain structure 
prompt contrasts in material properties in a different direction leading to 
anisotropic sometimes orthotropic behaviour. [2] 

LDPE and PET are manufactured by polymerization processes. 
The polymerization process relies upon the density of the material to be 
produced. For higher dense materials, low-pressure polymerization process 
is utilized and for lower dense materials high-pressure polymerization 
process is utilized. 

For LDPE, high-pressure polymerization process is utilized as 
a part of which the Ethylene gas is converted into a white solid i.e. 
polyethylene by heating it at temperatures of about 80o C to 300o C while 
regulating the pressure. This produces material with highly branched (at an 
interval of 20-50 carbons) and long chain branching. As a result, the material 
shows orthotropic behaviour. [3]  

PET is manufactured using a kind of polymerization called 
Solid state polymerization (SSP) in which the polymer chain lengths are 
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expanded by heating them in the absence of oxygen and water. The polymer 
is first cooled before the begin of SSP and heated amid SSP, making the 
molecular structure of the disturbed and randomly distributed with long 
chained molecules making it orthotropic in nature. [4] 

  As implementing all three-direction behaviours in a single 
material mode is difficult, industries are utilizing the isotropic material model 
for Orthotropic materials which would reduce the accuracy of simulations. 

 Then again, aiming reduced cost of product development 
industries aspire to get more accurate simulation, with the goal that they can 
reduce cost and time of testing their products. 

 

 

Objective and Method of work 

 The materials studied in this research are being utilized in 
packaging industries. They encounter various loading conditions. These are 
responsible for the material failure. Under same load conditions, each 
material behaves in their own distinctive way because of their material 
properties. To simulate these materials in CAE software a material mode is 
to be considered which accurately represents material behaviour.  

 In existing industries, orthotropic materials are simulated using 
an isotropic material model which approximates orthotropic material 
behaviour. This is done in the light of the fact that implementing orthotropic 
material model needs more experimental data which thus needs equipment 
such as bulge test or deep draw test and tensile test. Whereas data needed for 
an isotropic material model can be extracted by using a Tensile test. Getting 
new equipment is exorbitant, so industries tend to utilize isotropic material 
model.   

This thesis aims to gather required data to implement 
orthotropic material model using a tensile test machine and commonly 
available camera. 



 13

 

Figure 2.1. Force vs Displacement curve parts. 
 

When a load is applied on a body it gets initially deformed in 
the elastic region and then reaches the plastic zone where Hooks law is not 
applicable. After undergoing some plastic phase, the material begins to 
undergo softening or hardening according to the material property. Figure 
2.1 shows the general force vs displacement diagram during a tensile test.  

Softening or hardening behaviour gradually begins at the end 
of the plastic region. The orthotropic material model or isotropic model 
doesn’t govern hardening or softening behaviour. So, this thesis doesn’t 
concentrate after specimen reaches hardening or softening behaviour.  

  Three different types of materials were tested. They were 
LDPE, PET and Aluminium sheet. All the tests followed ISO standard for 
the tensile test procedure. This research deals with the investigation of 
material models of these three materials. 

 The tensile test data was used to determine Young’s modulus, 
plastic data from true stress-strain curve which was derived from load vs 
displacement data obtained from a tensile test using MATLAB. GOM 
Correlate software was used to performing Digital image correlation. 
Optimization algorithm based on inverse method was built using Python 
programming language. The load vs displacement curve from the simulation 
were compared with that of experiments to determine the accuracy of the 
material model simulated. 
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Research Questions 

1. Are the materials used in this thesis work viz. LDPE, PET and 
Aluminium show orthotropic behaviour? 

2. Does the data obtained from the tensile test machine during the 
experiments and the recording from the digital camera, are enough to 
produce an orthotropic model? 

3. How does the pattern properties affect the tracking ability of GOM
Correlate?

4. What is the best suitable pattern for the infrastructure provided?
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Theoretical Groundwork 

Fundamentals of Solid Mechanics 

 Solid Mechanics is the branch of continuum mechanics that 
studies the behaviour of solid materials, particularly their movement and 
deformation under the action of forces. A standout amongst the most widely 
recognized applications of solid mechanics is Euler-Bernoulli beam 
equation. Solid Mechanics extensively uses tensors to describe stresses, 
strains and the relationship between them. It is about continuum materials 
with defined rest shape. Elasticity and Plasticity depict the state of material 
after applied stresses, which can be identified with rest shape of the material. 
[5] 

 Stress is a physical quantity that expresses the resistive internal 
forces of a material subjected to an external force. While strain is the measure 
of deformation of the material acted upon by external forces. They can be 
mathematically explained as  

 

    (3.1) 

 

    (3.2) 

 

Where  is stress,  is strain, F is external force, A is area,  is change in 
length and L is original length. 

 Elasticity is the ability of a material to resist a distorting 
influence or deforming force and to return to its original shape when that 
force is removed. The shape of the material resumes its normal shape after 
being stretched or compressed. 

 Plasticity state of a material describes the deformation 
undergoing non-reversible changes of shape in response to applied forces. 
Plastic materials with hardening necessitate increasingly higher stresses to 
result in further plastic deformation. 
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Hooke’s Law 

 Hooke’s law is a principle of physics that states that the force 
(F) needed to extend or compress a spring by some distance X is proportional 
to that distance i.e.  

 

    (3.3) 

 

Where k is a constant factor characteristic of the spring, its 
stiffness and X is small compared to the total possible deformation of the 
spring. It also holds in cases like elastic bodies. 

 An elastic body for which this equation 3.3 could be assumed 
is said to be ‘linear-elastic’. Hooke’s law is only a first-order approximation 
to real response of elastic bodies to apply forces. It must eventually fail once 
the forces exceed some limit since no material can be stretched beyond a 
maximum size, without some permanent deformation or change of state. 
Many materials will noticeably deviate from Hooke’s law well before those 
elastic limits. [6] 

  However, a single vector cannot describe the strain state in a 
solid around some point. It can be stretched or compressed along different 
directions while pulling, pushing or shearing. For that complexity to be 
solved the solid must be represented by two second-order tensors. The stress 
tensor ( ) and the strain tensor ( ). They are mathematically given as 

  

     (3.4) 

 

     (3.5) 

 

Where c is a fourth, order tensor called stiffness tensor and s is called 
compliance tensor. 

They can be represented by 3x3 matrices as 
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    (3.6) 

 

    (3.7) 

 

With a linear mapping between 9 numbers of  and  the stiffness tensor 
is represented as 

 

    (3.8) 

 

 

Yield Surface 

 The yield surface could be described as a boundary between the 
elastic and plastic behaviour of materials. Rolling operations employed for 
the production of alloy sheets produce anisotropy i.e. variation of mechanical 
properties in different directions of sheet metal. In order to model this 
anisotropy in the sheet metal, yield stress ratios can be used to define yield 
surface. [6] 

 

 

Lankford Coefficient 

 Lankford coefficient is the measure of planar anisotropy of a 
rolled sheet metal. This scalar quantity is used extensively as an indicator of 
the formability of recrystallized sheet metals. 

R-value is given by 

 

     (3.9) 
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Where   is plastic strain in a plane and  is the plastic strain through the 
thickness. 

 More recent studies have shown that the R-value of a material 
can depend strongly on the strain even at small strains. In practice, the R-
value is usually measured at 20% elongation in a tensile test. 

 For sheet metals, The R-values are usually determined for three 
different directions of loading in a plane along MD, CD, 45o and the normal 
value is taken to be average. 

 

   (3.10) 

 

The planar anisotropy coefficient or planar R-value is a 
measure of variation of R-value with the angle from MD. The quantity is 
defined as 

 

   (3.11) 

 

 

Hill Yield Criterion 

 The yield function proposed by Hill is an extension of Von-
Mises yield criterion, which had quadratic form. The quadratic Hill yield 
criterion is deviatory stresses dependent and pressure independent. It is given 
by 

 

 
                                                                                                                                                                                               

(3.12) 
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 Hill’s quadratic yield criterion [2] can predict same yield stress 
in tension and in compression cases. For plane stress condition, the yield 
criterion reduces to 

 

 (3.13) 

 

F, G, H, N are the parameters that describe the anisotropy of the 
material. If F=G=H=1 and N=3, Hill yield reduces to Von-Mises criterion. 
[6] 

 The most common method of determining the parameters of 
Hill yield criterion is based on the R-values along MD, CD & 45o i.e. R0, R90, 
and R45 given by 

 

  (3.14) 

 

 The parameters can also be determined by using the yield 
stresses along MD, CD, 45o i.e. 0, 90, 45 and R-value along one direction. 
Depending on whether R0 or R90 is employed, the parameters can be 
determined, respectively. 

 

   (3.15) 

 

    (3.16) 

 

   (3.17) 

 

    (2.18) 
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Elastic-Plastic

 The output obtained from the experiment equipment is a force 
vs displacement relationship, which is transformed into a stress-strain 
relationship. 

 

     (3.19) 

      

     (3.20)  

     

 The obtained values of stress ‘R’ and strain ‘e’ are engineering 
stresses and engineering strains. After obtaining engineering stress and 
engineering strain, the following relation can obtain the true stress and true 
strains. 

The true stress ( ) is given by, 

 

   = R (1 + )    (3.21)  

     

The true strain ( ) is given by,  

 

   = ln (1 + )    (3.22) 

 

In elastic region, the Young’s modulus is obtained by,  

 

 = (3.23)   

         

For plastic region, the strain is given as, 
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 =  +     (3.24) 

  

Where  is elastic strain and  is plastic strain. The plastic part of the 
material starts at yield point.  

The plastic strain is obtained by, 

 

    (3.25) 

 

 

Material Model 

Isotropic Behaviour 

 Isotropic material behaves the same in every direction on 
application of load. These materials show same physical properties in every 
orientation. 

 

Orthotropic Behaviour  

 Orthotropic materials are a subset of anisotropic materials. The 
orthotropic material behaviour is observed in materials, which have been 
manufactured by the rolling process e.g. sheet metal rolling and polymers 
such as LDPE, PET. The material behaves differently on applying loads 
along three mutually orthogonal directions.  

 

 

Orthotropic Elasticity  

 For plane stress condition, the numerical values of E1, E2, 12, 
G12, G13, and G23 are used for defining elastic region in orthotropic 
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materials. In ABAQUS while using plane stress elements the surface (1, 2) 
is considered the surface for plane stress so that 33 equals zero [7]. Shear 
moduli may be required in this case for transverse shear deformation. 
Therefore, G12, G13 are included in defining the orthotropic materials. The 
poisons ratios can be numerically given as  

 

    (3.26) 

 

    (3.27) 

 

Where E is Young's modulus, G is shear moduli,  is poisson's ratio. 

 

   (3.28) 

 

ABAQUS uses the following equation 3.29 of stress-strain relationship for a 
plane stress condition. 

 

   (3.29) 

 

To use equation 3.29, the stability requirement of the material needs to be 
satisfied, which is as follows 

 

   (3.30) 
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   (3.31) 

Orthotropic Plasticity  

 Hill criterion of anisotropic plasticity is built-in ABAQUS. In 
ABAQUS, Hill’s criterion needs user input consisting ratios of yield stresses 
in all directions with respect to reference stress. 

 In fewer cases like sheet metal, forming operations anisotropic 
material data is commonly found in terms of ratios of width strain to 
thickness strain. 

 Generally, for sheet metals to determine anisotropic material 
data ratios of width strain to thickness strain is used. Using mathematical 
relations in equations 3.35, 3.36, 3.37, strain ratios , ,  are to be 
converted into stress ratios, which ABAQUS needs as input data. 

 For a plane stress condition where x, y is considered to be 
machine and cross directions respectively while z is considered thickness 
direction. The type of anisotropy that has been dealt with is characterized by 
different strengths in different directions in the plane of the sheet. This is 
called ‘Planar Anisotropy’. [7]  

 

     (3.32) 

 

    (3.33) 

 

    (3.34) 

  All variables in equations 3.32, 3.33, 3.34 are independent 
from each other. Data for equation 3.32 should be obtained from MD 
specimen, similarly data for equation 3.33 should be obtained from CD 
specimen and data for equation 3.34 should be obtained from 45degrees 
specimen. 
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 ,  are both different and so 
are R11, R22, R33 are all different. By defining 0 equal to 11 in metal 
plasticity condition R11 = 1. 

 

    (3.35)

 

   (3.36)    

 

   (3.37) 

 

 

Inverse Method 

 When testing a material, the complete data required to simulate 
a material model may not be attainable. This may be due to lack of equipment 
or difficulty in obtaining sensitive data. For such cases, Inverse method could 
be used. The aim of inverse methods is to determine accurate parameters 
required to complete a material model. 

The concept of inverse methods is to determine accurate 
parameters required to simulate a material model. An initial guess of required 
parameters is made, and simulation is carried out. Guesses are to be modified 
until simulation reaches experimental result. [7] 

  

 

Digital Image Correlation (DIC) 

 Non-destructive testing includes various analysis techniques 
used in industries for examining the material properties or components 
without causing any damage to the system. It is used for inspecting material 
components and their assemblies for any discontinuities or for the difference 
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in characteristics without any reduction in the serviceability or functionality 
of the entire system. This testing procedure is particularly used to determine 
physical properties of the material such as impact resistivity, ductility, yield 
strength, fracture toughness and fatigue strength. [4] 

 The hybrid numerical experimental methodology can be 
utilized to find the cause of failure as well as to prevent the future failures. 
The particularly imperative strategy in this field of testing is Optical 
Measuring Method (OMM). The method of OMM use in this research work 
is Digital Image Correlation. 

 Digital Image Correlation is a process of studying the material 
behaviour using the images/videos captured during the experiments. This 
process can be used to find out the strains of the materials in lateral as well 
as longitudinal directions. Digital Image Correlation could be used to verify 
if there is any slippage of the materials from the grippers and any other 
unseen errors by the user. [3] 

 
GOM Correlate 
 GOM Correlate is an evaluation software used for 3D testing 
of materials and component testing and a viewer for measurement details and 
results. It is used mainly for parametric inspection of material components 
using Digital Image correlation technique. [8] 

 There are advantages as well as disadvantages in using this 
software for Digital Image Correlation. Accuracy and precision of the results 
produced by GOM Correlate are the main advantage. The disadvantages of 
this software are that it takes plenty of time for processing one recording. 
Another disadvantage is the quality of the video recorded by the Digital 
camera should be high. In addition, the output file of GOM Correlate 
occupies a lot of space. 
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Literature Review 

 S. Cooerman, D. Lecompte, H.Sol, J.Vantomme, D.Debruyne 
et al. have worked in their research on elasto-plastic material parameter 
behaviour by using inverse methods. They compared experimentally 
measured strain field with a strain field computed by a finite element model. 
They tuned the material parameters in FE model iteratively so that 
numerically computed strain field matches the experimentally measured field 
as closely as possible. Optimization algorithm was implemented for the 
material parameters in the numerical model to determine sensitivity matrix, 
which expresses the sensitivities of strains with respect to material 
parameters. [7] 

 Kashif Majeed and Umer Sharif et al. tested Aluminium foil 
for the thickness of 9μm and its adhesion with LDPE for its fracture 
toughness which is found to be Kc = 6.1MPam1/2. The Young’s modulus of 
that Aluminium foil in their work was observed to be 55.653GPa. Therefore, 
our work in this thesis is for much more thickened Aluminium material 
compared to the foil, which will be 2mm and 4mm. [9] 

 Sharon Kao Walter et al. In paper A of her Doctoral thesis titled 
“On the fracture of thin laminates”, she performed tensile test and fracture 
toughness test on a 15x250 mm strip with a centred crack panel and with a 
single edge-notches tension specimen. She found out that the mechanical 
properties of the material like Young's modulus and strength at break and 
load when the fracture occurs as well as fracture toughness of the foil are 
much lower compared to standard handbook values. The edge-notched 
specimen is scanned to follow its fracture path using scanning electron 
microscope (SEM) with a tensile stage. She discovered that no fracture 
surface could be observed using optical profilometry under the microscope. 
She observed that fracture seemed to occur through necking. Although stable 
crack growth is detected before the maximum load is reached and that there 
are no traces of plasticity outside the crack plane. [10] 

 Benjamin Sohnjen and Kai Willner et al. in their report they 
have worked on Inverse parameter identification for orthotropic elasto-
plastic sheet steel. They have used Finite Element Model Updating (FEMU) 
to determine material parameters of sheet steel. From an experimental 
procedure, they have observed that the considered cold-rolled steel exhibits 
orthotropic behaviour. They have used a user implemented material model 
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based on a quadratic yield function and using DIC the displacement field of 
a biaxial loaded specimen is measured from images captured at different 
stages of loading. They used optimization algorithms to minimize the error 
measured while comparing the experimentally determined displacements to 
those obtained from simulation. The FEM model started with initial values 
of orthotropic elasto-plastic material parameters was updated consecutively 
until a specified error margin is reached. [11] 

 In the research, paper of D. Briassoulis and E. Schenttini et al. 
LDPE films are investigated experimentally and numerically using FEM 
under various combinations of pre-tension and uniform pressures. They 
simulated the film behaviour by means of numerical models and with 
material properties obtained from experiments by standard testing methods. 
They have used commercial FE program and non-linear finite shell element. 
They have achieved and a good agreement in elastic region for the cases 
tested experimentally using the two numerical approaches while comparing 
the numerical results obtained with experimental results. [12] 

 Peter Nilsson et al. in his research measured the material 
properties of thin films with DIC and tearing tests of laminate. He worked on 
a laminate between PET (100μm) and LDPE (25μm) film and tested the 
material in five directions namely Machine direction, 22.5o, 45o, 67.5o and 
Cross direction. He used chalk spray and backlight while testing the samples 
for DIC with and without pattern. He calculated that DIC specimens were 
within standard deviations of reference tests. He used GOM Correlate to 
evaluate the strains and to visualise the distribution, which were used to 
calculate the true stresses of specimens and to estimate the Poisson’s ratio. 
[13] 

 In the research paper of Pranay Raj Reddy Maddala et al. he 
investigated the behaviour of polymer packaging films subjected to tension 
and tearing. He tested on LDPE and PET. He incorporated a plastic stress-
strain relationship on LDPE in an iterative approach with the focus put on 
the sensitivity of few parameters by following a simple linear curve fit 
technique in a way that the global and local response is predictable. He 
validated the experimental data by developing FE models. [14] 

 Devi Prasad Buraga and Venkata Seshank Kodavati studied of 
numerical material model parameters and crack tip of packaging materials. 
They have carried out experiments on continuum LDPE along with 
numerical simulation. They have carried out the study on LDPE with various 
pre-existing centre crack tip lengths to observe the stress-strain distribution 
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at the crack tips. They have obtained with a set of parameters by 
implementing optimization algorithm and automated the simulations using 
python code. [15] 



 29

Experimental Work 

 The aim of the experiments was to conduct a Uni-directional 
test on LDPE, PET and Aluminium specimen for different directions (MD, 
CD, 45o angle). With this setup, the experiments were conducted, and the 
data saved was further used to extract necessary information for simulating 
a material model in ABAQUS. 

 

 

Experimental Setup 

The setup for conducting experiments for this thesis work 
consists of a Unidirectional Tensile testing machine provided at Mechanical 
engineering lab in BTH. The Unidirectional tensile testing machine was 
manufactured by MTS. A computer was used to monitor the tensile testing 
machine with the help of Test works software. A digital camera was used to 
record a video of the specimen under tensile test for DIC. The camera used 
was a SONY digital camera with a video resolution of 1280x738 and with a 
frame rate of 25 fps. 
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Figure 5.1. Tensile-testing Machine. 
 

 

Figure 5.2. Grippers for Aluminium. 
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Figure 5.3. Pneumatic Grippers for LDPE and PET. 
 

 

Equipment Configuration  

The equipment used for Unidirectional tensile test was an MTS 
Tensile testing machine having two grippers to hold the test samples, where 
the lower gripper is fixed, and the upper gripper is movable. The load cell 
was fixed to the machine which helps in obtaining the data of the load used 
to pull the specimen during the test. Different load cells were used for 
different materials as they vary in tensile strength. 

 The load cell’s maximum capacity should be more than 
magnitude of force needed to brake the specimen into two. Minimum load 
cell capacity needed is the Ultimate tensile strength of the material multiplied 
by the area of cross-section of specimen. 

For LDPE material, the load cell used was of capacity 100N, 
while for PET the load cell used was 2000N and the load cell used for 
Aluminium was 100,000N. 

 The type of grippers used for polymer materials viz. LDPE and 
PET were pneumatic grippers which were operated using help of air pressure 
delivered by an external air pump. And external air pump has a pressure 
gauge to regulate the pressure of air supply to the grippers.  
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The type of gripper used for Aluminium material specimen was 
a mechanical gripper which clamps the specimen manually with the help of 
human effort. 

 The specimens were locked within the grippers. The gap 
between upper and lower griper was of length 100mm, which was the testing 
length of the specimen without grips. The Tensile-testing machine was 
connected to a computer to obtain the data collected by the load cell during 
the experiment. Test works software was used in the computer to acquire the 
data from Tensile testing machine. Once the specimens were loaded, the test 
would run until the material fails, i.e. fractured. 

 The experimental data was obtained in the form of a signal of 
force and time for corresponding displacement of the material. 

  

 

Specimen Preparation 

 Specimens that were tested in this thesis work are of different 
materials (LDPE, PET, and Aluminium). Each material was tested in three 
directions (MD, CD, 45o angle). All the test specimens follow ISO standard 
for tensile testing.  

 

Figure 5.4. Machine and Cross direction. 
 

Machine Direction (MD) 
 The direction in which the material was rolled during its 
manufacturing process is called Machine Direction. 
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Cross Direction (CD) 
 The direction perpendicular to the Machine Direction of a 
material is called Cross Direction. Generally, the materials are a bit stiffer in 
the cross direction. 

 

45o angle Direction 
 The experiments were carried out in an additional direction. It 
was 45o angle direction which means the material specimen is prepared in an 
angle of 45o between the Machine Direction and Cross direction. This 
direction was chosen as material data was required specifically from this 
direction in equation 3.34.  

 Different types of specimens of all the three materials. The 
types of the specimens are listed below: 

LDPE MD (14 m thick) 
LDPE CD (14 m thick) 
LDPE 45o angle (14 m thick) 
PET MD (100 m thick) 
PET CD (100 m thick) 
PET 45o angle (100 m thick) 
Aluminium MD (2mm thick) 
Aluminium CD (2mm thick) 
Aluminium 45o angle (2mm thick) 
Aluminium MD (4mm thick) 
Aluminium CD (4mm thick) 
Aluminium 45o angle (4mm thick) 

 
Carton packets manufactured by Tetra Pak have multiple layers 

of different thin materials. LDPE  of 14um and PET of 100um thickness are 
currently being used in packaging industries, So they were considered for 
this thesis. Aluminium specimens of 2mm and 4mm thick were of interest 
because they were been most commonly used thicknesses for automobile 
parts in automotive industries. And these thin aluminium were manufactured 
by rolling, So it's most likely they show orthotropic material behaviour and 
were considered for this thesis.  
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 The specimens of LDPE and PET were cut from the rolls of 
material provided by us. While the Aluminium specimens were provided at 
BTH with required accurate dimensions. 

 The Tensile tests in this work were performed according to ISO 
527-3 standard for LDPE, PET. And for Aluminium specimen ISO 6892-1 
standard was followed. These standards specifically instruct recommended 
dimensions for the Uni-directional tensile test carried out on thin film plastics 
(<1mm thick) and for metals (<=4mm thick) respectively. 

 ISO 527-3 standard specifies a minimum of five tests to be 
carried out each material. Specimens that undergo unexpected failure while 
experimentation should be out ruled. And specimens which fail under 10mm 
of elongation should be repeated. This standard instructs that if specimens 
fail to meet the requirements, the data should be analysed statistically but the 
result should not be used. For tensile test should be 100mm of length initially 
between the grips i.e. the effective length of the specimen whereas the width 
should be between 10 to 25 mm and the total length of the specimen should 
not be less than 150 mm. If the material exceeds the measurement device 
range the gap between grips can be reduced to 50 mm. ISO 6892-1 standard 
specifies a minimum of three specimens to be carried out each material. 

 

                                               

Figure 5.5. (a) Specimen cutting directions.      (b) Specimen dimensions. 
 

Five specimens of each LDPE, PET and three specimens of 
each Aluminium of 2mm and 4mm thick were tested. Grip for LDPE and 
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PET specimens were considered 50 mm as they were cut manually from the 
raw material according to the comfort of the user while for Aluminium it is 
25 mm as the specimen is provided with standard measurements. 

LDPE and PET were available as long sheets, using a sharp 
knife they were cut into required dimensions and size. The materials were 
cut with the dimensions of 100mm in length,15mm in width along grips 
needed. That is a total of dimensions with 200mm in length,15mm in width. 
They were cut from the LDPE and PET sheets in Machine direction, Cross 
direction and in the direction of 450 angle between them. The cut should be 
smooth or else during the tensile test, there is a possibility of damage 
initiation at edges of specimen leading to inaccurate data. 

Peeling of PET: A laminate of PET and LDPE was provided by Tetra Pak. 
PET was peeled from the laminate. For peeling plexiglass staff of length 
about 50cm had been used. Plexiglass was used because when the material 
is peeled off with bare hands there is a possibility that the material can get 
stretched which will not be accurate to test as it has already undergone some 
stresses. So, the material is peeled for about 10-20mm at a corner with hands 
and then  the plexiglass staff is placed between the two layers and turn the 
staff slowly without the material getting pre-stretched. The peeled PET was 
used to make the specimens. 

 

 

Experimental Procedure 

 Specimens according to dimensions and were ready to be 
sprayed and mounted between the grippers. The Tensile-testing machine was 
connected to a computer. Test works software version 4.07 was executed on 
the computer. Initial input configuration like test speed, gripper space, units, 
frequency were given to it. Load and extension values in the software were 
ensured to be made zero before the start of the test. 

 A spray paint was used to spray on the specimens before the 
start of the test which helps in identifying the deformation of the specimen 
when observed in the recorded videos/photos captured by DIC software. For 
very thin specimen like LDPE spraying paint on it would affect its properties 
Due to this LDPE was not painted, and two lines were drawn on the surface 
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extending to the width of the specimen. A digital camera was set up to 
capture the specimen while running the test. 

 The specimens were mounted in between the grippers so that 
the specimen length would be perpendicular to the axis of the upper 
crosshead, which pulls the specimen up during the experiment. The specimen 
should not be tilted in any direction. The separation between the two grippers 
is the length of the specimen that is to be tested. So, the specimens are fixed 
between the grippers with 100mm gap between them. Polymer material 
specimens were fixed using pneumatic grippers while Aluminium specimens 
were fixed between mechanical grippers manually with the help of human 
force. To prevent errors, it was made sure that both grippers of the tensile 
test machine were parallel to each other and perpendicular to the length of 
the specimen. 

 The test was started in the software and simultaneously the 
recording was started with a digital camera. The test runs, and the upper 
crosshead moves upwards pulling the specimen with the given test speed of 
10mm per minute. The specimen was pulled until it was fractured completely 
throughout the width. Upper crosshead of the machine returns automatically 
to initial position after the test was completed. Simultaneously the recording 
was stopped in the digital camera. Force, displacement and corresponding 
time data were obtained. The plots of force, displacement data could be seen 
in real time in test works software during the test. The tested specimens (two 
fractured parts) were carefully unmounted from the grippers and the data in 
the Test works software was saved and exported. Each specimen was 
repeated with the same procedure for testing and after obtaining the data for 
all the specimens, the data and the recordings were copied to a flash drive. 
Machine and the computer were turned off after the use and the air pump for 
pneumatic grippers should be turned off. 

  

MATLAB

 Data collected from the test works software during the 
experiment was imported into MATLAB. True stress, true strain data was 
derived using the code developed in MATLAB. Using true stress-strain curve 
Young’s modulus of the material was obtained by calculating the slope of 
elastic region. And plastic data was obtained by considering the positive 
values of equation 3.25 in MATLAB code. True stress-stain curves can be 
seen in appendix 12.2. 
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 The MD, Cd and 45-degree direction’s load vs displacement 
graphs data are plotted like in figure 5.6, so that specimen behaviour could 
be clearly observed and to determine if the material is orthotropic or 
isotropic.  

This procedure was repeated for all three materials in MD, CD 
and 45-degree angle direction. 

 

Plots to compare specimen behaviour: 

LDPE: 

 

Figure 5.6. Force vs Displacement of LDPE from the experiment. 
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PET: 

 

Figure 5.7. Force vs Displacement of PET from the experiment. 
 

Aluminium: 

 

Figure 5.8. Load vs Displacement of 4mm Aluminium from the experiment. 
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Figure 5.9. Load vs Displacement of 2mm Aluminium from the experiment. 
 

 Load vs Displacement curves reflects the characteristics of 
specimens. If a material is isotropic, the material properties are to be same 
i.e. the curves from Load vs displacement plots should be similar with 
respective to load and displacement. 

The Load vs Displacement curves begins to fall as specimen 
fails as they may undergo necking or crack initiation. So, if the curves are 
same i.e. they follow each other till necking occurs the material is isotropic.  

In case of LDPE, PET and Aluminium 2mm thickness the MD, 
CD and 45degrees direction’s load vs displacement curves are very different. 
So, these materials are orthotropic, and an orthotropic model will be 
implemented for each of them. 

It can be observed in the figure 5.8 Aluminium of 4mm 
thickness is isotropic as the MD, CD and 45-degree directions load vs 
displacement are similar. 
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Table 5.1. Youngs Modulus of materials from MATLAB using Experimental 
data.

Materials Youngs Modulus 
(N/mm2)

LDPE MD 163 

LDPE CD 139.9658 

LDPE 45o angle 147.68 

PET MD 4082.64 

PET CD 3963.04 

PET 45o angle 3186.24 

Aluminium MD 2mm 30,459.09 

Aluminium CD 2mm 33,549.14 

Aluminium 45o angle 2mm 37,610.35 

Aluminium MD 4mm 26,318.98 

Aluminium CD 4mm 26,108.198 

Aluminium 45o angle 4mm 28,546.20 
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 Numerical Simulation  

 For an accurate result in FEM software ABAQUS, the input 
data like the geometry of the component, material properties, application of 
boundary conditions were to be created as accurately as possible. This 
required reviewing the many options that ABAQUS provides and choosing 
the suitable ones. 

  The detail description in the above part of experimental work 
informs that the input required for numerical simulation of an FE model in 
ABAQUS is obtained from the output of the tests conducted in the 
experiments which in this case are tensile tests.  

 For the numerical model in ABAQUS 2D shell type element 
was selected for the materials viz. LDPE, PET and Aluminium. The shell 
element was appropriate because it takes less computational time and would 
be much stable. 

 The thicknesses of all the specimens in this thesis were very 
much less compared to the length. So, the plane stress element was 
considered for meshing them. For that reason, plane stress/plane strain option 
was used while assigning sections to the model and define the thickness of 
the model according to the material i.e. 14 μm for LDPE, 100 μm for PET 
and 2mm & 4mm for Aluminium specifying the thickness improve the 
accuracy as the Software(ABAQUS) can rely less on approximation. 

 The units in the numerical simulations of different models were 
assumed according to the convenience as the ABAQUS CAE doesn’t 
demand any standard units. The output of simulations would be in Newtons 
for load and millimetre for displacement or extension. 

 The model was meshed using CPS4R type element as it is 
appropriate for plane stress case because it has reduced integration which 
implies a reduced computational time for the model. CPS4R element is a 4-
node bilinear element with reduced integration and hourglass control. [6] 

 Nlgeom option was checked ON for the models as the strains 
of the models is more in case of polymer materials. 

  The Desired outputs from ABAQUS were defined using 
history output option. 
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 ABAQUS CAE files were created using above described 
options. When a simulation is submitted to ABAQUS, it generates many 
files. The file with INP as extension is particularly useful. This files stores 
data of the simulation model in the CAE file. This INP file was saved and 
was modified to be used in the optimization procedure by inverse method. 

 

 

Components of simulation 

Elastic Model 

 Parameters like Young’s modulus, Poisson’s ratio and shear 
modulus values were defined in the elastic region of the material behaviour. 
Young’s modulus is defined as the ratio of stress to strain of the material or 
it can be defined from a graph as the slope of the true stress-strain curve 
before it reaches plastic region. Engineering stress-strain curve can also be 
used for this purpose.  

 According to the obtained results from the tensile test of the 
experiments, Young’s modulus values are observed to be different for 
different directions of same materials, which means they show orthotropic 
behaviour. For orthotropic materials, Shear modulus was required and was 
calculated by using equation 3.28. 

 

 

Plastic Model 

 The measures engineering stress-strain distribution obtained 
from the force vs displacement from the experimental tensile tests were used 
to determine the true stress-strain distribution of the material. The true strain 
contains both elastic strain and plastic strain represented by ee and ep, 
respectively. The plastic region in any stress-strain curve would be after the 
end of the elastic region. The plastic part starts when material starts to yield. 
The value of plastic strain before yield is zero. 

 The true stress and true strain values were calculated in 
MATLAB. From them the plasticity of the material determined, and plastic 
data is obtained. 
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Element types 

 Element types used in ABAQUS for this research work were 
of the Quadratic Element type. They are linear element type and Quadratic 
element type. This element type was used to mesh the material model for 
nodes for its simulation accuracy sake. [7] 

 

Linear Element type: The linear element type uses linear 
shape function for the model while meshing, which will result in linear 
deformation (ax+b) along the element. 

Quadratic Element type: The quadratic element type uses 
quadratic shape function which means when between two points this type 
element has been used deformation along the edge which follows a quadratic 
function(ax2+bx+c). 

 The use of different element types was based on the 
requirement of accuracy and deformation of the result. For smaller 
deformations, linear element type gives accurate enough results while in 
larger deformations quadratic element gives a result that is more accurate. 

 In this research work, the element type CPS4R element was 
used, which is a bilinear plane stress quadrilateral, reduced integration, 
hourglass control element. 
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Optimization Procedure 

Overview 

Optimization was implemented to improve a product design in 
a virtual environment so that experimentation can be reduced. The 
optimization procedure was based on Inverse method which says to logically 
minimize the difference between the real word or experimental result and 
numerically simulated ones, by manipulating the unknown or suspected 
parameter which was wrong.     

 In this case, to implement an orthotropic material model there 
is a need for more data which cannot be determined by tensile test. The 
missing parameter that was needed is strain at 20% of the elongation in the 
specimen in thickness(d33) for MD, Cd and 45degrees direction and it has 
three different values in three different directions. These guesses were used 
to calculate Abaqus required input yield stress rations i.e. R11, R22, R33, R12, 
R23, R13.  

So, one combination of all three d33 variables in equations 
3.32, 3.33, 3.34 gives one combination of R11, R22, R33, R12, R23, R13. Every 
combination was calculated and tested in this algorithm to find the 
appropriate values of R11, R22, R33, R12, R23, R13. 

As the specimens were very thin they were dealt with plane 
stress condition. So, it is assumed that R12=R23=R13 as in plane stress 
condition effect of stresses in the thickness direction is negligible. So, it is a 
reasonable assumption to be made. 

 Optimization procedure code was ground up built by using 
Python programming language. ABAQUS inbuilt python restricts its 
interaction to modules provided within it, so it can’t be used for other 
required modules by the code. For this reason, a python interpreter and 
required modules are been installed and used with the code.    

 ABAQUS supports a feature known as parametric study. To 
use this feature, A PSF file must be written and it had to be accompanied by 
required simulation’s INP file. INP file contains all the necessary details 
having information about material data, mesh size and other necessary detail. 
They are necessary for a simulation to be executed in ABAQUS. The PSF 
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file has information about variables which are to be guessed and has its own 
syntax.  

Creating a PSF file was also difficult as it needs to add 
hundreds of guesses and manually doing it would be not feasible. A syntax 
specified by ABAQUS for a PSF file was studied and the code was written 
that could generate and execute PSF files. This creates ODB files which have 
simulation results in it. Results from ODB files were used to compare and 
determine better data for the orthotropic model.    

 

  

Implementation

 Anything in ABAQUS could be accessed using Python 
programming language. Running a job in ABAQUS CAE having specimen 
geometry and material data gives an INP file.  

ABAQUS CAE was built and executed for one case of each 
specimen case and modified its generated INP file. It was modified using a 
syntax which is suitable for parametric study. All the python scripts and the 
modified INP file should be in the same directory so that when the generated 
PSF file by python script is executed, it should be accompanied by relevant 
modified INP file. 

 

 

Figure 7.1.Core tasks. 
 

Figure 7.1 represents the core tasks for the code to achieve. A 
PSF file (Parametric study file) was to be generated which must be in the 
same directory as modified INP file. The code generates a PSF file by 
calculating Yield strain ratios from guess values and then execute the 
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generated PSF file using ABAQUS command line. Calculated yield strain 
ratios from PSF file and data from the modified INP file were phrased and 
results would be generated as ODB file for each guess values. 

Many other files along with ODB files would be generated. But 
in additional to ODB files, PES files are particularly useful. If a result of 
ODB file seemed to be interesting, PES file of that ODB (PES file belonging 
to an ODB will have the same name) could be imported into Abaqus to get 
its complete ABAQUS CAE model. 

As core task of generating results was completed, results from 
ODB files were to be extracted and processed so that additional guess could 
be provided if needed. 

The ODB files generated should be accessed using ABAQUS 
in-built python odbaccess module. The results obtained are in the form of 
load vs displacement for each ODB were written in a text file. Using text 
files plots were made so that results could be visually observed. The 
generated text files were further used by the code to determine the best 
simulation which is closer to the experimental result. Generating Plots is not 
necessary, but it’s a good idea as they could be used for cross-checking 
algorithms result. 

Since unknown parameters were strain in thickness direction 
the values of them must range from zero to one, as thickness direction 
undergo reduction in cross-section during tensile test. Since the range of 
unknown parameters were constant guesses were submitted in bulk during 
each iteration. Iterations with new guesses data was submitted until the 
difference between experimental data and best iteration data obtained were 
close. Even though guess range was constant since there are many sensitive 
parameters being dealt with, guesses had to be considered with many decimal 
places leading to many combinations of d33 variables.  

Code which does automatic iterations and code where new 
guesses data were to be given manually were both developed. As in each 
iteration, hundreds of simulations are executed, which takes many hours and 
many gigabits of space.  So, new guesses were given manually to start a new 
iteration after observing the result of performed iteration. 
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Code Structure 

 The python modules used for Optimization of orthotropic models are: 

Subprocess- The subprocess module allows to spawn new processes, 
connect to tyhhe input/output/error pipes and obtain the return codes. 
This module intends to replace several older modules and functions. 
Glob- The glob module fins all the pathnames matching a specified 
pattern according to the rules used by the Unix shell, although results 
are returned in arbitrary order.  
Matplotlib- The matplotlib is a python 2D plotting library which 
produces publication quality figures in a variety of hardcopy formats 
and interactive environment across platforms. 
PyQt- The Qt module is a dependency for Matplotlib. 
Odbaccess- this module is used to open the ABAQUS odb files in the 
python script. 
NumPy- This module adds support for large, multi-dimensional 
arrays and matrices, along with a large collection of high-level 
mathematical functions to operate on arrays. 
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Figure 7.2. Code working flowchart. 
 

The python algorithm that had been developed could be divided 
into three parts. One is the main script and other two supports by responding 
to the main script. 

 

PSF script (main script) 
 The PSF script contains blocks in the left column of the 
flowchart figure 7.2. A range of guess values and dMD, dCD and 
d45(material data) were given. R11, R22, R33, R12, R23, R13 are calculated 
according to the formulas. 

PSF file would be generated and using subprocess module the 
PSF script would be executed. Now ODB files were generated. OBD script 
and Plot script were called for further ODB processing. 

ODB script 
This script works on ABAQUS python which was shown in 

middle column of the flowchart figure 7.2. ODB files are accessed using 
odbaccess. numPY module was used to interpolate the data from ODB files. 
Experimental data was interpolated and compare them with ODB files data. 
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The difference between experimental data and each ODB file is calculated in 
the region of interest (i.e. softening and hardening part is excluded). The 
ODB with a least total difference is determined, which is the result. The name 
of the best ODB file is written into a file name sumdiff.csv. 

 

Plot script 
  This script undertakes block plots in flowchart figure 7.2. The 
text files generated by ODB script is imported and plotted with the 
experiment data, so that difference between ODB files experiment data can 
be visualised. This script uses matplotlib python module. 
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DIC working procedure using GOM 
Correlate 

 The recordings of the tensile test carried out during the 
experiment of each material’s specimens were captured in a digital camera. 
The recording of the specimen using a camera was started simultaneously 
with the start of the tensile test. The camera must be focused on the test 
specimen for a useful video. 

  

 

Figure 8.1. DIC spray patterns on Aluminium specimens. 
 

 The digital camera was setup in such a position that it would be 
in straight and parallel to the specimen. The spray paint on the specimen was 
made sure to be neat and clear for the GOM Correlate to recognize the pattern 
on the surface. The level of the camera from should be of the same level of 
the test specimen during recording. This avoids errors in DIC software GOM 
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Correlate. The specimen should be recorded until the test was completed i.e. 
until the specimen was fractured. This helps in finding the behaviour of the 
specimen even at the edges. Once the recording is done, it is copied to a flash 
drive and loaded in GOM Correlate to study. 

 Opening and running the GOM Correlate, the input of the 
software is the high-quality digital recording of the tensile tests. After 
importing video to GOM Correlate the next step was to specify the area of 
interest in the video and a surface component was to be created. 

 GOM Correlate analysis every frame of the recording. Then 
required information from a selected point on the surface component or 
overall deformation could be selected.  

 GOM Correlate data would be useful to observe localization 
caused in the test specimen. Data like strains distribution would be helpful in 
understanding the material behaviour.  

To determine the effect of pattern on the performance of DIC 
software GOM Correlate, three different types of spray paints were used on 
a single test specimen. This made the comparison of different types of 
patterns reasonable. Classification of spray paints were based on the fineness 
of the painted particles. Much fine spray, fine spray and a little less fine spray 
were used for this purpose.  

 

 

Pattern Review 

 Three different sets of spray paints were used on a single 
specimen. Much fine spray, fine spray and a little less fine spray are used for 
testing better pattern.  

 

 

Figure 8.2. Pattern review. 
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 The above figure 8.2 illustrates three different types of paint 
sprays that is painted on a single specimen. The left and right-side parts of 
the specimen were sprayed with very fine and fine sprays, respectively. And 
middle portion of the specimen was spared using a large spray. 

The video from this tensile test was imported to GOM 
Correlate. Three surface components were created for each pattern with same 
facet size and point distance so that they can be compare. Displacement field 
in the horizontal direction was selected. GOM Correlate computes every 
frame of the video and displays displacement fields. Figure 8.3 was one of 
the frames where GOM Correlate was not able to track displacement in some 
regions. These areas which can be observed as non-coloured areas in figure 
8.4. 

 

 

Figure 8.3. Three Surface Components. 
 

 
Figure 8.4. (a) Less diverse grey scale.  (b) Dark spot. (c) White spot near 

dark area. 

A zoomed-in picture of figure 8.3 at untracked area by GOM 
Correlate is shown in figure 8.4. 
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As GOM Correlate works by identifying the greyscale of a 
particular pixel in frame. Grayscale values of each pixel range from 0 to 256.  

For GOM Correlate to identifying the movement of the pattern 
particles the grayscale must be vivid enough. GOM Correlate cannot trace 
the path of much fine particles because of their grey scale similar which can 
be seen in figure 8.4 (a). 

Fine pattern produces dark spots and some variation in 
grayscale, which can although produce pattern particles with different grey 
scale GOM Correlate lost track in some areas. 

The large spray pattern is found to be better for GOM Correlate 
in tracking the path of the pattern particles as the spray paint particles are not 
too big and too not too small as well which produces a different greyscale 
with acceptable facet area which is apt for DIC using GOM Correlate. A 
better pattern should be such that it produces diverse grey scale value. It is 
also observed that a dark spot has better performance as grayscale values 
were very different within the dark spot as can be seen in figure 8.5, but white 
spots have no variations as can be seen in figure 8.4 (c). And it's also worth 
noting that even if black spots look uniform in colour to one’s naked eye, it 
has variations in grayscale values. 

A picture of a better spot in pattern suggested is illustrated with 
zoom-in is illustrated below. The spray should be such that it produces 
different grey values all over the specimen.  
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Figure 8.5. Suitable pattern for DIC. 
 

 By observing the above pattern performance, the ideal pattern 
for GOM Correlate is to have a big black sprayed pattern spots with different 
intensities and the white spots in between should be covered by using the fine 
spray. This produces vivid grey scale values. 

By observing GOM Correlate behaviour following conclusions 
can be made. As GOM Correlate tracking ability is dependent on diversity 
between grayscale values, increased camera pixel numbers will only improve 
the GOM Correlate performance if the grayscale values are diverse enough. 
The grey scale variation should be large which helps to GOM Correlate to 
track the pattern if not the facet size or point distance while creating surface 
component needs to be increased which may result in less precise result. 

 Three specimens of Aluminium are tested with above 
suggestions so that an accurate result can be obtained from GOM Correlate. 
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Figure 8.6. Results from suitable pattern. 
 

 

Extraction of data 

Using GOM Correlate data at a point of interest on the 
specimen can be obtained. The data could be major strain, minor strain, 
displacement etc. Poisson's ratio can be obtained by dividing minor strain by 
major strain. All the data of the interested points can be exported out of GOM 
Correlate in csv file for further processing in other software or can be seen 
on screen as in figure 8.6.  
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Results 

 The load vs displacement obtained from experiments and those 
obtained from simulations from ABAQUS are compared to each other to see 
the differences between them. 

 

 

GOM Correlate 

 For an orthotropic material model in the elastic region, the ratio 
of strain in length to strain in width is needed. This data was collected before 
the material reaches plasticity. Therefore, time at which plasticity is reached 
is checked by MATLAB code and data is taken from GOM Correlate at 
desired time step. Since width change is a ratio having same units in the 
numerator and denominator it doesn’t have any units. 

 

Table 9.1. Width change ratio of materials from GOM Correlate. 

Material Width Change ratio v12 

PET-MD 0.3728 

PET-CD 0.3846 

PET-45 degree 0.4569 

Aluminium 2mm-MD 0.895 

Aluminium 2mm-CD 0.916 

Aluminium 2mm-45 degree 0.895 

Aluminium 4mm-MD 0.85 

Aluminium 4mm-CD 0.867 

Aluminium 4mm-45 degree 0.905 

 

For width change at 20% elongation is used to calculate the 
equations 3.32, 3.33, 3.34 where equation 3.32 used MD direction, equation 
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3.33 uses CD direction, equation 3.34 uses 45-degree data. This data can be 
seen in table 9.2. 

 

Table 9.2. Width change at 20% elongation during the test from GOM 
Correlate. 

Material Width Change  

PET-MD 0.2695 

PET-CD 0.3383 

PET-45 degree 0.29925 

Aluminium 2mm-MD 0.10725 

Aluminium 2mm-CD 0.138 

 

The Young’s modulus can be calculated, but as DIC software’s 
(such as GOM Correlate) can’t produce stress data. So, only strain data is 
used from GOM Correlate and stress is taken from the true stress-strain curve 
in the tensile test at a required time. Young’s modulus can be seen in table 
9.3. 
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Table 9.3. Young's Modulus of materials from GOM Correlate. 

Material Young’s Modulus (N/mm2)

PET-MD 3499 

PET-CD 2244.37 

PET-45 degree 2294.63 

Aluminium 2mm-MD 46,398.49 

Aluminium 2mm-CD 23,742.57 

Aluminium 2mm-45 degree 32,270.54 

Aluminium 4mm-MD 26,065.38 

Aluminium 4mm-CD 18,455.875 

Aluminium 4mm-45 degree 16,559 

 

Yield Stress Ratios   

The Yield stress ratios obtained were obtained from 
the algorithm are illustrated in below table 9.4. This data is valid 
for simulating specimen of a material in every direction.  

Table 9.4. Yield stress ratios from Inverse method. 

Material R11 R22 R33 R12 R13 R23 

PET 1 1.0134 2.0752 0.0899 0.0899 0.0899 

LDPE 1 1.0013 18.4071 0.8630 0.8630 0.8630 

Aluminium 
2mm 

1 1.0096 2.5685 0.901 0.901 0.901 
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Orthotropic Models   

As hardening or softening behaviour was not considered it this 
thesis. So, softening or hardening part in the following curves were removed 
and not considered in calculating the difference between experimental and 
simulation result in the python code. 

Load vs displacement plots from simulations using Isotropic 
material model and experimental data and Orthotropic material model are 
plotted below to makes it convenient for compare. Orthotropic model plots 
are made by using the yield stress ratios from table 9.4. 
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Aluminium 2mm 
 

 

Figure 9.1. Orthotropic Aluminium 2mm MD. 
 

Figure 9.2. Orthotropic Aluminium 2mm CD.



 61

 

Figure 9.3. Orthotropic Aluminium 2mm 45degrees.
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PET: 
 

Figure 9.4. Orthotropic PET MD. 
 

 

Figure 9.5. Orthotropic PET CD. 
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Figure 9.6. Orthotropic PET 45 degrees. 
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LDPE

 

Figure 9.7. Orthotropic LDPE MD. 
 

 

Figure 9.8. Orthotropic LDPE CD. 
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Figure 9.9. Orthotropic LDPE 45degrees. 
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  Discussions and Conclusions 

 By observing the results from simulations of material models, 
a conclusion can be drawn that Orthotropic material model seem reasonable 
and reliable. So, it can be replaced with isotropic model without any worries 
for practical application in industries. 

 The difference between experimental and simulated results 
were because of limited guess values iterations. If the number of iterations 
increased more accurate results could be obtained. Softening and hardening 
phenomena’s have their own governing principles, orthotropic model would 
be more accurate if softening or hardening is implemented as they can handle 
some errors. 

It was also observed that isotropic model also has comparable 
results as orthotropic model, this is because the simulation and experiment 
conditions are same for the isotropic model. Isotropic material model is 
limited for simulate materials with material data in that direction. Whereas 
orthotropic mode can be used to simulate specimen from other untested 
directions. For example, in this thesis specimen of the Machine direction, 
Cross direction, 45degerees direction are tested, the Isotropic model can’t 
simulate if the specimen is of different shape or directions, but the orthotropic 
model can do it as it has data in three principle directions of material.  

 As the Isotropic material model is limited, it is an appropriate 
choice to invest time in developing the Orthotropic material model. This 
thesis has proven that without investing in new equipment for unknown 
material data optimization algorithms are a reliable alternative. 

Using all combinations of all three guesses variables take a lot 
of computational time and processing power. The computational time and 
processing power can be reduced by considering three d33 are same in 
equations 3.32, 3.33, 3.34, this assumption is not practical in the real world 
and each direction has their own yield stress ratios in this assumption. For 
this result to be useful the simulation specimen must not have much width. 
But this assumption reduces computational time by many hours. So, they can 
be used where much accuracy is not needed. The yield stress ratios see in 
appendix 12.6. 

As GOM Correlate and tensile test have their individual data 
recording speed, data at the time need by GOM Correlate may not be 
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available in tensile test data. So, next nearest data is considered. This makes 
Young’s modulus derived from GOM Correlate less accurate. 

 

 

  Discussion on Tensile tests 

 Comparing the load vs displacement plots of each material in 
all the three directions viz. MD, CD, 45o angle direction it was seen that for 
LDPE material MD specimen needs more load to elongate that CD and 
45degrees specimens. Whereas in Aluminium 2mm and PET MD specimen 
require less forces than CD specimens and 45degrees specimen. 

 In addition, the displacements of the MD direction specimens 
of PET and Aluminium 2mm were higher than CD direction specimens and 
45o angle direction specimen has relatively lesser values of displacements. 

  The repetition of experiments for all the materials were 
acceptable enough and can be used for FEM simulation of numerical models 
in ABAQUS. 

 It is also observed that as the thickness of aluminium increases 
it loses its orthotropic behaviour. Aluminium foils were known to show 
orthotropic behaviour and in this research, its was observed that 2mm thick 
Aluminium specimens show Orthotropic behaviour while 4mm thick 
Aluminium specimens won't. 

 

 

  Contribution to research 

Polymers and Thin materials manufactured with rolling 
process produce a material with deformed or elongated grain structure 
leading to Orthotropic material behaviour. Using an accurate material model 
is the core of every simulation.  

In this thesis, the orthotropic material model was developed, 
which could bring a notable change in the core of simulations in the future. 
DIC patters were studied and suggestions were made to improve pattern 
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quality thus assuring accurate material data from DIC software. And 
suggestions were made to improve DIC patterns. 

 

 

  Future Work 

 The orthotropic model can be tested for crack models and 
complex shapes and the relevant parameters can be further optimized. 
Custom equations for LDPE, PET like polymers can be developed and 
implemented for the plasticity modulus in ABAQUS. They would increase 
simulation accuracy and reduce the number of iteration in optimization, this 
could considerably increase accuracy may be with a considerable reduction 
in computational time.  

The DIC pattern developed can be adapted to varying changes 
influencing DIC accuracy such as camera megapixel. 

 

 

Figure 10.1. Comparison of old pattern with new MATLAB pattern. 
 

 For example, in figure 10.1 the left one is the counter of a 
pattern. The right one is the patter with dark pixels increased so that the 
pattern can be used in case of a less resolution camera. Code for the above 
change is pattern darkness included in this thesis appendix 12.7.1. This code 
could be further improved by using different image processing algorithms so 
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that a best pattern for a given scenario could be generated by an algorithm 
reducing manual labour. 

 Spraying in DIC method takes a long time and sometimes 
patters may not be reproducible as they are done with the hand. Tattoo-like 
procedure can be developed by studying the adhesion properties of different 
types of paints or the pattern can be printed on a paper with an 8-Bit printer 
(8-Bit image is the quality used by GOM Correlate so no loss in accuracy 
will occur) to reduce errors and manual effort. 
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   APPENDIX 

  Plots of data from Experiments 

Our tensile test machine records Time, Load and displacement data. For 
LDPE and PET five specimens for each direction are tested and for 
Aluminum 2mm and 4mm thick three specimens are tested. In below plots 
represents specimen followed by specimen number for each material type. 

 

PET: 

 

Figure 12.1. Load vs Displacements of PET MD for all specimens. 



 72

 

Figure 12.2. Load vs Displacements of PET CD for all specimens. 
 

 

Figure 12.3. Load vs displacements of PET 45 degree of all specimens. 
 

LDPE: 
 The abrupt peaks in the LDPE plots are due to noise generated by the sensor 
used during tensile test. This noise is only seen in the experiments conducted 
with LDPE because the LDPE specimen is very thin and very less load is 
needed for its extension. it has been filtered, this noise in MATLAB code 
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and then generated true stress and strain curves which are further used to 
calculate Young's modulus and plastic data.  

 

 

Figure 12.4. Load vs displacements of LDPE MD for all specimens. 

  

Figure 12.5. Load vs displacements of LDPE CD for all specimens. 
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Figure 12.6. Load vs displacements of LDPE 45 degree for all specimens. 
 

Aluminium 4mm thick: 
 

 

Figure 12.7. Load vs displacements of Aluminium 4mm MD for all 
specimens. 
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Figure 12.8. Load vs displacements of Aluminium 4mm CD for all 
specimens. 

 

 

Figure 12.9. Load vs displacements of Aluminium 4mm 45 degree for all 
specimens. 
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Aluminium 2mm thickness: 

 

Figure 12.10. Load vs displacements of Aluminium 2mm MD for all 
specimens. 

 

 

Figure 12.11. Load vs displacements of Aluminium 2mm CD for all 
specimens. 
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Figure 12.12. Load vs displacements of Aluminium 2mm 45 degree for all 
specimens. 

 

 

   True stress-strain plots 

These plots were used to determine the Young’s modulus by 
measuring the slope of the elastic region (straight line at beginning) of the 
curves. Plastic data is also taken from the true stress-strain data.  
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Figure 12.13. True stress-strain curves of PET. 
 

 

Figure 12.14. True stress-strain curves of LDPE. 
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Figure 12.15. True stress-strain curves of Aluminium 4mm. 
 

 

Figure 12.16. True stress-strain curves of Aluminium 2mm. 
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  Load cell calculations

For LDPE, ultimate tensile strength is 7 MPa. 

For PET, ultimate tensile strength is 60 MPa. 

For Aluminium ultimate tensile strength is 130 MPa. 

Minimum load cell capacity needed = ultimate tensile strength × area 
of cross-section of specimen 

Minimum load cell capacity for LDPE =7*0.014*15= 1.47N 

Minimum load cell capacity for PET =90*0.1*15=135N 

Minimum load cell capacity for Aluminium 2mm thick is  
130*2*15 = 3900N 

Minimum load cell capacity for Aluminium 4mm thick is 
130*4*15=7800N 

Available load cells at the lab were 100N,2000N,100kN. 

So, 100N load cell is used for LDPE specimens, 2000N load cell is 
used for PET specimens and 100kN load cell is used for Aluminium 
for 2mm & 4mm thick specimens. 

 

 

  Data from recorded videos of LDPE specimen 

LDPE used in this work are only 14um in width. Since it is very 
thin spraying paint on LDPE would alter its material properties. So, two 
lines were drawn on the specimen and video is recorded during the tensile 
test.  

 From the video, data is manually measured using a ruler and 
required data i.e.  width change ratio and width change were calculated. 
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  Procedure  

Modelling in ABAQUS

Create model database using Standard/Explicit 

Part: Modelling space 2D planar - Deformable type with shell base 
feature 

Draw 2D continuum model geometry of dimensions 100x15 (mm). 
For orthotropic specimens’ part were modelled as in figure 12.17. For 
isotropic all specimen was modelled as figure 12.17 (b)  

     

 

       Figure 12.17. (a) 45degrees.           (b) CD.                            (c) MD. 
 

Material properties like density, Young’s modulus and poisons ratio 
in elastic behaviour, plastic data in plasticity behaviour must be 
given. For an isotropic material Type: isotropic was selected, and for 
an orthotropic material Type: Lamina could be selected, and potential 
option should be used for the orthotropic material for yield stress 
values. 
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Figure 12.18. Material data. 
 

Assign sections and select material and tick plane stress/strain option 
and give required specimen thickness. 

Assign material orientation orthotropic specimen simulation as seen 
in figure 12-19. 
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Figure 12.19. 45-degree model with material orientation. 
 

Create step module in static general type. And Nlgeom option was 
turned on. And add appropriate time period with reasonable 
increment size as per the material as in figure 12.20. 

 



 84

Figure 12.20. Increments. 
 

The Geometry was meshed using independent instance type. The 
geometry was meshed using quad element shape with structured 
technique by number of seed edges. 

Reference point was created on the top of specimen and a coupling 
constraint was created by selecting top edge and reference point. The 
constraint region type is node Region. 

Lower corner was constraint by giving Encastre boundary condition 
and Load was given as displacement on reference point so that the 
simulation closely represents Uni-tensile test.  

Required history outputs were defined and job was created with 
double precision and rest options were by default 

 

 

 

GOM Correlate 

Open GOM Correlate and click new project. 
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Drag and drop the image series or video into the window. 

Click on surface component.       

 

 

Figure 12.21. Create surface component. 
 

Enter Facet size, point distance and select area need to create surface 
component on. And click Create. 

Use point inspection to create necessary points  

 

 

Figure 12.22. Create point GOM Correlate. 
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Click on necessary option needed to get data on point. This data can 
be exported to txt or csv files.  

 

Figure 12.23. Selecting needed data GOM Correlate. 
 

 

Modified INP file 

INP file could be written using specific syntax standardized by 
ABAQUS. As manually creating INP was not practical. ABAQUS CAE file 
with necessary simulating data has been created. By executing job in 
ABAQUS an INP file would be creates which could be modified. INP file 
has nearly 900 lines so only modified part is only shown.  

First an INP file generated by the required simulation is needed. 
In this case R11, R22, R33, R12, R13, R23 are needed by ABAQUS, which 
are generated by the code by using three guessed d33 in respective 45degrees, 
MD and Cd directions. R11, R22, R33, R12, R13, R23   values are embedded 
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in the PSF file generated by the code. For ABAQUS to know R11, R22, R33, 
R12, R13, R23 are the values to run simulations with the following lines 6 to 
12 and 839 are needed to be added to INP file. 

 

Figure 12.24. Modified INP file part-1. 
 

 

Figure 12.25. Modified INP file part-2. 
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  Considering only one guess variable 

 

Table 12.1. Yield stress data considering only one guess. 

Material R11 R22 R33 R12 R13 R23 

PET-MD 1 0.9912 1.6342 0.9623 0.9623 0.9623 

PET-CD 1 0.9622 0.7693 1.1250 1.1250 1.1250 

LDPE-MD 1 1.0216 2.8325 1.0846 1.0846 1.0846 

LDPE-CD 1 1.3046 0.9029 1.3268 1.3268 1.3268 

Aluminium 
2mm-MD 

1 0.9530 1.9244 1.0188 1.0188 1.0188 

Aluminium 
2mm-CD 

1 0.9530 1.9244 1.0188 1.0188 1.0188 

 

 

 

 

  Programming Scripts 

MATLAB

Code used for true stress-strain data, plots, plastic data 

area=15*0.014
initialLen=100
load('s1MD.mat') %loadN , Extension mm,time s 
%%
extension=Extensionmm   %VarName2 
Load=LoadN       %VarName1 

plot(extension,Load)
xlabel('displacement or extenison in mm') 
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ylabel('load in N') 
grid on
%%
sLoad=smooth(Load)
strain=extension/initialLen
stress=sLoad/area
%%
tstress=stress.*(strain+1)
tstrain=log(1+strain)
figure
plot(tstrain,tstress)
xlabel('tstrain')
ylabel('tstress')
grid on
%%
youngsm=163
ep_strain=(tstrain)-(tstress/youngsm)
% plastic data starts from +ve of ep_strain
%%
fplastic=[tstress(55:9515), ep_strain(55:9515)] 
plot(fplastic(:,2),fplastic(:,1))
%%
smPlastic=fplastic(1:70:8000,1:2)
 

 

 

Code used to make pattern dark 
a=imread('sample_pic.jpg')
rgb_a=rgb2gray(a)
sum=a(:,:,3)+a(:,:,2)+a(:,:,1)
sum_copy=sum
thres=sum>140
[x,y]=find(thres==0)
number_of_values=length(x)
rand_values_to_change=number_of_values/3
rand_vec=rand(round(rand_values_to_change),1)
%%
min_dark = 150; 
max_dark = 225; 
r = (max_dark-min_dark).*rand_vec + min_dark; 
%%
% increase image darkness
for i=1:length(x) 

for j=1:length(y) 
        sum(i,j)=r(i) 
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end
end
imcontour(sum)

Python

All the modules needed for this code could be installed 
individually from the web or default included in Anaconda python 
distribution. Python 2.7 version was used in this thesis as ABAQUS uses it. 
This could avoid any compatibility problems. As mentioned early in Chapter 
7.2 two types of codes were developed. Automatic code is a slightly modified 
version of manual code. This code iterates itself until the desired result is 
obtained or if it reaches until maximum iterations specified. This code is not 
much used as one iterations takes a long time and it is also desired to see how 
guess effect difference for every iteration, so if anything goes wrong it can 
be corrected, thus saving time. This code has some minor changes from 
above manual code to make it automatic, and admin rights are needed to run 
this code successfully. As codes were very lengthy GitHub links are provided 
below to be accessed. 

 

 

Manual code link: 
https://github.com/ramkirank/ThesisPython_abaqus/tree/master/manual 

 

Automatic code link: 
https://github.com/ramkirank/ThesisPython_abaqus/tree/master/automatic 
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  Related images  

 

Figure 12.26. PET LDPE Laminate. 
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Figure 12.27. Camera setup for recording. 
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Figure 12.28. Aluminium Samples after tensile test. 
 

 

Figure 12.29. Example for the totalled difference output file from Python 
code.

 

 In figure 12-29, left side numbers show the total difference 
between experimental and results from ODB files. Negative values are 
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obtained if the ODB result load is less than that of experimental for the 
displacements considered. The last line shows the best ODB file. If Abaqus 
model is needed for the interested ODB a PES file with same name as ODB 
can be found it that directory, by importing it complete Abaqus model can 
be seen for it. 
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