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Abstract:  

This report focuses on the study of nanomaterials as a packaging material for the 
food industries. Reviews were carried out and the various properties exhibited 
by various nanomaterial used in the packaging industry were looked into. An 
investigation was also done on carbon nanotubes which are used to a large 
extent as reinforcing materials in the development of new class of 
nanocomposites. 
This report also traces the cause of sustainability problems associated with the 
use of nanomaterials in the food packaging industry. It analyzes and extrapolates 
the prospect of additional capabilities that human may gain from the 
development of nanomaterial in the food industry in order to ascertain 
environmental sustainability. 
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1. Notation 

E               Young’s Modulus             [GPa] 
 

υ                Poisson’s ratio    
 

ε                Strain                                [GPa] 
 

σ               Stress                                [GPa] 
 

Lc                    Length of CNT                 [nm] 
 

L               Length of Matrix              [nm] 
 

h               Height of Matrix               [nm] 
 

w              Width of Matrix                [nm] 
 

X              X-Direction 
 

Y              Y-Direction 
 

Z               Z-Direction 
 

Abbreviation 
 

BEM   Boundary Element Method 
 

      FEM          Finite Element Method 
 
                  CNT          Carbon Nanotubes 
 

SWNT       Single Walled Carbon Nanotubes 
 

MWNT      Multi Walled Carbon Nanotubes 
 
                  MD       Molecular Dynamics 

 



 6

2     Introduction 

   The word nanotechnology is obtained from the Greek word nano. It means 
“dwarf” and is the scientific and engineering progress in the control and 
understanding of matter at the scale of 1-100 nanometers (nm). It is also 
concentrated around particles and devices that are so small that they need to 
be measured in nanometers (nm), or one billionth of a millimeter. It is 
probably soon be a base for attaining widespread benefits, which include 
smarter electronics, improved health and cleaner source of energy. The 
extent in which nanotechnology can be exploit is great. The possibilities 
that nanotechnology possess has lead many of us to accept that it may bring 
about a radical change in technology. 

 
   Studies that were carried out recently show that there is tremendous 

potential of having greater control of things at smaller dimensions. So it can 
be concluded that once materials are reduced to less than 100 nanometers, 
they become influenced by quantum physics, and assume completely new 
properties. When these materials are manipulated properly, they can be 
used for composites which can result in a tremendous increase in a 
material’s strength, decrease in weight, as well as change in optical, 
conductive, and magnetic properties [1]. 
 
Most of the research that has been carried out in the past were focus on 
composites with issues such as weight, stiffness and strength. But with the 
discovery of carbon nanotubes (CNTs) by lijima [2] attention was then 
concentrated on their exceptional stiffness, high strength weight ratios and 
toughness combined with finest quality of electrical and mechanical 
properties. Most researchers came to the conclusions that Carbon nanotube 
(CNTs) may provide ultimate reinforcing materials for the development of 
nanocomposites material used in the food packaging industry. These 
properties that are shown outwardly by engineered nanoscale materials not 
only bring about new benefits but may lead to unplanned health and 
environmental risks. 
 
The word “nanotechnology” puts into action several field of research; 
nanomaterials are the raw, fabricated particles created to achieve the 
results; and nanocomposites tends to comprised of nanomaterials bound to 
other materials, in order to make the technology usable for the benefit of 
human kind. Nanomaterials have contributed to development of the food  
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packaging in diverse application area. Nanotechnology is here to stay 
and already forms the basis of a number of commercially available 
products.  

 
However, nanotechnology has already provoked public concern and 
debate. There have become driving forces in the development of 
packaging technology. It has had a tremendous impact in the packaging 
industries in recent times. Their enormous multifarious, has made 
researchers to put tremendous effort in an attempt to coax 
nanomaterials into providing extended shelf life, higher barrier 
properties, temperature control, fighting microbes, and helping in 
inventory control. However, much attention is also paid to the safety 
aspect of these nanomaterials as their tiny size may allow them to 
penetrate into the human body, and may remain in the system. 

 
The following pages and chapters focus therefore on the review of 
nanomaterials in food packaging and sustainability and also develop a 
simplified finite element method (FEM) to make legally valid that finite 
element method (FEM) has the capability to bring forth good estimates 
in characterizing nano and microscale composites that are used in the 
packaging industry. However, studies were focus mainly on the food 
packaging industry; hopefully its potential applications could solve a 
myriad of challenges when packaging food substances. Effort will be 
made to considerable extent to explore the promise, and the potential 
drawbacks, of nanotechnology in the food packaging industry. 
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3     Previous Research on nanomaterial in 
       Packaging                                                          

3.1    Definition  
 
         It is hard to imagine a world without packaging. From the point the goods 

are manufactured to the point were the final product is used by the 
consumer, packaging provides the functions of making the products 
suitable for transport, protects the products from physical barrier between a 
product and the external environment. It is also used to ensure hygiene and 
reduce the risk of product wastage, chemical and biological hazards. It may 
serve as a medium of transferring information and instructions for which 
there are some legal requirement that are easy to understand. It is the 
objective of packaging to use the most effective and economic materials to 
bring to pass these functions. 

  
Packaging is the science, art and technology of enclosing or protecting 
products for distribution, storage, sale and use. It can be referred to as the 
process of design, evaluation and production of packages. These materials 
are likely constructed out of selected material or combination of materials. 
 
Materials used for packaging are continually changing to meet today’s 
need. Packaging can be referred as a socioscientific discipline that carries 
out its operation in a world society to provide delivery of goods to the final 
consumer in a state intended for use. Also the materials used for packaging 
requires a wide variety of selection and choice. The selection of these 
materials varies from the characteristics of the products to the consumers 
requirements 
   
Commercial packaging serves two basic functions which are:  
 

A. To protect the product from damage during transportation  
B.  To promoting the product to the final consumer.  

 
Packaging is of great importance to both the buyers and sellers of a 
product. It helps to prevent spoilage, breakage, tampering and make  
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      products easier to identify. Packaging can also be seen from economic 
perspective [3, 4, 5] and also provides a means of inventory control in 
order to maintain profitability where brands are in constant competition 
with one another. 

 
3.2  Brief History of Food Packaging  
 
Packaging of food can be seen as an evolving industry. Our forefathers 
instinctively preserve their food one way or the other, also find means 
of transporting them from one place to the other. Ancient men consume 
food almost directly as they were found. So there was little need for 
packaging of food items either for storage or transportation. 

 
Packaging was not much of a big deal then because their foods were 
seemingly crude and simple. As times passes, food also got more and 
more complex to a period where containers became necessary. Food 
was therefore packaged in the form of gourds, shelves and even leaves. 
Later containers where made from natural materials such as hollowed 
logs, woven grasses and animal organs. When ores and chemical 
compounds were discovered, metals and pottery were developed 
leading to other forms of food packaging. [6] 

 
Fabrics were got from furs. Fibres were matted into felts by plaiting or 
weaving. Theses fabrics were made into garments used to wrap 
products or formed into bags. The remains of these earthen pots and 
leather pouches are today the treasure troves of archaeologists and 
palaeontologists. It is now clear that theses early forms of packaging 
were very rudimentary and not always hygienic, with the result that 
daily life at that time revolved around the search of food. 

 
From the use of containers that were provided from nature to the use of 
complex materials and processes, Packaging of food items has changed 
certainly all through the years. Food packaging technology through out 
the past three decades has developed in a fast way and various factors 
were responsible for the growth and development that took place all 
through the years. 
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3.3      Food Packaging and Nanomaterials  
 

         Today the role of food packaging technology is constantly changing and 
also increasing at a rapid   rate.  Packaging that incorporates nanomaterials 
which are made up of lighter materials, which are resistant and handling 
proof tend to be on the increase. There is an increase in food quality with 
the help of nanomaterials which have replaced traditional packaging 
materials.  

 
      Packaging is a serious act, due to the fact that it sticks to the food product 

all through the whole food services supply chain. It tends to have an affect 
on the quality of the whole food supply chain in terms of features, 
information and cost aspect. 
 
Due to the proper design and manufacturing of food packaging items today, 
all the skill, quality, and reliability built into the food during growing, 
processing, and preparation are not wasted and tends to ensure safe delivery 
to the consumer in prime condition at an economic cost. 
 
Nanomaterials are been developed with enhanced mechanical and thermal 
properties to ensure better protection of food from the exterior, mechanical, 
thermal, chemical or microbiogical effects, permeation properties 
modification, increase in barrier properties, as well as developing active 
antimicrobic and antifungal surfaces (see [7]). Because of the complex, and 
fragile nature of food, packaging of food has been one of the most 
important areas of nanotechnology development. 
 
With the recent developments that have been taken place in 
nanotechnology, manufacturers are able to modify the structure of the 
packaging material on the molecular scale to provide the packaging 
materials with desired properties. These properties that are possessed by the 
packaging material after modifications will act as a means of increasing the 
shelf life, efficiently preserve flavour & colour, facilitate transportation & 
usages of food product and this in turn will make the food products 
cheaper, production more efficient and sustainable through less water and 
chemicals.   
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      In the near future nanotechnology will cover a wide scope of  
applications that have the capability to meaningfully rise to a more 
desirable level the quality and safety of food.  

 
 

                     3.3.1       Benefits of Nanomaterials in Packaging  
       

           The use of nanomaterials in food packaging tends to have a great impact 
in our daily life in so many different ways. However customers may not 
be aware of this changes which were made possible through the use of 
nanomaterials in the manufacture of food package. However there are 
so many benefits that can be achieved from the use of nanomaterial in 
the manufacture of food packaging items and they are listed below. 

 
 Barrier Properties 

 
Barrier properties are one of the most significant aspects in food 
packaging. The gaining access into the food products by light, moisture 
or gases tends to have an effect on the sensory characteristics of the 
food product as well as promote the growth of spoilage. The use of 
nanomaterials tends to enhance the barrier properties of the food 
packaging. The use of polymers enhanced with nanomaterials is geared 
towards reducing cost of packaging materials and these properties have 
allowed manufacturers to dramatically extend shelf life. [1] 

           
 Spoilage  

 
Spoilage is taking as an important issue in the food packaging industry, 
as it can have enormous effects on both image and the bottom line. 
Research and development in nanomaterials for food packaging are 
seen in this area. The use of nanomaterials in food packaging helps to 
bring to the notice of customers and store owners that a particular food 
items has declined food quality. [1] 
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3.3   Nanocomposites 

               3.4.1      Nanocomposite characterises  
 

Among the various existing nanotechnologies available, the one that 
has attracted more attention in the packaging field is the 
nanocomposites.  Nanocomposites are materials that are composed of 
two or more constituents where at least one is defined at the nanoscale. 
Nanocomposites are used generally to make effectively as possible the 
material properties of the constituents in order to increase the stiffness, 
strength and toughness. 

 
Nanocomposites have been described as the great frontier of material 
science in food packaging. It possesses huge potential to enhance the 
quality and safety of packaged foods by increasing the barrier 
properties of the packaging materials in order    to ensure an increase 
in the shelf life of food products. 

 
The use of nanocomposites food package also improve the barrier 
performance to ultraviolet rays, tends to drastically add to the 
electrical and thermal conductivity as well to the mechanical strength 
properties of the original material, dimensional stability and heat 
resistance, while maintaining a level of transparency and also offer the 
possibility of recyclability (See [8]). 

 
So many systematic procedures have been adapted in the past to 
understand effectively the material properties of nanocomposites used 
in the packaging industry. Computational approaches tend to play an 
important role in the characterization of nanocomposites. Molecular 
Dynamics (MD) simulations are used for simulations that involve small 
scale, while continuum mechanics is a typical approach used for large 
scale models. More details can be found in [9]. 

 
Nanocomposites modelling and stimulations can be made possible at a 
very low cost using a computer and the computational approaches made 
mentioned above and they can play an important role in characterizing 
nanocomposites. Carrying out molecular approach at the molecular 
level tends to occupy a lot of memory on the computer in order to solve  
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      problems that involve large scale and hence it is limited to small 
scale models. 

 
The two most commonly used numerical techniques in continuum 
mechanics are the finite element method (FEM) and the boundary 
element method (BEM), both of which play an important role in the 
characterizing nanocomposites used in packaging of food. (See [9, 
10]) 

 
                        3.4.2         Nanocomposites Materials 

 
Nanocomposites are materials that are made of nanoscale structure 
that improve the macroscopic properties of   product. Typically 
nanocomposites are clay, polymer or carbon, or a combination of 
these materials with nanoparticles building blocks. The various 
nanocomposites used in food packaging industry are listed below. 

      
 Polymer Clay Nanocomposites or Nanoclay 
 Silica Nanocomposites or Nanosilver 
 Polymer carbon Nanotubes Nanocomposites 

 
Each of these nanocomposites materials listed above tends to posses 
unique properties and functions and therefore a proper understanding of 
them is necessary to enhance and to take advantage of their properties in 
the food packaging industries. 

 
                 3.4.3         Polymer Clay nanocomposites or Nanoclay 

 
 Recent development of polymer clay nanocomposites is one of the 
most important evolutionary steps in nanotechnology which makes 
them to be an effective item in the food packaging industry (See 
[11]). Clay nanocomposites represent a set of polymers that are 
strengthen with a minimum quantity of nanometric sized clay 
particles. It posses advantageous properties such as high stiffness 
and barrier resistance. 

   
                            Clay nanocomposites or nanoclay are among the most nanotechnological 

material used today in the food packaging industry. This is because they  
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                        can improve material properties at a simultaneous rate without any significant 
trade off. [12] 

 
It tends to significantly improve barrier against oxygen, carbon dioxide, 
chemicals and water vapour which   make them ideal candidate in the 
food packaging industry for improving the shelf life of products. It also 
provides outstanding surface appearance of food container with smooth 
surface and high scratch resistance. 

 
They also act as a unique solution for down gauging the film while 
maintaining the same barrier level which leads to a low weight food 
packages and greater economy. Their chemical, water resistance can 
enable them to be used in plastic container for storing food and other 
beverages. 

 
3.4.4           Silica Nanocomposites or Nanosilver 

Another nanocomposite that is making waves in the food packaging 
industry is nanosilver. Nanosilver is pure de-ionized water with 
silver (Ag) in suspension. Due to the fact that silver posses 
antibacterial properties it was known for thousands of years ago with 
the ancient Greeks cooking from silver pots and also with the old 
adage which states that ‘ born with a silver spoon in his mouth’ 
which implies that it is more than just a wealth. 

 
Silver nanoparticles tend to have a large surface area relative to 
volume, which allows them to interact with other particles and 
increases their antibacterial efficiency which makes them an 
important candidate in the food packaging industry. [13] 

       
Major concern in the world today is focus on the safety of food and 
the procedure it undergo during processing, packaging and also 
storage. When nanosilver are applied in packaging of food it tends to 
eliminate cellular metabolism, inhibit cell growth and also refrain the 
growth and manipulation of those bacteria and fungi which will give 
rise to odour, sores of food items and this will lead to an increase in 
the shelf life of the food item and also stop spoilage. 
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                    3.4.5         Carbon Nanotube Nanocomposites 
 

            Carbon nanotubes was discovered by ljima in 1991[2], and this    
discovery has stirred up scientists and engineers in this field of 
research. They are very small in size, having strength of 20 times 
that of high strength steel alloys, half as dense as aluminium and 
also have current carrying capacities of 1000 times that of 
copper. Carbon nanotube (CNT) diameter is represented in 
nanometer range and its length in micrometer range [14]. 

 
 Carbon nanotube (CNTs) can be classified into single walled 
carbon nanotubes (SWNT) and multi- walled carbon nanotubes 
(MWNT). The SWNT has a structure which is hollow and it is 
formed by covalently bonded carbon atoms and can be taken as a 
thin graphene sheet that is rolled into a cylindrical shape and the 
CNTs are sealed at both ends using the hemispherical caps and has 
a diameter that is ranging from 0.7-5.0nm with a thickness of 
0.34nm [15]. 

 
Multi-walled carbon nanotubes (MWNT) possesses a large number 
of graphene sheets which are rolled C0-axially together to form a 
cylindrical tube that is made up of 2-50 of these tubes and also 
made up of an inner diameters of 1.5-15.0nm and an outer diameters 
of 2.-30.0nm (see Fig 2-2). Armchair, zigzag or chiral nanotubes 
can be formed (see Fig 2-3) depending on the angle the graphite 
sheet is rolled. 

 

 

              Figure 3.1. Graphene sheet rolled into SWNT and MWNT [16] 
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                  Figure 3.2. Armchair, zig-zig and chiral nanotubes [17] 

Carbon nanotubes have the potential to offer high stiffness and strength 
which makes it to be effectively used in the food packaging industry. 
The series of development in nanotechnology has made incorporation of 
single walled nanotubes [SWNTs] into polymeric matrix very effective 
and theses makes it to act as a reinforcing material and makes it to be an 
important candidates in the food packaging industry. It also acts as a 
protective barrier against water and oxygen and makes the food to keep 
fresh and longer when they are stored in a container made up of carbon 
nanotubes. 
 
3.4    Simulation and Experimental Work on  
                     Nanocomposite Related to  

                                             Packaging    
 

A lot of studies both experimental and stimulations have been carried 
out in order to determine the various properties exhibited by 
nanomaterials used in packaging. Among the various existing 
nanomaterial available, the one that has attracted more attention in the 
packaging field is the nanocomposites. 

 
Recently using computational approaches for modeling and 

characterization of nanocomposites has become a challenging research 
topic for many researchers. Researchers have developed presently 
various tools used to carry out analysis in other to calculate the superior  
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properties exhibited by nanocomposites at nanoscale. The approach 
used by researches combined analytical, experimental and 
computational methods in other to tackle these multiscale, 
multiphysics problems encounter in the development of 
nanocomposites used in the packaging industry. 

 
               Also the use of computational modeling techniques as a means of 

determination of the mechanical properties exhibited by 
nanocomposites has proved to be very effective [18-26].The use of 
computational modeling for determining the mechanical properties 
has made it possible to carry out an effective parametric study of 
nanocomposites in order to facilitate the design and development of 
nanocomposites structure which tends to play an important role in 
the development of nanomaterial used in the packaging industry. 
The sole important of carrying out modeling is to understand the 
behavior of matters which is illustrated in the figure below.   

 
 

                                                    
 

                 Figure 3.3. Schematic of developing theory and the validation of  

                                                    experimental data [27] 

It was calculated approximately that carbon nanotube which was    
discover first by lijima in 1991 [2] has a high stiffness, coupled with  

      the fact that it has a Young’s modulus in the range of Tera Pascal (TPa) 
[28]. This extraordinary properties which it possesses make it to be 
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used effectively in the commercialization of nanocomposites which has 
it major application in the packaging industry. 

 
It was also demonstrated that an addition of 1% by weight of carbon 
nanotube in a matrix material resulted in an increase in the elastic 
stiffness of the nanocomposite between 36% and 42%, and tensile 
strength of 25% [29].The mechanical load carrying capacities of carbon 
nanotubes in nanocomposites have also been demonstrated in some 
experiments [30-33] and preliminary simulations have been carry out in 
the past [34, 35, 36] 

 
All these studies shows the great potentials of carbon nanotube 
composites in the packaging industry as well as the enormous 
challenges in the development of such nanocomposites which has it’s 
sole application the food packaging industry. 

 
But characterization of nanomaterial by using experimental method is 
demanding and also costly tasks. In order to prevail over this, 
development and also studying of nanomaterial used in packaging can 
be carried out more effectively using two different techniques which are 
molecular dynamics simulation and finite element method. 
 
3.5.1  Molecular Dynamics Simulation 
 
Molecular dynamics method was brought in the late 1950’s by alder’s 
and wainwright. [37] The making use of molecular dynamics to carry 
out model on nanomaterials used in packaging tends to be a great 
application. 

 
It makes available a molecular level picture of the structure and 
dynamics which act as a use in foretelling the properties of the structure 
and dynamics which act as a use in foretelling the properties of the 
structure at nanoscale and also to foretell the interaction that exists 
between the component phases at atomic scale. Molecular dynamics 
simulations tends to provide correct reading in carrying out studies on 
the material properties at scale in the range of 10-8—10-9m [9] as 
experiments do not provide information necessary to carry out 
simulations on nanomaterials that are used in packaging. 
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At molecular level, molecular dynamics have given rise to enough 
results in order to understand better the behaviour of 
nanocomposites. Griebel and Hamaekers [36] have carried out 
examination on the elastic moduli of nanocomposites by molecular 
dynamics. Also by carrying out Molecular dynamics simulations 
using Parriello-Rahman approach [38] stress- stain curves were 
obtained. 

 
Simulation carried out using molecular dynamics are regarded as 
the central processing unit (CPU) and are also memory intensive for 
particles which are of large number and therefore are limited to 
nanoscale composites with restricted number of atoms.  

 
                  3.5.2       Continuum Mechanics Simulation 
 

                   Continuum mechanics was introduced recently by Fisher, Bradshaw 
and Liu in order to ascertain the effective material properties of 
nanocomposites used in the packaging industry. [39,40,41]. 
Continuum Mechanics deals with the study of behaviour of material 
when it is subjected to outward influences. Examples of external 
influences are force, temperature, chemical reactions and electric 
phenomena. It is used as a means to study alteration or deformation 
that take place in solids which are cause as a results of external 
forces such as gravitational forces, mechanical forces and 
electromagnetic forces. 

 
Computational modelling techniques carried out using continuum 
mechanics require two different approaches which are finite 
element method (FEM) and boundary element method (BEM) [9, 
10]. But this two approaches mention does not always lead to a 
solution that is exact. This theory is put forward as a means to study 
the macroscopic response of nanocomposites material, and it tends 
to be accurate for studies of micro and nano- mechanics.   

 
Continuum mechanics approach has been used in the past to 
examine systematically the global response of carbon nanotube 
based composites, such as deformations load transfer mechanisms, 
or effective stiffness of nanocomposites. [42-44] 
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Studies that have been carried out in the past literature shows that 
continuum mechanics approach has be put into practice for stimulating 
the mechanical response of  individual carbon nanotubes which are 
considered as homogenous and isotropic in nature and are treated as 
beams, thin shells or solid in cylindrical shape. 

 
Results obtained from stimulation using continuum mechanics approach 
places special attention to overall deformation or load transfer 
mechanisms, rather than the stresses applied locally, such as those at the 
interface between the carbon nanotubes and matrix, which may be 
looked into by using the molecular dynamics (MD) approach. 

 
Boundary element method (BEM) other than the Finite element method 
(FEM) is used presently as an ideal tools for nanocomposites and it is 
legal validity has been proven in [45, 46]. However both methods use 
the general ideas of representative volume elements (RVE).The same 
method is now extended to nanocomposites. 

 
Pervious example have been carried out using numerical method based 
on 3-D representative volume element (RVE) with both long and short 
CNTs have been developed using finite element method (FEM) as a 
means of demonstrating significant load carrying capacities of the 
CNTs in a matrix. [9] The results obtained was proven to be in 
excellent agreement with the rule of mixtures results and reported to be 
in agreement with some of the results obtained from experiment in 
literature 

 
The results that were obtained in the chapter ahead provide concrete 
conclusion that finite element method (FEM) is an excellent estimate 
for ascertaining the elastic modulli of nanocomposites. Hence finite 
element method (FEM) in the near future can be use as a means for 
characterizing nanocomposites, in order to cut down computational 
time. 
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4. Previous Research on Sustainability             
                    Related to Food Packaging                              

   
4.1 Introduction  
  
Sustainability refers to the methods of doing business that minimise 
adverse effects on the environment. It is the effort put in to provide 
the best outcome for human and the natural environments both now 
and in the future and the use of raw materials, energy, water 
resources with minimal waste. 

 
The general idea of sustainability has been bumping around 
different industries in recent years. In fact, so many businesses have 
made sustainability their guiding philosophy. Due to the fact that 
environment are one of the key considerations in sustainability, 
Sustainability is coming to the mainstream and promises to be the 
style that will stay and state precisely the future of the food 
packaging industry. 

  
Innovations has been an important part of the packaging sector, and 
the pressure that it generate will stimulate further technological 
advancements, such as the development of new materials like 
polymers as well as processing techniques that makes available an 
increase in functionality with a reduction in the impact it may have 
on the environment. Creating packaging that is sustainable act as a 
key to providing valve to the consumer and maintaining the 
competitive edge. 

 
Due to sustainability, attempts have been made to develop 
renewable materials and nanocomposites that can be applied in all 
aspect of life. Sustainability, whatever is substantial content, will be 
capable of forming a stable system with realities in economic in 
other for it have a hold in the hearts and minds of the packaging 
business.  

 
 In the 80’s and the 90’s, consumers became concerned about the 
environment and the food packaging industry started to redesign  
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            some of their products with environmental considerations integrated 
into process and product designs. Today the food packaging industry 
cannot afford to disregard environmental demands from customers. [68] 

 
      Traditionally, the development of food packaging product has been 

carried out in sequential and compartmentalized process, meaning that 
each design stage starts when the previous one is completed. Figure 4-1 
illustrates this process, and it is also called serial engineering. 

 
 

 

        Figure 4.1. A schematic illustration of a linear process of serial  

                                             engineering. [68] 

 
As a result of rapid development at industry and academic levels, there 
is a lot of improvement in nanocomposites performance when it is used 
in food packaging application. But the use of nanocomposites as food 
packaging materials tend to be challenging, since the demand that is 
made upon it by the food are complex due to specific requirements in 
terms of oxygen, mechanical properties, safety issues and water vapour 
permeability [47]. 

 
Sustainability new approach speaks in term of a “cradle-to-cradle” 
analysis that is set in opposition to   the more traditional “cradle-to-
grave”. The cradle-to-grave idea was intended to make broader the 
mental view in which packaging was examined so that its effects on the  
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environments were taken into record from its creation through its 
disposal. But cradle-to-cradle intends to make broader this 
perspective. But in order to make sustainability more effective, the 
lifestyles and habits of consumption needs to be altered. 

 
 

                    4.2       Sustainability in Food Packaging 
 

   One of the most important focus in the society today is adequately 
satisfied by the demands of the population with food of every kind 
as food play a great number of roles in our everyday lives. But the 
pace in which human demand for food in the world today is 
growing which is as a result of the increasing population. The 
demand for food tends to surpass the ability of the earth to restore 
the natural resources. It is shown clearly that this trend is not 
sustainable. [48] The food packaging industry has been under 
pressure for so many years to bring to a minimum the impacts the 
products will have on the environment.  

 
In spite of the comfort that packaging of food provide to the 
customer, it is till subjected to various arguments due to the fact that 
it has maintained its high profile in the public discourse on 
environmental issues. It is highly regarded as a continually 
occurring point of origin of environmental waste due to its volume. 
[49, 50] 

 
In the food packaging sector the term ‘Sustainability’ is currently 
receiving increasing attention. The impacts it will have on the 
environment is already been debated and it is develop from a 
narrow focus on recycling and waste reduction leading to a debate 
on life cycle environmental impacts on the entire  food packaging 
supply chain. 

 
However the problem associated with food packaging can reduce to 
a great extend through the use of sustainable packaging. Sustainable 
packaging is growing in awareness. People want packaging to 
manifest the fundamental valves of the product that is to say that the 
packaging must be as good for the environment as the food is good 
for the body. 
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To be considered sustainable, the materials used for packaging must be  
up cycled into a product of higher valve with as little as possible impact 
on the environment. The main function of sustainable packaging is to 
protect, distribute and market products and to provide a safe and 
convenient use of its content. In doing so the packaging material adds 
valve to the food product and the added valve include economic, 
environmental (in preventing food product spoilage) and also social 
valves. 

 
But in order to carry out an evaluation of the impacts and benefits the 
food packaging material will have on the environment, and also to 
ascertain opportunities to carry out improvements, we need to take into 
consideration the entire life cycle of the food packaging system and also 
how the food packaging system interacts with the product system such as 
the food or beverage it contains. 

 
However to achieve a change towards a more sustainable food packaging, 
it is not only the food packaging that requires alterations but also our 
lifestyles and habits of consumptions. Again it is easier to paint a picture 
of sustainability in packaging of food, but getting to the final distinction 
is challenging. This can only be achieve through determination, public 
policy, governance and efforts of every members of the valve chain.     

 
                  4.2.1        Benefits of Sustainable Food Packaging 

 
   The usefulness of sustainable food packaging can easily be seen from the 

environmental view, it should also provide economic and social benefits. 
 

 Economic benefits 
 

1) Avoidance of excess cost through more efficient use of food   
packaging materials 

2) Adding valve in the food supply chain, due to the fact that supply 
chain verifications can cause unnecessary expenses or food 
packaging design inefficiencies. 

3) Sustainable food packaging systems leads to competitive advantage, 
that is help reposition a particular food products in packaging market. 

4) It provides a close relationship between customers and suppliers,  
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           for example the development of recovery systems for used in food  
           packaging, can act as a way to build stronger relationships          
           between the customers and suppliers 

 
 Social benefits 

 
1) Increased customers comfort to make ready before hand or use of 

food packaging products, meeting life’s style requirements, 
which include expectations about performance associated with 
the environment. 

2) To reduce to the smallest possible amount food packaging waste 
issue of various levels. 

3) Improved the well being of the community. 
 

                   4.2.2      Sustainable Food Packaging Nanomaterials  
 
         Improvements in characteristics of food packaging materials, such as 

strength, barrier properties, antimicrobial properties, and heat and 
cold stability are been developed using nanocomposite materials. 
These nanocomposites that are used in packaging of food are 
produced from safe, natural raw materials and this basic feature that 
these nanocomposites possess makes them to be more sustainable. 

 
By making use of nanocomposites in the packaging of food, it will 
tend to bring to a reduction the negative influence packaging may 
have on the environment. However no definite statements with 
respect to the environmental performance of nanocomposites in food 
packaging could be found. However a reduction in the total mass of 
polymer required in the food packaging sector as a result of improved 
mechanical strength of materials used in the packaging of food can be 
taken as an environmental advantage as the light weight food 
packaging could reduce environmental load of transportation. 

 
Also the longer the shelf life could account for a longer distribution 
networks with associated drawback in the impacts on the 
environment. Also the use of nanocomposites might assume both 
positive and negative act in the polymer recycling process as regards 
to efficiency and quality of material. 
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                4.2.3       Benefits and Risk on Sustainable Food Packaging  
                                                   Nanomaterials 
   

The success of nanomaterials in the food packaging industry will be based 
on the acceptance of these products which will depend on functional 
improvements, costs and safety. However the benefits and risks of 
nanomaterials in food packaging are summarized below: 
 
 Human Health 

 
Benefits: 

 
• Besides the raise to a more desirable level quality of nutrition 

and safety of foods, there has been a reduction to a large scale in 
the use of antibiotics in the food processing as well as in 
processed food through the use of antimicrobial food packaging 
that is based on nanoparticles, which might lead to a healthier 
food. 

• Technologies which are anti-counterfeit can act as a guard to 
consumers against fraudulent imitation that are not healthy or 
spoiled. 

 
Risks: 
 

•  But unintentional diffusion of nanoparticles from food 
packaging material into food might result in health risk. [51] But 
so far no investigations have been carried out on this yet. 

• The use of antimicrobial in food packaging might cause harmful 
effect to health such as allergies or chronic poisoning. It can 
also lead to a positive widespread of micro-organisms which are 
resistant, which may be difficult to fight against if infection 
results. 

• The use of sensors and smart packaging will not be able final 
stop of problems that exists in food production that may lead to 
food contamination, fewer inspectors, lack of corporate and 
government accountability and the large distance that exists 
between food producers, processors and consumers. [52] 
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 Access 
   
           Benefits: 
 

• Applications of nanotechnology in food packaging can lead 
to an improve in the storage and transportation of food items 
especially in the developing countries. It can also act as a 
means for people in the remote geographic regions to bring 
to the market their agricultural products with less spoilage. 

 
 
     Risks  

 
• Nanotechnology applications in food and food packaging 

could bring up a monopoly in the food sector. [52] Smaller 
producers might be unable to afford the technology to put 
into practical effect especially in under developed countries. 
These might lead to a problem of two class system and 
division in a long term. [53] 

 
 

 Acceptance 
 

Due to the fact that nanotechnology will cause a drastic change in 
food production, packaging, transportation and consumption, it may 
lead to poor acceptance due to cultural concerns. Acceptance may 
also be linked to health risks. 

     
           Benefit: 
 

• The application of nanotechnology in food packaging makes 
available a lot of new and exciting benefits for 
consumers.[54] Nanocomposites will help to avoid spoilage 
of food, [55] which will bring about economic benefits and 
also spoilage prevention which be bring about a cut in 
malnutrition in developing countries. 
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    Risks: 
 

• But it seems uncertain whether investments in nanotechnology 
will lead to a reduction in malnutrition from debates been 
carried over the last two  
decades. [52] 

 
 Privacy 

 
Statements concerning privacy with regards to nanotechnology in food 
packaging have been established. However, issues associated with 
tagging might occur since it provides a close observation of status, 
location and consumer data. 

 
 Environmental Performance 

 
Benefits: 

 
• Nanocomposites used in the food packaging sector tends to have 

a lighter weight cause as a result of improved mechanical 
strength of materials used and theses tends to be taken as an 
environmental advantage.  

• Also the shelf life of the material are also increased which tends 
to allow for longer distance distribution network. It also offer a 
better recyclability and this act as a means to reduce the cost of 
production by bringing to a reduction the amount of material 
used for packaging. 

• Due to the technological merit nanocomposites possess it might 
heightened the use of biodegradable polymers in the packaging 
industry, which might result in resource conservation. [51] 

 
     Risks: 
 

• Nanocomposites can pose a negative influence in the polymer 
recycling process. 

• The use of nanocomposites might lead to the disposition of 
harmful nanoparticles in the environment and they might also be 
less biodegradable and these can cause harm to animals as well 
as the environment.  
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                        4.3     Conclusion: 
 

               It looks clear that nanomaterials will have both direct and indirect 
impacts in the food industry. Most   of the foresee effects are likely to 
have an effect on the choice and quality of foods and in majority of 
the applications. The potentials of nanotechnologies in food 
packaging to create jobs, wealth, well being is very high, but we do 
not have sufficient evidence from studies to show whether they will 
be well received by the public. 

 
Food packaging nanomaterial provides a big opportunity for 
sustainability due to the fact that it has the potential to contribute to 
human health and environmental safety in so many ways. But still yet 
still a lot of problems arise since it challenges the rules of policy, 
regulatory, work place practices and sustainable design. 

 
Information describing the risk to health of nanomaterial is 
developing gradually and many questions are still open and a 
potential increase to exposure as the quantity and types of 
nanomaterial used in the food packaging industry grows. Also food 
packaging nanomaterials moves into a large scale production it will 
just be a matter of time before a progressing as well as release of 
nanomaterials accidentally will occur. 

 
It is therefore important to assess public understanding, reaction and 
potential concerns over the use of nanomaterials and in the any case 
such problems arises, it will be important that any use of 
nanomaterials addressees them. There will be the need for risk 
assessments, and for appropriate regulatory controls to be introduced 

 
 
 
 
 
 
 
 

 



 30

5.     Review of Experimental work of      
        Polymer- CNT Composites. 

     
Recent experimental and theoretical results regarding the mechanical 
properties call to mind that carbon nanotubes hold great promise as a 
possible reinforcing phase in composite materials used in the food 
packaging industry.  The effective utilization of nanotubes in composite 
applications depends strongly on the ability to disperse the carbon 
nanotubes homogeneously throughout the matrix without destroying the 
integrity of the carbon nanotubes. Furthermore, a good interfacial 
bonding is required to achieve load transfer across the carbon nanotube- 
matrix interface, and this is a necessary condition for improving the 
mechanical properties of polymer composites. 

 
Various experimental studies have been carried out in order to determine 
the elastic moduli of polymer carbon nanotube composites. Among all the 
approaches used so far, molecular dynamics has provided enough results 
to better understand the behaviour of carbon nanotubes, polymers and 
polymer- reinforced composites at the molecular level. This is the most 
reliable approach available to study in detail the behaviour of atomic 
interactions, interface load transfer mechanism considering the inter-
atomic forces, van der waals bonding forces etc. 

 
                     5.1       Experimental Set Up  

 
Carbon nanotubes were synthesized in the past by arc discharge using a 
B-doped carbon anode. [69] The arc discharge techniques generally 
involves the use of two high-purity graphite rods as the anode and 
cathode. The rods are brought together under a helium atmosphere and a 
voltage is applied until a stable arc is achieved. The exact process 
variables depend on the size of the graphite rods. As the anode is 
consumed, a constant gap between the anode and cathode is maintained 
by adjusting the position of the anode. 

 
The material then deposits on the cathode to form a build-up consisting of 
an outside shell of fused material and a softer fibrous core containing 
nanotubes and other carbon particles. This procedure gave rise to carbon 
nanotubes with lengths often exceeding tens of microns, which tends to  
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 facilities testing. The tensile testing device (Fig 5-1) [70] was created  
from silicon utilizing micro fabrication techniques.     

         

 
     Figure 5.1. Schematic illustration of the arc discharge device [71] 
 

A thin gold was deposited around the device gap region, which was 
seen to facilitate the adherence of nanotubes to the device. Fig 5-2 
shows one such multiwalled carbon tube spanning the gap. Tension 
was applied utilizing a piezoelectric manipulation holder. 
 

 
 

F                            Figure 5.2. Multiwalled carbon nanotube spanning device gap [72] 
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 During the actual experiment, the piezoelectric drive of the manipulation 
holder was used to impact motion to the spring, which in turn applied 
force to the test device. The total force applied to the nanotube was thus 
the force applied by the linear spring minus the restoring force supplied 
by the testing device. Fig 5-3 shows the experimental configuration in the 
block form. 

 

       

      
                                  Figure 5.3.  Block diagram of experimental set up [72] 
 

Nanotubes were deposited onto the device by dropping via a pipette from 
an ultrasonically dispersed solution of nanotubes. But this process alone 
was sufficient to secure nanotubes at both ends. In some cases, a carbon 
contamination spot was actually formed on one end by converging the 
electron beam.  
 
Also carbon nanotubes can also be synthesized using Laser ablation. 
Laser ablation was first used for the initial synthesis of fullerenes. Over the 
years, the technique has been improved to allow the production of single-
walled nanotubes .In this technique, a laser is used to vaporize a graphite 
target held in a controlled atmosphere oven at temperatures near 1200 _C. 
The general set-up for laser ablation is shown in Fig. 5-4 below. 
 

                 
                                         
                             Figure 5.4. Schematic of the laser blasting process [71] 
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Also in the past the elastic moduli of polymer carbon nanotube have 
been examined by molecular dynamics simulations of a single- walled 
carbon nanotube enclosed firmly in polyethylene. Molecular 
dynamics was carried out in order to determine the stress- strain 
curve. The Parrinello- Rahman approach is used as a means to apply 
external stress to the periodic system.  

Three periodic systems, which are an infinite carbon nanotube, a 
finite carbon nanotube enclosed firmly in polyethylene and also the 
polyethylene matrix itself, where taken into consideration to act as a 
means to compare the elastic moduli of the composite with the rule of 
mixtures and this experiments were carried out using computational 
method. The original structures for the three systems are shown 
below.  

 

F                 Figure 5.5. The nanotubes and the matrix. Left: View of the continuous 
carbon nanotube. Center: View into the polyethylene matrix. Right: 
View of the capped carbon nanotube. [37] 
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                    Figure 5.6. The unit cell of system. Left: View into the finite tube within    
                                      the unit cell. Right: Side view of the unit cell. [37] 

 

                        
   
                    Figure 5.7. The unit cell of system. Left: Front view of unit cell. Right:  
                                      Side view of the unit cell. [37] 
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The results obtained from the elastic moduli of carbon nanotube 
embedded in the polyethylene tend to be in total agreement with the 
macroscopic rule of mixtures in the case of the very long carbon 
nanotube and also the extended rules of mixtures in the case of the 
short carbon nanotube. Conclusions from his method indicate that 
nanotubes aligned parallel to the loading direction should be used for 
effective load transfer. The rules of mixtures takes into account the 
volume fraction of the fiber, while the extended rule of mixtures takes 
the distribution of the fiber into account. [40,41]. 

   
Also in some simulation carried out in the past, the elastic properties 
of polymer carbon nanotube composites have been predicted. [56-58]. 
Here the application of stain has been accomplished by expanding the 
length of the stimulation cell uniformly in the direction of the 
deformation. In this way the stress at different strain valves can be 
calculated successively. Two methods based on the Parrinello- 
Rahman approach, where used among the various techniques used to 
carry out the stimulation. 

First the fluctuation method was used to calculate the elastic 
constants, [59-65] and follow by the dynamic method. The dynamic 
method involves using constant stress molecular dynamics to measure 
the stress- strain behaviour of a material subjected to an applied load. 

 
Also empirical models have been used in calculating the elastic 
properties of single and multilayered nanotubes and it was predicted 
that the Young’s modulus and shear modulus are comparable to that 
of diamond. It has also been stated by some researchers that the 
elastic moduli is insensitive to nanotube geometry such as size, 
helicity and the number of layers. 
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         6.    A SIMPLIFIED FINITE ELEMENT  
         MODEL 

  6.1   Introduction 

Finite element method (FEM) has become a recognised systematic 
procedure used for analysing occurrence that take place in the field of 
structural, solid and fluid mechanics. It is a very important device 
because it can act as a means to study a process that is not possible using 
any other tools and also to find out facts that regards to such process. [66] 

 
In the field of computational mechanics, finite element method act as an 
exceptionally good tool and thus it is very effective in finding a solution 
as regards to complicated problems that has to do with geometrics that are 
irregular and also composites put into use with various boundary 
conditions that are complex in a very short time. 

 
Finite element method based micromechanics has been used extensively 
for the prediction of mechanical properties of nanocomposites. It acts as a 
means to examine systematically the stress concentration of 
nanocomposites, the strain tensor concentration of nanocomposites and as 
well to determine the effect of waviness on the effective moduli of 
nanocomposites. 

 
In the past finite element method using ANSYS has been used to 
characterize the representative volume element (RVE) for long single 
walled carbon nanotube reinforced polymeric composites. The carbon 
nanotube was inserted in the matrix from one end to another in the 
longitudinal direction. 3-D solid elements were employed for both the 
polymer matrix and carbon nanotube because of its capability to better 
simulate the model. [9] 

 
This chapter discusses how finite element methods (FEM) can be used for 
developing nanocomposites. Considering all the assumptions discussed in 
the chapter, Finite element models were developed using ABAQUS 
(commercial FEM software) and the general response of composites were 
looked into after applying a uniform displacement and pressure to it. 
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             Types of Finite Element used in the present work 
 

           1) Shell Element S4 (A 4-node doubly curved general purpose shell) 
   

This element is part of the commercial software ABAQUS and it is 
based on thick shell theory. It serves as a general purpose shell 
elements in the ABAQUS element library. The shell formulation is 
that of finite – membrane strain, therefore this element is used to 
perform large strain analyses and it is widely used for industrial 
application. This S4 uses a normal integration rule with four 
integration points. Also the shell element has six degree of freedom at 
each node (three translations and three rotations). [67] 
   

                 2) Continuum Element C3D8 (8-node linear brick) 
          
                     This element was also used for carrying out modelling on the 

simplified carbon nanotube model. This element uses a normal 
integration with 8 integration points. This type of element is used here 
because it can be used to build models of nearly any shape, size, 
subjected to nearly any loading. [67] 

           
                 6.2      Rules of Mixtures for composites 
  

            Rules of mixtures is a mathematical expression used as a means to 
foretell the material properties of a composites in terms of the 
properties, quantity and arrangement of its constituents and it depends 
on the strength of materials theory. 

 
However the strength of material theory is not effective for determining 
the interfacial stress, but it is very useful for obtaining the young’s 
modulus as well as the Poisson’s ration in the axial and transverse 
direction. By applying the rule of mixtures longitudinal young modulus 
of carbon fibers can be used in this case to legally validate the results 
obtained by carrying numerical works using the finite element method 
(FEM).   
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            6.2.1      Calculation of a simplified Carbon Nanotube model 
 

The process of adding carbon fiber to a polymer matrix act as a means to 
enhance its strength and stiffness. This is demonstrated in the figure below. 

 

                     Figure 6.1. Carbon fiber / Polymer Matrix 

 In order to obtain the rule of mixtures for the model showed above, certain 
assumptions where taken into considerations and are listed below: 
 

 Fibers are uniform, parallel and continuous. 
 Perfect bonding between the fibers and the matrix. 
 Longitudinal loading produces equal stain in the fibers and the 

matrix. 
 

   From Fig 6.1. it is assumed that the load applied in the fibers direction is 
shared between the fiber and the matrix: 

  
             F1 = Ff + Fm                                                                                                     (6.1) 
 
The stress depends on the cross-sectional areas of the fibers and matrix: 

 
             σ1A = σfAf + σmAm                                                       (6.2) 

 
 where A = Af + Am   is the total cross- sectional area of the composites 
 
By applying Hook’s law from the strength of material theory: 
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                  E1ε1A = EfεfAf + EmεmAm                                                                    (6.3) 
 
        Where the Poisson’s contraction has been ignored 
 
But the strain in the fiber, matrix and composites are the same, 
 

                        ε1 = εf= εm ,                                                                                                     (6.4)                                
 
This gives 

            E1A = EfAf + EmAm                                                                                  (6.5) 
 
Dividing through by the area A: 
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But the unidirectional composites, ⎟
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are the same as the volume Vt and Vm = (1-Vt), hence 
             
            E1= EfVf + Em (1-Vf)                                                     (6.7) 

 
                                     
where E1 is the longitudinal tensile modulus of composite 

6.3     A Simplified FEM Model 
 
Finite element method using ABAQUS has been used in this chapter as a 
tool to describe various qualities exhibited by a carbon nanotube / polymer 
matrix.  The finite element analysis that was carried out in the past using 
ANYSYS [9] on a long carbon nanotube reinforced with polymeric 
composites was now split into a rectangular shape carbon nanotube 
reinforced with polymeric composites as represented in the figure 6-2 
shown below. The carbon nanotube was attached to the polymeric matrix in 
the longitudinal direction. Three dimensional (3-D) shell element type was  
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                used both for the carbon nanotube and the polymeric matrix. The finite element   
model developed here tends to show and established the fact that finite element 
method (FEM) can be use effectively as a means of determining the overall 
responses of nanocomposites. 

 
               Table 6.1. shows the material properties of the model 

 
   Material properties [36] 
 
Model Eqq of CNT 

     (GPa) 
Poisson’s 
ratio of    
  CNT 

E of matrix 
     (GPa) 

Poisson’s 
ratio of  
matrix 

   (a)   403.85    0.23    0.6142 0.4850 
 

      The elastic properties of the polyethylene matrix and matrix are considered 
Isotropic [9]       

                                            
    Dimensions of carbon nanotube are as follows 
 
      Length of carbon nanotube (Lc) = 11.25nm 
 
      Width of carbon nanotube = 0.34nm 
 
      Height of carbon nanotube = 0.01nm 

 
     Dimensions of polyethylene matrix are as follows 
 
      Length of matrix = 11.25nm  

 
Width of matrix = 1.56nm 

 
      Height of matrix = 0.01nm 
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Stimulation WorkStimulation Work  
          Figure 6.2. Carbon nanotube reinforced with polymeric composites 
 

Efficiency is very important in providing solution for solving the current 
problems which results actually in degree of freedom which is large. The 
elements that is assigned the boundary conditions is called the finite 
element model and this element 

 
assigned with a group of equations which convey the mechanical 
properties, boundary conditions, imposed displacement and other 
properties through which analysis is carried out in order to foretell the 
behaviour of the object that modelling is been carried out on. 

 
                  Finite element method (FEM) can be carried out using theses steps stated      

below. 
 

 Pre-processing of the data inputted, in order to discretize functions 
and equations 
  Solving the matrix equation through computational analysis  
 To get back the solution, by carrying out post-processing of the output 

results. 
(See Appendix A) 
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         6.4      Analytical Results and Validations 
 

   6.4.1      Methodology to Evaluate Effective Modulus of Composite  
 

Calculations were carried out using solid mechanics for the simplified 
Carbon nanotube (polyethylene matrix/ CNT) model. Effective Young’s 
modulus of the composite system in the longitudinal direction is calculated 
from the forces (F) produced on the surface area (A), where displacement ∆L 
is applied on the FEM model. The modulus of elasticity is then calculated 
using the general Hook’s law given as follows: 

 

    Elastic modulus = E = ⎟
⎟

⎠

⎞

⎜
⎜

⎝
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Δ
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L
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F
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 Where L is the original length  

 
 

 Analytical Calculation (MODEL A) 
 

 
 
           Figure 6.3. Analytical Carbon Nanotube model 

 
    With reference to Table 6.1. 
 
    Dimensions of carbon nanotube are as follows 

 
 Length of CNT (LC) = 11.25mm 

 
          Width of carbon nanotube = 0.34mm 
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                  Height of carbon nanotube = 0.01mm 
 

                 Dimensions of polyethylene matrix are as follows 
 
                 Length of matrix = 11.25mm  
  
                 Width of matrix = 1.56mm 
 
                 Height of matrix = 0.01mm 
 

     Displacement applied to both matrix and carbon nanotube = 1mm 
 

     Stain = 
ngthOriginalle

Extension  = 
L

LL −Δ                                                     (6.9) 

 

     which gives = 
25.11

25.1125.12 −  = 88.9 x 10-3 

 
    Area of a rectangle = Length x Breath                                              (6.10) 
                               = 11.25 x 1.9 
                               = 21.37mm 
 

    Elastic modulus = E = ⎟
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                             F   = 
L
LEA Δ  

 

    which gives       F = EAε                                                                   (6.12) 
 
    Area of Carbon nanotube (AC) = Length x Breath 
                                            = 11.25 x 0.34 
                                            = 3.825mm 
    Area of Matrix (Am) = Length x Breath 
                                  = 11.25 x 1.56 
                                  = 17.55mm 
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Applying equation (6.5) for materials with different modulus of elasticity 
gives: 
 
F = ε ( EAC + EAm) 
   = 0.089 (403.85e9 x 3.825 + 0.6142e9 x 17.55) 
   = 0.089 (1544.726e9 + 1.0779e10) 
   = 1.3844 x 1011 N 
 

Hence stress on the carbon nanotube 
Area
Force

= = 
825.3

103844.1 11x = 36.19 x 109 

 

Stress on the matrix = 
Area
Force = 

55.17
103844.1 11x  = 78.88x108 

 
Total stress applied = 36.19 x109 + 78.88x108 = 4.4078 x 1010 

 
Applying equation (5.8) gives 
 

Elastic modulus = E = 
Strain
Stress  = 3

10

109.88
104078.4

−x
x = 4.9581 x 1011 

 
6.5 Comparison of the FEM and Analytical Results. 
 

                A summary of the results obtained from analyzing the simplified finite 
element model of carbon nanotube using different element type and also 
applying displacement that is uniform on the matrix and carbon nanotube 
are represented in a tabular form below: 
 
6.5.1     Shell Element (S4) and Continuum Element (C3D8) 

 
 Table 6-2 below shows the results obtained for the finite element analysis 
for the simplified composite (polyethylene matrix/carbon nanotube) using 
shell elements and continuum element when a uniform displacement is 
applied on the matrix and carbon nanotube.  
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       Table 6.2.: Numerical Results of Matrix and Carbon Nanotube 
 
Element 
  Type 

Displacement Eqq of 
CNT  
(GPa) 

  E 
matrix
 (GPa) 

Strain
 of 
CNT 
   (ε) 

Strain 
   of 
matrix
    (ε) 

Stress 
   of 
 CNT 

Stress 
   of 
Matrix 

   S4        1nm 403.85 0.6142 0.089 0.089 36.99e9 54.68e6 
C3D8        1nm 403.85 0.6142 0.089 0.089 36.29e9 54.43e6 
 

Table 6.3. shows the results obtained after carrying out analytical 
calculations for simplified composite (polyethylene matrix/carbon 
nanotube) and also the reference results that where obtained after 
carrying out analytical calculations using a long continuous single 
walled carbon nanotube reinforced with a polymeric matrix. [9] 
 

     Table 6.3. Analytical Results and Reference Results 
 
Results Displacement Eqq of 

CNT  
(GPa) 

    E 
matrix
 (GPa) 

Strain
 of 
CNT 
 (ε) 

Strain 
   of 
matrix
    (ε) 

Stress 
   of 
 CNT 

Stress 
   of 
Matrix 

Analytical     1nm 403.85 0.6142  0.089 0.089 36.19e9 78.88e9 
Reference     1nm 403.85 0.6142  0.089 0.089 37.95e9 10.07e8 
 
 

From the results obtained in the listed tables above, the valve of the 
stress obtained for the numerical, analytical and reference Results 
where a little bit difference due to different in element types, and also 
geometric properties. In the reference that was used the element type 
that were used are C3D20 (20 node hexahedral brick element) and also 
pipe 16 elastic pipe element.  
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6.6   Discussion and Conclusions 

The effective Young’s modulus of Carbon nanotube based composites has 
been evaluated. Calculations were carried out using carbon nanotube based 
composites and validations were made using strength of materials 
approach. The results are in complete agreement revealing the fact that 
finite element method can be an excellent approximate in estimating the 
overall response of the composite system.  
 
From the result it was seen that finite element method can deliver 
promising results for nanoscale models as well as for large scale models 
with the result been focused on the overall response of the composite. 
Furthermore, this approach acts as excellent tool in order to reduce 
computational time. The results evaluated tends to assume  perfect bonding 
condition and tends to justifies that carbon nanotubes based composites 
show an increase in the modulus of composites. They also exhibit excellent 
load transfer capabilities.  
 
Finally it can be concluded that finite element approach will be in the future 
be a long standing in the field of nanotechnology as a means to give a better 
understanding of the properties and to foretell the potential applications in 
both commercial as well as research fields. 
 
6.7   Future Work 
 
The work carried here is to obtain the Young’s modulus of composites. By 
finite element method is not limited in determining the overall response like 
effective Young’s modulus of the composites, but it can also be used to 
evaluate other mechanical properties such as vibration damping, transverse 
shear and also compressive buckling. This method has been used in the past 
to determine the effect of waviness of the carbon nanotube inside the 
matrix. [24] and in the future it can also be used with other continuum 
mechanics approaches like boundary element method (BEM) to 
characterize various nanocomposites. 
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Appendix A- ABAQUS/CAE A 
 
 

A.1 Pre-Processing (Creating and analyzing the    
       FEM model)      

 
The stimulation work was carried out using commercial software called 
ABAQUS/CAE and specific boundary conditions are applied on the 
boundary. The procedure to create the simplified FEM model of carbon 
Nanotube/ Polymer Matrix using the ABAQUS/CAE is explained 
below. 

 
 A.2 Creating the part 

 
The part module was used to create each of the parts that analysis will   
be carried out on. First a three dimensional, deformable shell body was 
created 

 
 To create the Carbon Nanotube/Polymer Matrix  

  
    1)   Start up the ABAQUS/CAE 

 
2) In the module list located under the toolbar, click Part to enter the   

 Part module. When the part module has finished loading, it displays    
the Part module tool box in the left side of the ABAQUS/CAE main 
window. The tool box is made up of a set of icons that allow experts 
users to bypass the menus in the main menu bar. 

 
3) From the main menu bar, select Part→Create to create a new part. 

The Create Part dialog box is use to either name the part, choose 
its modelling space and also to set the approximate size. 

 
4) Name the part Nanocomposites. Also use a default setting of a 

three-dimensional, deformable body and a shell, planar base feature. 
In the field for the approximate size, type 50.  

 
5) Click Continue to exist the Create Part dialog box. 

ABAQUS/CAE immediately enters the sketcher. The sketcher is  
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     made up the sketcher tool box which appears on the left hand Side of the 
main window and also a sketcher grid. 

 
6)  In the Sketcher grid, sketch the rectangle using the following Steps: 

 
      a. When you move the cursor around the viewport, ABAQUS/CAE   
           displays the cursor’s X- and Y- coordinates 
 
      b. Click on one corner of the rectangle at coordinates (-5.625, 0.95) 
 

c. Move the cursor in the opposite corner (5.625,-0.95) so that the 
rectangle is eleven grids squares long and two grids squares high as 
shown in the figure below. 

 
  

 
 

            

 
 
                                  Figure 6.4. Sketch of the rectangle. 
 
d     At the bottom of the main window, click Done to exist the sketcher 
 

          7)    From the main menu bar, select Tool→Partition. The Create Partition 
dialog box appears. You use the create Partition dialog box to create a 
partition using various method that are listed in the dialog box using the 
following steps: 
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a Click on the Enter Parameter from the list of method and type in 
0.34 in the normalized edge parameter which is show at the bottom 
left hand corner of the view port and click create partition. 

 
 
          b. Sketch out the partition using the rectangle line tool in the upper    
              right Corner of the sketcher tool box. 

 
c. After sketching, click Done to exist the sketcher at the bottom of 

the main window. 
 
        ABAQUS/CAE displays a new part, as shown in the Figure below 
 
 
 
 
 

 
 
        Figure 6.5. A view of the Carbon Nanotube/ Polymer matrix. 
 

A.3 Creating the Material 
 

The various parts that are created above is assigned various properties 
using the property module in ABAQUS/CAE. The property module is 
used to create the materials and define its properties 
In order to create this simplified model of Carbon Nanotube/Polymer 
matrix, the mechanical properties listed above in Table 5.1 is used 
procedure using the ABAQUS/CAE is explained below: 
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 To define the materials: 
 
1) In the module list located under the toolbox, select Property to enter 
the property module. 

 
      2) From the main menu bar, select Material→Create to create the first   
          material. The Create Material dialog box appears. 

 
      3) Name the material Carbon Nanotube, CLICK Continue. The  
           material editor appears 

 
      4) From the material editor’s menu bar, select  
           Mechanical→Elasticity→Elastic ABAQUS/CAE displays the  
           Elastic data form. 

 
      5) Type a value of 403.85.E9 for Young’s modulus and a valve of 0.23    
           for Poisson’s ratio in the respective fields, as shown in the figure 5.1  
           above. Click OK to exist the material editor 

 
The same procedure is applied in order to create the second material,     
but in the Elastic date form, type 0.6142.E9 for Young’s modulus and 
the valve of 0.4850.E9 for the Poisson’s ratio. 
 

A.4 Assigning Section Properties 
 

The various properties assigned to the FEM model is define by creating 
the sections in the property module. For the FEM model you will create 
a shell homogenous section that you will assign to the model. 

 
 Defining a homogenous shell section: 

 
   1) From the main menu bar, Section→Create. The Create Section   
        dialog box appears. 

 
   2) In the Create Section dialog box: 
  

a. Name the first section as Carbon Nanotube Section. 
 

b. Accept Shell in the category list selection 
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c. Accept Homogenous in the type list selection 

 
      d. Click Continue and the Edit Section dialog box appears: 

 
           3) In the dialog box: 
 

a. Accept the default valve of 5 for the thickness integration  
      point 

 
      b.   In the shell thickness, type 0.01 

 
c.   Click OK 

 
  This same procedure is applied sectional properties to the second    

material which is polymer matrix 
 

 Assigning the section to the Carbon/Polymer Matrix 
 

The Assign menu in the property modulus in ABAQUS/CAE is 
used to assign the various sections to the FEM model. 

 
            1) Select Assign→Section from the menu bar 

 
               2) Click on one part of the partition created to applied the section. 
 
               3) Click Done in the prompt area to accept the selected geometry.   
                    The Assign Section dialog box appears containing the list of   
                    sections that are existing. 
 
               4) Then select the Carbon Nanotube section, and Click OK. 
 

             This same procedure is repeated in order to assign section to the   
             Other part of the partition created   which was named Polymer     

Matrix. 
        

The figure below shows the FEM model of Carbon   
 Nanotube/Polymer Matrix after defining and assigning section  
properties. 
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          Figure 6.6. Finite Element model of Carbon Nanotube Composite. 
 
 

  A.5 Assembling the FEM model 
 

The assembly module is used in ABAQUS/CAE to state the precise 
geometry of the model called the assembly, by creating instances of 
the part created in the part module. 

 
 Model Assembly: 

  
1) In the list of Module, click Assembly to enter the Assembly  
      module 

 
2) Select Instance→Create from the main menu. The instance 

dialog box appears. 
 
3) Click on independent as the instance type 

 
4) Click OK 

 
 The Figure below so the FEM model after Assembling. 
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           Figure 6.7. Assembling of Carbon Nanotube/Polymer Nanotube. 

 
 A.6 Analysis Step Description 

 
After creating the assembly module, the next step is to define the 
analysis step using the step module. ABAQUS/CAE gives rise to the 
first step automatically, but the analysis steps must be created manually. 
Also with the step module you can request output. 

 
 Analysis Step Creation 

 
1) Click step to enter the step module  

 
   2) Select Step→Create from the main menu bar to create a step. The  
       dialog box for the created step appears which is made up of a list of       
       general procedures and a default step name of Step-1 

 
   3) From the list that are display in the general procedures in the create 
       step dialog box, select the static, General and click continue. The  
       Edit Step dialog box appears with the default settings for the  
       general,  static step. 
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 4) In the field for the description, type Nanocomposites 
 
 5) Use the default time incrementation setting, when you click on the   

   incrementation box. 
 
 6) Finally click OK  
 
 Data Output Request 
 

1) Click on Output→Field output Requests→Manager 
 

2) Click Edit to see more information about the variables that will be 
output on the right hand side of the Field Output Requests Manager. 
The field output editor appears and from the Output Variables region 
select from the list of variables such as stresses, strain, displacement, 
forces, contact. 

 
3)  Then Click Ok. 
 

  A.7   Boundary conditions 
 
One end of the model, i.e. the area on the left end side is fixed in the axial 
direction and is free to move in the lateral direction. Equal displacement 
on the Carbon Nanotube and Polymer Matrix is applied in the 
longitudinal direction for analysis in evaluating the properties of the 
composite. The procedure for applying the boundary condition using the 
ABAQUS/CAE is explained below: 

 
 To apply boundary condition to the Model 

 
1)  Click load in the Module list to gain entry into the Load module 
 
2)   Choose BC→Create from the menu bar and the dialog box for the  

          boundary Condition appear 
 

   3) In the Boundary condition dialog box which is created: 
 

       a. Name the boundary condition BC -1 
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b. Choose step 1 from the step icon from which the boundary   
     Condition will be set in motion 
 
c. Pick Mechanical from the list of category. 
 
d. Choose Symmetry/Antisymmetry/Encastre from the types of 
selected steps and click continue 

 
4)  In order to fix the area on the left hand side, select the face on   
     the left hand side of the Carbon Nanotube/Polymer Matrix and   
     click Done. The Edit Boundary Condition dialog box  
     appears. 

 
                     5)   In the dialog box: 

 
a. Click on ENCASTRE 
 
b. Click OK 

 
The same procedure is applied in the displacement, but in the type 
of selected step list you click on Displacement/Rotation and you 
applied a uniform displacement of 1nm at the face on the right 
hand side of the Carbon Nanotube/ Polymer Matrix. The figure 
below shows the simplified FEM model after the boundary 
conditions have been applied. 

 

                
 
            Figure 6.8. Application of boundary condition on the FEM model 
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A.8 Meshing the FEM model 

 
After applying the boundary conditions, the finite element mesh is 
generated using the Mesh module in the ABAQUS/CAE. So the 
procedure for generating the mesh is explained below: 

 
 To assign the mesh controls: 

 
1) Click mesh to enter the mesh module. 

      
     2) Choose Mesh→Controls from the menu bar. The Mesh Controls   
         dialog box appear. 
 
     3) Accept Quad as the Element Shape selection 
 

         4) In the Technique selection accept Free 
 

     5) Click OK 
 

 To assign an element type 
 

1) Select Mesh→Element type. The Element Type dialog box  
       appears 

 
       2) Accept the following default selections: 

 
• Standard is the default Element Library selection 
• Linear is the default Geometric order 
• Shell is the default Family of elements 
 

       3) Click the Quad and a description of the element type S4 (4 node   
           doubly curved general purpose shell) appear at the bottom of the  
           box. 
 
       4) Click OK 
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 To mesh the model: 
 

Meshing in ABAQUS/CAE is a two stage process. First apply 
seeds to the edge and then mesh the part my applying the 
procedure shown below: 

 
            1) Select Seed→Instance from the main menu bar. 
 
            2) The prompt area, displayed the default element size, and then    
                 type a valve of 0.24 and then click OK. ABAQUS/CAE   
                 applied the seeds as shown in the figure below. 
 

 

 
 
                            Figure 6.9. Seeding the FEM model 
 
            3) Then select Mesh→Instance to mesh the model from the main   
                 menu 
 
             4) Click Yes to confirm you have mesh the model. The result is   
                  displayed below: 
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           Figure 6.10.  Meshing the Simplified Carbon Nanotube Model 
 

 
A.9 The FEM Results 

 
After obtaining the mesh, stress distribution along the model was 
obtained using the Job module in the ABAQUS/CAE. So the 
procedure for generating the stress is explained below: 

 
 Create and submit an analysis job: 

   
        1) Click Job to enter the Job module. 
 
        2) Choose Job→Create to create a job in the main menu bar. The  
             Job dialog box appears. 
 
        3) Call the Job Nanocomposite. 
 
        4) To create the job click Continue. The Edit Job dialog box appears 
 
        5) Click OK  
 

               6) Select Job→Manager to start the Job Manager from the  
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                    main menu bar 
 
             7) The Job Manager appears and displays the job you have   
                  created. 
 

 8) Click Submit to submit the job on the right hand side of the  
Job Manager. After the job is submitted, the job’s status is 
indicated at the Status column. When the analysis is 
complete, the Status column shows Completed and the 
output have been written to the output database. 

 
  9) After the job is completed successfully, the result of the 

analysis is viewed with the help of the Visualization module, 
which is made possible by clicking Results on the right hand 
side of the Job Manager. 

 
 Viewing the analysis results 

 
1) A display of the plot of the model is obtained after clicking 

on the Results in Job Manager. 
 
               2) To obtain the plot of the Von Mises stress, select   
                    Plot→Contours from the main menu bar. 
 

 The final result obtained after carry out analysis on the simplified 
FEM model is shown in the figure below: 

 
                          

 
                         

 
 

                  Figure 6.11.: Von Mises stress distribution of the FEM model 
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Appendix B- ABAQUS/CAE input Files 
 

 Model A 
 *Heading 
  nanocomposites 
  ** Job name: Job-1 Model name: Model-1 
  *Preprint, echo=NO, model=NO, history=NO, contact=NO 
  ** 
  ** PARTS 
  ** 
  *Part, name=Part-1 
  *End Part 
  **   
  ** 
  ** ASSEMBLY 
  ** 
  *Assembly, name=Assembly 
  **   
  *Instance, name=Part-1-1, part=Part-1 

                *Node 
                1,       -5.625,   0.30399999,           0. 
                2,        5.625,   0.30399999,           0. 
                3,        5.625,  0.949999988,           0. 
                4,       -5.625, 0.949999988,           0. 
                5,       -5.625, -0.949999988,           0. 
                …………………………….Due to the large number of nodes, some of the    

nodes are terminated 
             *Element, type=S4 
              1,   1,   7, 157, 102 
              2,   7,   8, 158, 157 
              3,   8,   9, 159, 158 
              4,   9,  10, 160, 159 
              5,  10,  11, 161, 160 
              ………………………Due to the large number of element, some of the         

elements are terminated. 
           *Nset, nset=_PickedSet4, internal 
            1,   2,   3,   4,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16,  17,  18 
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                 19,  20,  21,  22,  23,  24,  25,  26,  27,  28,  29,  30,  31,  32,  33,  34 
                 35,  36,  37,  38,  39,  40,  41,  42,  43,  44,  45,  46,  47,  48,  49,  50 

 51,  52,  53,  54,  55,  56,  57,  58,  59,  60,  61,  62,  63,  64,  65,  66 
          67,  68,  69,  70,  71,  72,  73,  74,  75,  76,  77,  78,  79,  80,  81,  82 
          83,  84,  85,  86,  87,  88,  89,  90,  91,  92,  93,  94,  95,  96,  97,  98 
          99, 100, 101, 102, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166, 167 
         169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183,  
         185, 186, 187, 188, 189, 190, 191, 192, 193, 194, 195, 196, 197, 198, 199,  
          201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, 215,  
          217, 218, 219, 220, 221, 222, 223, 224, 225, 226, 227, 228, 229, 230, 231,  
          233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244, 245, 246, 247,  
         *Elset, elset=_PickedSet4, internal, generate 
         1,  141,    1 
         *Nset, nset=_PickedSet5, internal 
         1,   2,   5,   6,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16,  17,  18 
        19,  20,  21,  22,  23,  24,  25,  26,  27,  28,  29,  30,  31,  32,  33,  34 
        35,  36,  37,  38,  39,  40,  41,  42,  43,  44,  45,  46,  47,  48,  49,  50 
        51,  52, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115,  
        117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 1 
        133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 1 
        149, 150, 151, 152, 153, 154, 155, 156, 249, 250, 251, 252, 253, 254, 255,  
        257, 258, 259, 260, 261, 262, 263, 264, 265, 266, 267, 268, 269, 270, 271,  
        273, 274, 275, 276, 277, 278, 279, 280, 281, 282, 283, 284, 285, 286, 287,  
        289, 290, 291, 292, 293, 294, 295, 296, 297, 298, 299, 300, 301, 302, 303,  
        305, 306, 307, 308, 309, 310, 311, 312, 313, 314, 315, 316, 317, 318, 319,  
        321, 322, 323, 324, 325, 326, 327, 328, 329, 330, 331, 332, 333, 334, 335,  
        337, 338, 339, 340, 341, 342, 343, 344, 345, 346, 347, 348, 349, 350, 351,  
        353, 354, 355, 356, 357, 358, 359, 360, 361, 362, 363, 364, 365, 366, 367,  
        369, 370, 371, 372, 373, 374, 375, 376, 377, 378, 379, 380, 381, 382, 383,  
        385, 386, 387, 388, 389, 390, 391, 392, 393, 394, 395, 396, 397, 398, 399,  
        401, 402, 403, 404, 405, 406, 407, 408, 409, 410, 411, 412, 413, 414, 415,  
        417, 418, 419, 420, 421, 422, 423, 424, 425, 426, 427, 428, 429, 430, 431,  
       *Elset, elset=_PickedSet5, internal, generate 
       142,  376,    1 
       ** Region: (Section-1:Picked) 
       *Elset, elset=_PickedSet4, internal, generate 
       1,  141,    1 
       ** Section: Section-1 
       *Shell Section, elset=_PickedSet4, material=Material-1 

          0.01, 5 
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 ** Region: (Section-2:Picked) 
    *Elset, elset=_PickedSet5, internal, generate 

         142,  376,    1 
         ** Section: Section-2 
         *Shell Section, elset=_PickedSet5, material=Material-2 
         0.01, 5 
         *End Instance 
         **   
         *Nset, nset=_PickedSet4, internal, instance=Part-1-1 
         2,   3,   6,  53,  54, 153, 154, 155, 156 
         *Elset, elset=_PickedSet4, internal, instance=Part-1-1 
         47,  94, 141, 142, 189, 236, 283, 330 
         *Nset, nset=_PickedSet5, internal, instance=Part-1-1 
         1,   4,   5, 101, 102, 103, 104, 105, 106 
         *Elset, elset=_PickedSet5, internal, instance=Part-1-1 
          1,  48,  95, 188, 235, 282, 329, 376 
          *End Assembly 
          **  
          ** MATERIALS 
          **  
          *Material, name=Material-1 
          *Elastic 
           4.0385e+11, 0.23 
           *Material, name=Material-2 
           *Elastic 
           6.142e+08, 0.485 
           ** ---------------------------------------------------------------- 
           **  
           ** STEP: Step-1 
           **  
           *Step, name=Step-1 
            nanocomposites 
           *Static 
           1., 1., 1e-05, 1. 
            **  
            ** BOUNDARY CONDITIONS 
            **  
            ** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 
            *Boundary 
           _PickedSet4, ENCASTRE 
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                ** Name: BC-2 Type: Displacement/Rotation 
                *Boundary 
_                _PickedSet5, 1, 1, -1. 

         **  
         ** OUTPUT REQUESTS 
         **  
         *Restart, write, frequency=0 
         **  
         ** FIELD OUTPUT: F-Output-1 
         **  
         *Output, field 
         *Node Output 
         CF, RF, RM, RT, TF, U, UR, UT 
         V, VF, VR, VT 
         *Element Output, directions=YES 
         ALPHA, DAMAGEC, DAMAGET, E, EE, ELEDEN, ELEN, ENER, ER,             

ESF1,   IE, LE, NE, NFORC, PE, PEEQ 
PEEQT, PEMAG, PEQC, PS, S, SALPHA, SDEG, SE, SEE, SEP, SEPE,      
SF,  SPE, THE, TSHR, VE 

         VEEQ, VS 
        *Contact Output 
        CDISP, CDSTRESS, CSTRESS 
        **  

           ** HISTORY OUTPUT: H-Output-1 
        **  
        *Output, history, variable=PRESELECT 
        *End Step 

 
 

               Model B 
 

        *Heading 
         nanocomposites 
        ** Job name: Job-1 Model name: Model-1 
        *Preprint, echo=NO, model=NO, history=NO, contact=NO 
        **  
        ** PARTS 
        ** 
        *Part, name=Part-1 
        *End Part 
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**   
** 
** ASSEMBLY 

        ** 
        *Assembly, name=Assembly 
        **   
        *Instance, name=Part-1-1, part=Part-1 
        *Node 
        1,       -5.625,   0.30399999,           0. 
        2,        5.625,   0.30399999,           0. 
        3,        5.625,  0.949999988,           0. 
        4,       -5.625,  0.949999988,           0. 
        5,       -5.625, -0.949999988,           0. 
        ………………………Due to the large number of nodes, some of the nodes are   

terminated. 
        *Element, type=S4 
        1,   1,   7, 157, 102 
        2,   7,   8, 158, 157 
        3,   8,   9, 159, 158 
        4,   9,  10, 160, 159 
        5,  10,  11, 161, 160 

       ………………………Due to the large number of elements, some of the  
elements are terminated. 

        *Nset, nset=_PickedSet4, internal 
        1,   2,   5,   6,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16,  17,  18 
        19,  20,  21,  22,  23,  24,  25,  26,  27,  28,  29,  30,  31,  32,  33,  34 

………………....Due to the large number of set and also the fact that the 
valves   are the same as those in model A, some of them are terminated 
*Elset, elset=_PickedSet4, internal, generate 
 142,  376,    1 
*Nset, nset=_PickedSet5, internal 
   1,   2,   3,   4,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16,  17,  18 
  19,  20,  21,  22,  23,  24,  25,  26,  27,  28,  29,  30,  31,  32,  33,  34 
 ………………....Due to the large number of set and also the fact that the valves  
are the same as those in model A, some of them are terminated 
  
*Elset, elset=_PickedSet5, internal, generate 
   1,  141,    1 

   ** Region: (Section-2:Picked) 
*Elset, elset=_PickedSet5, internal, generate 
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             1,  141,    1 
      ** Section: Section-2 
      *Shell Section, elset=_PickedSet5, material=Material-2 

         0.01, 5 
      ** Region: (Section-1:Picked) 

         *Elset, elset=_PickedSet4, internal, generate 
      142,  376,    1 
      ** Section: Section-1 
      *Shell Section, elset=_PickedSet4, material=Material-1 
      0.01, 5 
      *End Instance 
      **   
       *Nset, nset=_PickedSet4, internal, instance=Part-1-1 
       1,   4,   5, 101, 102, 103, 104, 105, 106 
       *Elset, elset=_PickedSet4, internal, instance=Part-1-1 
       1,  48,  95, 188, 235, 282, 329, 376 
        *Nset, nset=_PickedSet5, internal, instance=Part-1-1 
        2,   3,   6,  53,  54, 153, 154, 155, 156 
       *Elset, elset=_PickedSet5, internal, instance=Part-1-1 

           47,  94, 141, 142, 189, 236, 283, 330 
       *End Assembly 
       **  
       ** MATERIALS 
       **  
        *Material, name=Material-1 
       *Elastic 
       4.0385e+11, 0.23 
       *Material, name=Material-2 
       *Elastic 
       4.0385e+11, 0.23 
       ** ---------------------------------------------------------------- 
       **  
       ** STEP: Step-1 
       **  
       *Step, name=Step-1 
        nanocomposites 
       *Static 
       1., 1., 1e-05, 1. 
       **  
       ** BOUNDARY CONDITIONS 
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 **  
 ** Name: BC-1 Type: Displacement/Rotation 
*Boundary 

       _PickedSet4, 1, 1, -1. 
       ** Name: BC-2 Type: Symmetry/Antisymmetry/Encastre 
       *Boundary 
       _PickedSet5, ENCASTRE 
       **  
       ** OUTPUT REQUESTS 
       **  
        *Restart, write, frequency=0 
        **  
        ** FIELD OUTPUT: F-Output-1 
        **  
        *Output, field 
        *Node Output 
        CF, RF, RM, RT, TF, U, UR, UT 
        V, VF, VR, VT 
        *Element Output, directions=YES 

  ALPHA, DAMAGEC, DAMAGET, E, EE, ELEDEN, ELEN, ENER, ER, 
ESF1,  IE, LE, NE, NFORC, PE, PEEQ 

 PEEQT, PEMAG, PEQC, PS, S, SALPHA, SDEG, SE, SEE, SEP, SEPE, SF,   
SPE, THE, TSHR, VE 

       VEEQ, VS 
     *Contact Output 
      CDISP, CDSTRESS, CSTRESS 
      **  
      ** HISTORY OUTPUT: H-Output-1 
      **  
       *Output, history, variable=PRESELECT 
       *End Step 

 
          Model C 
 

       *Heading 
        nanocomposites 
        ** Job name: Job-1 Model name: Model-1 
        *Preprint, echo=NO, model=NO, history=NO, contact=NO 
        ** 
        ** PARTS 
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               ** 
                *Part, name=Part-1 
               *End Part 
                **   
                ** 
                ** ASSEMBLY 
                ** 
                *Assembly, name=Assembly 
                **   
                *Instance, name=Part-1-1, part=Part-1 
                *Node 

                    1,       -5.625,   0.30399999,           0. 
                    2,        5.625,   0.30399999,           0. 
                    3,        5.625,  0.949999988,           0. 
                    4,       -5.625,  0.949999988,           0. 
                    5,       -5.625, -0.949999988,           0. 
                     ……………………Due to the large number of nodes, some of the 

nodes are terminated. 
                 *Element, type=S4 
                 1,   1,   7, 157, 102 

              2,   7,   8, 158, 157 
                 3,   8,   9, 159, 158 
                 4,   9,  10, 160, 159 
                 5,  10,  11, 161, 160 

                         ……………………Due to the large number of elements, 
some of the elements are terminated. 

              *Nset, nset=_PickedSet4, internal 
              1,   2,   5,   6,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16,  17,  18 
             19,  20,  21,  22,  23,  24,  25,  26,  27,  28,  29,  30,  31,  32,  33,  34 

            ………………....Due to the large number of set and also the fact 
that the valves are the same as those in model A, some of them are 
terminated 

            *Elset, elset=_PickedSet4, internal, generate 
            142,  376,    1 

         *Nset, nset=_PickedSet5, internal 
            1,   2,   3,   4,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16,  17,  18 

        19,  20,  21,  22,  23,  24,  25,  26,  27,  28,  29,  30,  31,  32,  33,  34                     
………………....Due to the large number of set and also the fact that the  
valves are the same as those in model A, some of them are terminated 
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   *Elset, elset=_PickedSet5, internal, generate 
    1,  141,    1 
     ** Region: (Section-1:Picked) 
     *Elset, elset=_PickedSet5, internal, generate 

        1,  141,    1 
     ** Section: Section-1 
     *Shell Section, elset=_PickedSet5, material=Material-1 
      0.01, 5 
     ** Region: (Section-1:Picked) 
      *Elset, elset=_PickedSet4, internal, generate 
      142,  376,    1 
      ** Section: Section-1 
      *Shell Section, elset=_PickedSet4, material=Material-1 
      0.01, 5 
      *End Instance 
      **   
      *Nset, nset=_PickedSet4, internal, instance=Part-1-1 
       2,   3,   6,  53,  54, 153, 154, 155, 156 
      *Elset, elset=_PickedSet4, internal, instance=Part-1-1 
      47,  94, 141, 142, 189, 236, 283, 330 
      *Nset, nset=_PickedSet5, internal, instance=Part-1-1 
      1,   4,   5, 101, 102, 103, 104, 105, 106 
      *Elset, elset=_PickedSet5, internal, instance=Part-1-1 
      1,  48,  95, 188, 235, 282, 329, 376 
      *End Assembly 
      **  
      ** MATERIALS 
      **  
      *Material, name=Material-1 
      *Elastic 
      6.142e+08, 0.485 
      *Material, name=Material-2 
      *Elastic 
       6.142e+08, 0.485 
      ** ---------------------------------------------------------------- 
      **  
      ** STEP: Step-1 
      **  
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            *Step, name=Step-1 
                   nanocomposites 

            *Static 
               1., 1., 1e-05, 1. 

            **  
               ** BOUNDARY CONDITIONS 

                  **  
                   ** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 
                   *Boundary 
                    _PickedSet4, ENCASTRE 
                   ** Name: BC-2 Type: Displacement/Rotation 
                   *Boundary 
                   _PickedSet5, 1, 1, -1. 
                   **  
                   ** OUTPUT REQUESTS 
                   **  
                   *Restart, write, frequency=0 
                   **  
                   ** FIELD OUTPUT: F-Output-1 
                   **  
                   *Output, field 
                   *Node Output 
                    CF, RF, RM, RT, TF, U, UR, UT 
                    V, VF, VR, VT 
                   *Element Output, directions=YES 

               ALPHA, DAMAGEC, DAMAGET, E, EE, ELEDEN, ELEN, ENER, 
ER,   ESF1,   IE, LE, NE, NFORC, PE, PEEQ 

   PEEQT, PEMAG, PEQC, PS, S, SALPHA, SDEG, SE, SEE, SEP, SEPE, 
SF,   SPE, THE, TSHR, VE 
VEEQ, VS 

               *Contact Output 
               CDISP, CDSTRESS, CSTRESS 

            **  
            ** HISTORY OUTPUT: H-Output-1 

               **  
            *Output, history, variable=PRESELECT 

               *End Step 
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         Model D 
 
         *Heading 

    g 
   ** Job name: Job-1 Model name: Model-1 
   *Preprint, echo=NO, model=NO, history=NO, contact=NO 
   ** 
   ** PARTS 
   ** 
   *Part, name=Part-1 
   *End Part 
   **   
   ** 
   ** ASSEMBLY 
   ** 
   *Assembly, name=Assembly 
   **   
   *Instance, name=Part-1-1, part=Part-1 
   *Node 

         1,       -5.625,  0.323000014,           0. 
         2,       -5.625,  0.323000014, 0.00999999978 
         3,       -5.625,  0.949999988, 0.00999999978 
         4,       -5.625,  0.949999988,           0. 
         5,        5.625,  0.323000014, 0.00999999978 

            ………………………Due to the large number of nodes, some of the nodes are 
terminated. 

  *Element, type=C3D8 
  1,  83, 293, 706, 231,   1,  14, 229,  17 
  2, 293, 115, 262, 706,  14,   2,  15, 229 
  3, 231, 706, 324,  22,  17, 229,  16,   4 
  4, 706, 262, 114, 324, 229,  15,   3,  16 
  5,  82, 294, 707, 232,  83, 293, 706, 231 

           ………………………Due to the large number of elements, some of the 
elements are terminated 
*Nset, nset=_PickedSet4, internal 

   1,   2,   5,   8,   9,  10,  11,  12,  13,  14,  18,  53,  54,  55,  56,  57 
58,  59,  60,  61,  62,  63,  64,  65,  66,  67,  68,  69,  70,  71,  72,  73 

    ………………....Due to the large number of set and also the fact that the 
valves are the same as those in model A, some of them are terminated 



 79

                  *Elset, elset=_PickedSet4, internal, generate 
                  129,  512,    1 
                  *Nset, nset=_PickedSet5, internal 
                  1,   2,   3,   4,   5,   6,   7,   8,  14,  15,  16,  17,  18,  19,  20,  21 

         22,  23,  24,  25,  26,  27,  28,  29,  30,  31,  32,  33,  34,  35,  36,  37 
              ………………....Due to the large number of set and also the fact that the 

valves are the same as those in model A, some of them are terminated 
         *Elset, elset=_PickedSet5, internal, generate 
         1,  128,    1 
         ** Region: (Section-2:Picked) 
         *Elset, elset=_PickedSet5, internal, generate 
         1,  128,    1 
         ** Section: Section-2 
         *Solid Section, elset=_PickedSet5, material=Material-2 
         1., 
         ** Region: (Section-1:Picked) 
         *Elset, elset=_PickedSet4, internal, generate 
         129,  512,    1 
         ** Section: Section-1 
         *Solid Section, elset=_PickedSet4, material=Material-1 
         1., 
         *End Instance 
         **   
         *Nset, nset=_PickedSet4, internal, instance=Part-1-1 
         1,   4,  11,  17, 220, 221, 222, 223, 224 
         *Elset, elset=_PickedSet4, internal, instance=Part-1-1 
         1,   3, 192, 256, 320, 384, 448, 512 
         *Nset, nset=_PickedSet5, internal, instance=Part-1-1 
         7,   8,  12,  21, 210, 211, 212, 213, 214 
         *Elset, elset=_PickedSet5, internal, instance=Part-1-1 
         125, 127, 161, 225, 289, 353, 417, 481 
         *End Assembly 
         **  
         ** MATERIALS 
         **  
         *Material, name=Material-1 
         *Elastic 
         6.142e+08, 0.485 
       *Material, name=Material-2 
       *Elastic 
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 4.0385e+11, 0.23 
 ** ---------------------------------------------------------------- 
 **  
 ** STEP: Step-1 
 **  

          *Step, name=Step-1 
          te 
          *Static 
          1., 1., 1e-05, 1. 
          **  
          ** BOUNDARY CONDITIONS 
          **  
          ** Name: BC-1 Type: Displacement/Rotation 
          *Boundary 
          _PickedSet4, 1, 1, -1. 
          ** Name: BC-2 Type: Symmetry/Antisymmetry/Encastre 
          *Boundary 
          _PickedSet5, ENCASTRE 
         **  
         ** OUTPUT REQUESTS 
         **  
         *Restart, write, frequency=0 
         **  
         ** FIELD OUTPUT: F-Output-1 
         **  
         *Output, field 
         *Node Output 
         CF, RF, RM, RT, TF, U, UR, UT 
         V, VF, VR, VT 

      *Element Output, directions=YES 
         ALPHA, DAMAGEC, DAMAGET, E, EE, ER, ESF1, IE, LE, NE, NFORC, 

PE, PEEQ, PEEQT, PEMAG, PEQC 
      PS, S, SALPHA, SDEG, SE, SEE, SEP, SEPE, SF, SPE, THE, TSHR, VE, 

VEEQ, VS 
      *Contact Output 
       CDISP, CDSTRESS, CSTRESS 
      **  
      ** HISTORY OUTPUT: H-Output-1 
      *Output, history, variable=PRESELECT   
      *End Step 
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