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ABSTRACT 

The act of additive manufacturing (AM) entails layer by layer creation of a layered 

structure from the ground up.  This competence allows for a sophisticated design to be 

carried out with geometries that are sometimes impossible to achieve and materialize 

with conventional manufacturing methods such as subtractive manufacturing, 

molding, foaming, etc. Fused filament fabrication (FFF) or sometimes addressed as 

fused deposition modeling (FDM) is among the AM methods which couples well with 

manufacturing composite materials. Fabricated composite materials using FFF has 

proven to be particularly useful in a plethora of industries, namely in the aerospace 

and aeronautics, automotive industry, therapeutic apparatuses, and sports goods. In 

general, invented parts with FFF method have excellent mechanical properties which 

make them worthy of further study. Performance under tensile tension and flexural 

(bending) tensions are particularly significant in composite materials. Therefore, a 

thorough finite element modeling (FEM) on tensile and flexural behavior of FFF 

fabricated continuous carbon fiber specimen in the COMSOL multi-physics® 

environment is executed while using layered shell elements to express the properties 

in a layered structure. The results gathered from the FEM was compared to other 

experimental and related empirical studies. Furthermore, the type of effects a 

composite material might have on tensile properties such as infill ratio, infill pattern, 

fiber content, layer orientation and stacking sequence will be put under scope. Based 

on the results provided under this new study, the tensile and flexural simulated 

specimen shown better maximum tensile and flexural capabilities, with 1490 [MPa] 

and 1240 [MPa] Max stress, while the tensile model underwent the boundary load of  
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559.9 MPa and the flexural model went through 302.70 N at two points to simulate the 

two-point flexure test.  

Keywords: Tensile and Flexural Properties, 3D Printing, Fused Filament Fabrication, 

Finite Element Modeling, Carbon Fiber Composites  
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ÖZ 

Eklemeli imalat (AM) uygulaması, bir numunenin sıfırdan katman katman 

oluşturulmasını gerektirir. Bu yetenek, diğer geleneksel üretim yöntemleriyle bazen 

oluşturulması imkansız olan geometrilerle karmaşık bir tasarımın gerçekleştirilmesine 

olanak tanır. Erimiş filament üretimi (FFF), kompozit malzemelerle iyi eşleşen AM 

yöntemleri arasındadır. FFF kullanan fabrikasyon kompozit malzemelerin, otomotiv 

endüstrisi, havacılık, tıbbi cihazlar ve spor ürünleri gibi sayısız endüstride özellikle 

yararlı olduğu kanıtlanmıştır. Genel olarak, FFF yöntemiyle üretilmiş parçalar, onları 

daha fazla çalışmaya değer kılan mükemmel mekanik özelliklere sahiptir. Gerilim 

altındaki davranış ve eğilme gerilimleri kompozit malzemelerde özellikle önemlidir. 

Bu nedenle, COMSOL çoklu fizik ortamında FFF ile üretilmiş sürekli karbon fiber 

numunenin çekme ve eğilme davranışı üzerine kapsamlı bir sonlu eleman modellemesi 

(FEM), katmanlı bir yapıdaki özellikleri ifade etmek için katmanlı kabuk elemanları 

kullanılırken gerçekleştirilir. FEM'den elde edilen sonuçlar, diğer deneysel ve ilgili 

ampirik çalışmalarla karşılaştırıldı. Ayrıca, dolgu oranı ve deseni, lif içeriği, katman 

yönelimi ve istifleme sırası gibi bir kompozit malzemenin çekme özellikleri üzerindeki 

etkilerinin türü de kapsam altına alınacaktır. Bu yeni çalışma kapsamında sağlanan 

sonuçlara dayanarak, çekme modeli 559.9 MPa sınır yüküne maruz kalırken, çekme 

ve eğilme simülasyonu numunesi, 1238 [MPa] ve 1652 [MPa] Maks stres ile daha iyi 

maksimum çekme ve eğilme yetenekleri gösterdi. eğilme modeli, iki nokta eğilme 

testini simüle etmek için iki noktada 302,70 N'den geçti. 

Anahtar Kelimeler : Çekme ve Eğilme özellikleri, 3D baskı, Fused filament üretimi, 

Sonlu eleman modellemesi, Piezo-elektrik, Karbon fiber kompozitler 
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Chapter 1 

INTRODUCTION 

1.1 Background 

The practice of manufacturing has been one of the key components of human 

development and progress through the ages. Some of the most significant methods 

consist of metal forming, machining, joining, casting, powder metallurgy, and three-

dimensional printing or additive manufacturing (AM) [1]. This manufacturing method 

is already in high demand in many industries, namely aerospace and medical 

engineering [2,3]. Moreover, considered to be an integral aspect leading to industry 

4.0 [4]. In medical applications, AM has become the most commonly applied 

manufacturing method in hearing aid gadgets, dental implants and prosthetic bones 

and cartilages [5]. With the availability and commercialization of this technology, even 

novice, non-technical household applications have been reported to be functional and 

practical for either maintenance, or self-customization [6].  

The methods used in AM can create objects with sophisticated geometry layer after 

layer [7–17]. Although there are distinct methods under the class of AM, generally the 

process steps of each method follow the same stages and each steps from different 

methods of AM fall under the same category (Figure 1.1) [18]. Owning to the aforesaid 

capabilities of AM technology, researchers are investigating the usage of different 

materials with this novel method of manufacturing and the usage of fiber reinforced 

structural composite materials (FRSCM) are no exception in this trend as they possess 
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superb mechanical properties, highly constructible to best fit the application’s demand 

and lightweight and already applied in many fields and practices. As a result of that, 

using the aforesaid material paired with the freedom in design which is provided by 

AM methods is a promising prospect and due to the novelty and lack of data in this 

method of manufacturing with FRSCM propelled this thesis to further investigate in 

making improvements in setting the mechanical parameters via choosing a different 

layer stacking sequence and layer orientation. Two types of different FRSCM were 

used. For the reinforcement phase, transverse continuous A4S carbon fibers were used 

and for the matrix phase, commercially named ONYX material from Mark Forged ® 

Company which are stated to be chopped polymer carbon fibers. 

 
Figure 1.1: The process steps in AM [18] 

1.2 Problem Statement 

The fact that AM methods are capable of creation of parts with little to no restriction 

is a great advantage compared to conventional methods[19]. However, the knowledge 

base for this alternative method of manufacturing is rather limited and in its juvenile 

state[20]. Therefore, there is much room for further increasing the mechanical 

properties of additively manufactured parts, namely the flexural (bending) and tensile 

properties of the printed structures. In this work, it was decided to achieve the aforesaid 
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goal changing the layer sacking sequence and fiber orientation compared to previous 

works in order to accomplish better outcomes in terms of more resistance against 

tensile and flexural stresses. Furthermore, the amount of reliability of a layered 

material to random and unpredictable orientations of stress is a criterion which will be 

well-thought-out in layering choice. 

1.3 Scope and The Aim of The Thesis 

In this work, the main focus of the thesis is improvement in stress bearing capabilities 

of tensile and flexural carbon fiber reinforced composites manufactured via fused 

deposition modelling (FFF) technique. This method such as most AM methods is 

capable of creation of parts layer by layer. Two type of polymer composite materials 

are used, one known by the name of ONYX material produced by Mark forged®, and 

AS4 carbon fiber reinforcement layer. The ONYX material is used as matrix material 

and are implemented as protective layers on the top and bottom of the layered 

structure, as a result of this setting, the fiber reinforcement layers are stack between 

ONYX layers on top and bottom. Another aim which is going to be met after the 

experimental simulation is evaluation of multi-oriented fiber reinforcements. The 

change in the layering stack of the two different materials and the orientation of the 

fibers is assumed to improve the behavior of the 3d printed samples and investigation 

towards this objective is the main goal of this thesis.  

1.4 Thesis Contribution 

3D printed components, FFF components in particular, are manufactured in way that 

is unprecedented relative to subtractive and conventional methods due to the fact that 

the direction of the print dictates the strength of the manufactured part. Owning to 

that, and the fact that in many applications of printed parts, forces could be applied in 
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different directions resulting in different oriented stresses within the body following 

measures are taken to contribute to a more resilient part; 

• Solid infill pattern for more density and resistance towards random external 

forces; 

• Multi-oriented reinforcement and matrix phase structure fibers to compensate 

for the current disadvantage the 3d printed material have; 

• Stacking sequence best suited for the specific materials used in the composite 

structures; 

•    Overall improved tensile and flexural behavior of the composites compared 

to previous works. 

1.5 Thesis Outline 

In the following paper, the first chapter introduces the body of work related to the 

thesis. Later on, there will be a chapter related to literature review of AM methods, 

FFF technique and the type of material that is being fabricated which is composite. 

Moreover, composites will be more under scope and the material used as composites 

which are carbon fiber reinforced materials. Furthermore, a review on the piezoelectric 

effect and its fundamental explanation will be included. Thereafter, the mathematical 

finite element approach that is used for the simulation will be depicted and discussed 

and finally, the software of choice and the process of simulating will be encompassed 

within the paper and the final results will be presented, along with a Piezoelectric case 

study with the use of layer sequencing, orientation, and material.  

1.6 Chapter Review  

This chapter served as a preliminary introduction to the merit and content of the thesis, 

presented a general structure and background relating to what was the motivation 
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behind the research and the details of the inspirational parameters involved in the 

simulation of the tensile and flexural structures.  
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Chapter 2 

LITERATURE REVIEW 

2.1 Introduction to Additive Manufacturing 

The most applied AM methods in the industry are FFF or fused deposition modelling 

(FDM), powder bed fusion (PBF), direct energy deposition (DED), and binder jetting 

(BJ)[21]. A classification of AM processes is presented (Figure 2.1) [22]. 

 
Figure 2.1: Classification of notable methods of AM [22] 

Each technique is different in terms of used material, layer formation and printed 

product. For each material and manufacturing method, different measures and 

considerations need to be taken to finish the product and to achieve the highest quality. 

The deliberations and steps required to establish a solid database are distinctive based 
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on their difference in printing. Therefore, sampling, testing and material analysis in 

3D printing methods is based on different criteria. Since each printing method is 

chosen based on the properties and applications of printed parts, properties differ in 

terms of surface smoothness, strength, durability, dimension preciseness and 

geometrical complexity [23]. In this work, the AM method of choice would be FFF 

due to its low energy requirement, low cost and wide range of applications [24]. 

Furthermore, it is amongst the AM methods which is capable of using polymer based 

filaments with chopped, short or continuous carbon fibers either embedded in the 

filaments or to be added as reinforcements, as pure polymers cannot possess the same 

mechanical properties as their reinforced counterparts [25] and In this study, it is 

attempted to simulate a structure manufactured via FFF method with carbon fiber 

composites with FEM methods. Moreover, it is worth pointing out that the advantages 

brought about by AM methods which leads to freedom in fabrication of complex 

geometries opens doors to many possibilities in many applications. As a result, in the 

field of piezoelectricity and energy harvesting, this possibility is very promising [24]. 

With constructing the geometry of actuators and piezoelectric structures in geometries 

never seen before with subtractive and traditional means of manufacturing, 

piezoelectric output is increased and taking advantage of excellent properties of carbon 

fibers in piezocomposites can be a significant positive pivotal point for applications of 

AM in piezoelectric and practical applications instead of using AM as a means to 

prototyping. Ultimately, with the aid of data driven models extracted from the data 

gathered from FEM simulation of the multi-layered composite structure, the possibility 

to further optimizing the parameters that effect the printed composite will be 

investigated via constructing a neural network regression analysis.   
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2.2 Fused Filament Fabrication 

Fused filament fabrication (FFF) method (Figure2.2) is extensively used for 

manufacturing geometrically complex objects in a noticeably short time span to suit 

customer needs [26]. Furthermore, this method is a relatively cheap and low input 

energy[27].  With control and command over processing parameters due to the 

enhanced capability of operating machines, this method could be used to great effect 

in many fields, such as customized biomedical parts which are becoming easier to 

produce [28]. In FFF, an uninterrupted strand of a thermoplastic polymer is used to 3D 

print layers of materials [21]. Even though FFF methods have shown competence in 

production and development, its full-scale use is compromised by limited materials 

available in the market. nonetheless, weak and anisotropic mechanical properties due 

to weak interlayer bonding between each subsequent layer is also another factor which 

dictates the mechanical quality of the printed parts[29]. As a result, it is of utmost 

importance to adequately fix process parameters in the stage of fabrication [30,31]. 

For an ideal print quality, it is of paramount importance to set the process parameters 

in accordance to the technique and the device that is being used as a printing medium, 

otherwise the mechanical properties of the printed products will be less ideal and 

below the standard for real applications. some of the shortcomings which need to be 

addressed are sample detachment while printing or the wrapping phenomenon [32]. 

There have been numerous attempts in improving the mechanical properties by 

changing the most influential parameters in a FFF operation. In a work done by 

Kajimoto et al. [33], To improve the  mechanical  properties and tensile properties in 

particular, an automatic carbon fiber reinforced embedding approach, with epoxy resin 

in the thickness direction was implemented which resulted in a 45% increase of 

strength in the tensile test loading aftermath. Furthermore , In another recent attempt 
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to enhance the mechanical properties of FFF parts by Sandhu et al [34], Polylactic acid 

filaments were chosen and the critical parameters determined to be layer thickness, 

raster angle and infill pattern. the overall results signified that a cubic infill pattern 

with layer thickness of 0.16 mm and raster angle of 60 degrees leads to more ideal 

mechanical properties. Additionally, in another study carried out by C. Gavali [35], it 

is pointed out that using chopped carbon fiber reinforcements with a 15% weight of 

carbon fiber reinforcement shows 32% and 22% enhancement in tensile strength and 

flexural strength. in general, one of the reasons which makes FFF a good method is 

the ability to investigate the molding defects of FFF of carbon fiber reinforced 

polymers [36,37]. Based on the recent findings related to the most optimal parameters 

leading to better tensile and flexural properties of 3D printed specimen, having carbon 

fiber as reinforcements, the FEM modelling of aforementioned structures will be 

evaluated. Moreover, mathematical and analytical assumptions in the modeling 

process will be discussed in the following sections.  

 
Figure 2.2: A general depiction of a FFF printing process [38] 

2.3 Composite Materials  

The applications of composite materials go back to well over 6000 years. For the 

construction of walls, materials such as wattle and daub were used to form a composite 

wall with preferable mechanical characteristics [39]. They consist of a matrix phase, 
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reinforcing agent and an intra bounding layer (Figure 2.3). In the recent century 

however, a composite material with excellent flexural withstanding known as concrete 

has been of mainstream use. nonetheless, weak tensile capability of concrete is an 

issue, thus leading to reinforcing the concrete with steel rods to enhance the tensile 

load bearing ability [40,41]. In general, what adds lots of significance to the composite 

materials is the fact that these materials are made with customized characteristics 

unlike conventional materials such as steel or metal and they possess much better 

physical and mechanical features (Figure 2.4) which fits the intended application of 

their use. As an example, in aerospace applications, materials that are light in their 

weight and possess the attributes of metallic materials are highly favorable. As a result 

of this unique feature in composite materials , their application and manufacturing will 

be unremitting and highly demanded for the foreseeable and distant future [42,43]. 

Furthermore, owning to the fact that the simulated composite in this thesis will be of 

fiber reinforced kind, it is noteworthy to mention that the worldwide demand for fiber 

reinforced composites is set to grow at a quicker pace since the aerospace industry 

requires a substantial quantity of the aforesaid CFR material [44]. Also, CFR material 

are a novel prospect for the biomedical industry which adds even more to their value 

and demand [43]. Additionally, there are already developing strategies for making the 

composite material as a sustainable form of material which helps immensely in energy 

and cost [45]. In conclusion, such great advantages brought about by composite 

materials paired with the freedom and accuracy of geometry design by AM, makes for 

an outstanding route and for unprecedented possibilities never fathomed and imagined.  
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Figure 2.3: (a), Comparison of mechanical properties of composites as opposed to 

pure metallic material. (b), Comparison of ceramics and polymers with composite 

materials [43] 

 
Figure 2.4: General depiction of a matrix, fiber and the bonding phase [46] 

2.4 Types of Composite Materials 

Owning to the complex nature of composite materials, authors can differentiate and 

classify them based on many criterions. such as the type of materials that are used as 

the matrix phase or the reinforcement phase of the composite material Nonetheless, in 

this paper, composite materials are classified based upon the type of reinforcement that 

is embedded within them. Based on this consensus, the following Figure (2.5) is 

considered. 
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Figure 2.5: Type of classification of composite material based on the reinforcement 

[43] 

In the case of particle – reinforced composites, there are typically two types of particle 

reinforcements, short particle reinforcers which are based on their proportions could 

be considered as either dispersion-strengthened composites or large-particle 

composites. In the case of the latter composite type, the so-called large particles 

perform as a deformation preventive agent in the areas they exist which is the main 

reinforcing mechanism that they have. In the case of the former, the nano-sized 

particles are considered as the reinforcing agent but the difference with the large 

particle case is the matrix phase typically bears the enforced mechanical load. Due to 

the small size of the nano-reinforcement agents, the bond which leads to hindering 

spread of dislocation lines along the matrix phase is  via the strengthening the bond on 

the atomic level [43]. 

2.5 Rule of Mixture 

Estimation of the mechanical values of a given composite material, namely modulus 

of elasticity, Poisson’s ratio, etc. can be forecasted by a method known as the rule of 

mixture. In this method, each constituent is taken into account with their corresponding 

mechanical property. Furthermore, the lower and upper bound of a constituent is the 

range which the mechanical value of composites would typically fall into. Another 

important parameter in the rule of mixture is the volume fraction of the implemented 

material. The supposition is that the composite properties is the scaled value of the 

mean of the constituent’s properties on a volumetric basis.  

𝐸 = 𝐸𝑀𝑉𝑀 + 𝐸𝑖𝑉𝑖(𝑈𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑)                                                                                     (1) 
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𝐸 =
𝐸𝑀𝐸𝐼

𝐸𝑀𝑉𝐼+𝐸𝐼𝑉𝑀
 (𝐿𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑)                                                                                        (2) 

In the abovementioned equations (1) and (2), the letter E indicates the elasticity and V 

the volume fraction. Moreover, the letters I and M as subscripts are showing the matrix 

and in the inclusion phase or in other words, the particulate reinforces. Some crucial 

parameters which affect the mechanical properties of composite materials are the 

shape, size, and the spreading of the reinforces, the quality of interface adhesion 

between the matrix and the inclusions. Overall, the room for deviation in the 

estimations made via rule of mixture is quite substantial, thus resulting in development 

of many experimental and theoretical models to make up for the inaccuracies in 

estimations of mechanical properties of composites [47,48]. 

2.6 Fiber- Reinforced Composites  

The high mechanical properties resulting from implementation of fibrous 

reinforcements makes them a very good option for improvement of mechanical 

properties such as modulus of elasticity, strength etc. this method is amongst one of 

the most implemented choices for improving the composite materials, either for 

polymer, ceramic or polymer matrix composites. Many factors come in play to 

determine the overall stiffness and strength of a composite material, such as the 

properties of each constituent. Additionally, the length to width ratio of fiber, which is 

a dimensionless criterion, is also very pragmatic. The general consensus is that the 

minimum length required for a substantial change in the stiffness and strength in a 

composite is the critical length of a fiber and his quality is directly proportional to the 

ultimate tensile strength of the material that is used as a fiber and the extent in which 

the bounding process between the matrix and fiber and the diameter of the fiber itself. 

The following equation (3) illustrates how critical length is expressed, 
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𝑙𝑐 =
𝜎𝑓

∗𝑑

2𝜏𝑐
                                                                                                                   (3) 

Where 𝑙𝑐 indicates the critical length of fiber, 𝜎𝑓
∗ is the ultimate tensile strength of 

fibrous strands and  𝜏𝑐 represents the degree of bonding between fiber and matrix and 

𝑑 is the diameter of the fiber. Due to the complexity of composite material, the tensile 

and flexural load enforced upon the material could show different behavior depending 

on the direction of the lead with respect to the direction of the fibers in the material 

(Figure 2.6). However, this case only applies to continuous and aligned fibers, owning 

to the fact that dispersed and chopped fibers behave differently. Also, tensile strength 

of fibers are times stronger compared to the matrix phase. Nonetheless, matrix phase 

is better upon withstanding more strain before failure and have better ductility. Based 

on the orientation of fibers and their density and ratio, fiber reinforced materials are 

classified into three distinct group of continuous – long and aligned, discontinuous 

short and aligned , and discontinuous and randomly oriented [43,49,50].  

 
Figure 2.6: Stress–strain graph of a continuous and aligned fiber-reinforced 

composite while undergoing longitudinal load. Behavior of a brittle fiber and a 

ductile matrix is depicted as well [43] 
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2.7 Polymer Carbon Fiber Reinforced Composites and 

Reinforcements 

In carbon fiber reinforced composite materials, where the carbon fiber is implemented 

for the purpose of enhancing the properties of a given material, the matrix phase could 

be in a metal, ceramic or a polymer. Carbon fiber reinforced polymer (CFRP) 

composites are used abundantly in aerospace and aviation [51]. CFRP are renowned 

owning to their superb high fatigue resistance, low weight, high strength and stiffness 

[52,53]. These materials are heterogeneous and they do not behave in the same manner 

as the plastic material do under stress and they are considered to be anisotropic. 

Furthermore, they have impressive wear, thermal and chemical resistance, namely 

resistance to oxidation [54]. 

2.8 Composition of a CFRP  

As the name might indicate, CFRP are consist of carbon fibers placed within a polymer 

resin agent and the carbon fibers work as reinforcements and matrix is the epoxy resin  

[55]. Figure 2.7 shows a structure of the aforesaid characteristics.  

 
Figure 2.7: A CFRP structure schematic illustration [56] 

The general consensus for considering a material as a carbon fiber is at least 90 percent 

of the weight of the material should be carbon. They often can be derived from 

polymetric precursor materials, namely cellulose, polyacrylonitrile, pitch and 
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polyacrylonitrile and the aforementioned materials are processed to become carbon 

fibers by a number of methods such as heating and tensioning. Carbon fibers are 

extremely fine materials with the diameter of 5 to 10 μm. The thickness of a strand of 

carbon fiber is compared to human hair in the Figure 2.8. 

 
Figure 2.8: Comparison of carbon fiber to human hair [56] 

There are records of usage of carbon fibers as early as 1879 by Thomas Edison, which 

is believed he implemented for light bulbs [57]. Nonetheless, in the mid-20th century, 

high quality and reliable prototypes of carbon fibers were manufactured [58]. After 

accumulation of decades of trial and error and insight in manufacturing carbon fibers, 

remarkable verity of carbon fibers with different properties are available and used in 

engineering applications. Table 2.1 below shows carbon fibers as significantly better 

tensile properties compared to presented sample steel materials, while having much 

lower densities. Moreover, the point in which breakage happens is a good parameter 

to evaluate to make strength to weight comparisons which is defined as maximum 

length that a bar of a certain material could hold its own weight. Needless to say that 

the unit σu/(ρg) is the scale of measuring such observation and g is the constant gravity 

at 9.8 m/𝑠2 and it is clear that carbon fiber materials have substantial advantage over 

sample steel material [56].  
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Table 2.1: Mechanical properties of carbon fiber as opposed to steel sample materials [56] 
Type Name Density ρ 

(kg/m3) 

Tensile 

Strength 

σu (GPa) 

Elastic 

Modulus 

E (GPa) 

Breaking Length 

σu/(ρg) (km) 

Carbon 

fiber 

Standard 1760 3.53 230 205 

High 

strength 

1820 7.06 294 396 

High 

modulus 

1870 3.45 441 188 

Steel S355 7850 0.50 210 6 

wire 7850 1.77 210 23 

 

2.9 Structural Composites 

The name structural composite refers to the type of material that are formed upon 

careful stacking of composite laminates via an adhesive agent. Typically, the 

mechanical behavior of the stacked laminates which form the composite structure is 

dependent upon a number of criteria, namely the constituent’s properties, the size, 

shape and dimensions of the structure in bulk mode. There are mostly two distinctive 

type of structural composites, sandwich structures and laminated structures. The 

laminate structures (Figure 2.9) are the type of structure that is printed in a FFF process 

so therefore the focus is more gravitated towards this type of material. Basically, they 

are made of 2 dimensional plies which are set on top of one another and could be 

oriented to any direction depending on the application and the predicted direction of 

load in application. sheets are typically continuous and aligned fibrous composites. 

Furthermore, the idea behind addressing the plies as 2 dimensional is merely due to 
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the fact that the length to thickness ratio is drastically high in favor of the length[59]. 

Owning to this feature, the idea behind FFF process is that each ply that is printed is 

considered to be a 2-dimensional ply, with the same analogy as laminated structural 

composites. 

 
Figure 2.9: An example of a laminated composite structure [43] 

2.10 Chapter Review  

In the previous chapter, a review of the purpose and ideology behind AM and in 

particular FFF method of fabricating 3D objects were reviewed. The material of choice 

which is a composite material was reviewed, type of composites which were of carbon 

fiber reinforced was determined and put under scope and the rule for determining the 

material related parameters to be set for composites, known as the rule of mixture was 

explained. Moreover, depending on the type of application, the structural composites 

were designated for explanation which is the type of application in the simulation of 

the thesis.   
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Chapter 3 

MODELLING FINITE ELEMENT ANALYSIS IN 

COMSOL MULTIPHYSICS 

3.1 Research Methodology 

The research that is set to be carried out is of a FEA simulation approach. As a result 

of that, parameters of interest which are fiber orientation (angle), sequencing and 

number of layers. All parameters are held identical to research done by Ghebretinsae 

et al. [60], while the aforementioned parameters of interest are changed based on study 

by Parmiggiani et al. [61] to evaluate their significance in the aftermath of the study. 

Furthermore, for the sake of similarity, in the ongoing study, fiber volume fraction is 

assumed to be 35% while the other 65% is considered to be polymer resin and epoxies 

to consider their effect in the structure. Furthermore, in the study by Parmiggiani et al. 

[61], the fiber volume is set to be above 50%.  

 
Figure 3.1: Flowchart of the steps in simulation modeling 
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3.2 COMSOL Multiphysics  

COMSOL Multiphysics is a general purpose finite element analysis (FEA) software  

which has the option of incorporating different physics interfaces in a given modelling 

environment convenient for either user defined or built-in choices depending on the 

modelling task at hand [62]. Furthermore, COMSOL Multiphysics features numerous 

central variables and functions (e.g., domain and path incorporation options) which is 

very helpful tool in following the workflow of the process of modelling. Moreover, 

because of the multiple live links that could be established to other application, such 

as excel, MATLAB etc. which would be very helpful in further investigating the 

applications of the simulated structure in future works [63]. in COMSOL environment, 

for simulating a 3d printed structure, the structural mechanics node is used, and the 

layered shell interface is further selected which allows for modelling composite 

materials. In general, because of the layer wise nature of the FFF process, each 

fabricated part is regarded and modeled as a composite material. In the following 

section, more details regarding layered shell interface and how it operates.  

3.3 Modeling Composite Materials in COMSOL Multiphysics 

Composite materials are essentially important for their remarkable strength and 

relatively less weight compared to conventional materials. They are inhomogeneous 

materials having two or more constituents and have a wide variety of applications. One 

of the most defining aspects of studying composite materials is the scale of analysis. 

Typically, the analysis could be done on a micro scale (fiber-matrix modeling)[64] or 

macro scale (Laminate modeling)[65]. difference between these two perspectives is, 

in the former, calculation of the homogenized material properties of laminas by means 

of the archetypal unit cell having matrix and fiber materials is recognized as 

micromechanics analysis. On the other hand, concerning the latter, when dealing with 
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a composite laminate and considering its response towards different loading 

conditions, the resulting scope of analysis is known to be a micromechanics 

analysis[66]. In this simulation study, composites are considered to be orthotropic 

materials. Homogeneous materials are isotropic, meaning that they could be defined 

only with Poisson’s ratio and young’s modulus in a single x-direction. Orthotropic 

materials on the other hand, need to have nine elastic constants to express the stress-

strain reactions of the Hook’s law. The Matrix [D]-1 contains the characteristics of the 

orthotropic material.  

Typically, there are orthotropic, anisotropic and isotropic materials and in the 

following mathematic expressions, isotropic and orthotropic materials are under scope. 

Orthotropic materials could be explained in three Poisson’s ratio expressions, young’s 

modulus and shear modulus respectively, which adds up to nine values [37]. Moreover, 

isotropic materials are defined with a minimum of two material properties in the 

direction of the X-axis. The nine aforementioned values which explain the conditions 

of orthotropic martials are kept in the [D]-1, in equation 4, 
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1
0 0 0

1
0 0 0

1
0 0 0

1
0 0 0 0 0

1
0 0 0 0 0

1
0 0 0 0 0

xy zx

x y z

xy zy

y y y

yzzx

z y z

yz

zx

xy

v v

E E E

v v

E E E

vv

E E E

G

G

G

− −
 
 
 − −
 
 
 

−− 
 
 
 
 
 
 
 
 
 
 
  

x

y

z

xy

yz

yx













 
 
 
 
 
 
 
 
 
  

                           (4) 



22 

In static examination of a simple composite beam under loading condition, the stress 

generated from the loading burden deflects the beam and as a result of that, the amount 

of deflection can be found via differentiation and the thin beam theory is applied and 

the theory is under the assumption that even after deformation, the middle surface stays 

at a normal orientation. Also, should shear and rotation be disregarded. The related 

expression will be expressed as noted at equation (21).  

In the following analysis, the study of flexural and tensile properties of the FFF 

modeled composites will be in the micromechanics level and for the purpose of 

modeling a composite laminate. The considerations made for modeling composite 

materials are more complex compared to ordinary isotropic materials owning to 

distinguished response of each layer in the structure. such as layer thickness, material, 

geometry and orientation with respect to the reference plane (Figure 3.1). 

   

Figure 3.2: An illustration of a three dimensional laminate, with layer stacking and 

orientation [66] 

After determining the scale of analysis, the next step is the selection of the most 

suitable laminate theory for the task at hand. In COMSOL Multiphysics, two separate 

laminate theories are implemented. The main theories are first order shear deformation 

theory and the other is known as 3D elasticity theory. Each theory has its own 
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advantages which will be illustrated in the following section [66]. Composite 

laminated structures are formed from laminates which could have different fiber 

orientation or even different materials in each laminate. Generally, their planar 

dimensions are two orders of magnitude greater than their thickness. Often laminated 

structures are implemented in applications necessitating high membrane and bending 

strengths. So, in many cases composite laminates can be modeled using a shell element 

based on the equivalent single layer modeling concept. This is a classical way of 

modeling composite laminates. This theory treats a heterogeneous laminated 

composite as a statically equivalent single layer. This theory reduces a 3D continuum 

problem to an equivalent 2D problem, thus reducing the size and computational time 

of the problem. In addition to simplicity and low computational cost, this theory 

provides sufficiently accurate description of the global response for a thin to 

moderately thick laminates such as gross deflections, critical buckling loads, and 

eigenfrequencies with corresponding mode shapes. In the first order shear deformation 

theory, In COMSOL Multiphysics, first order shear deformation (ESL-FSDT) theory 

is one of the options for analyzing composite laminates. This theory is implemented in 

the Layered Linear Elastic Material model in Shell interface. It has an MITC (mixed 

interpolation of tensorial components) formulation. As this theory accounts for the 

transverse shear deformation, it can be used for rather thick shells. One of the most 

defining features of this theory are; 

• Degrees of freedom (3 displacements, 3 rotations) are defined only at the midplane 

or reference plane of the composite laminate[66]. • Suitable for modeling thin to 

moderately thick laminates; 

• Suitable for finding global response of the laminate e.g., gross deflections, 

eigenfrequencies, critical buckling load etc.; 
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• Not very computationally expensive, and thus suitable for analysis of laminates 

having large number of layers; 

• Requires shear correction factor for thicker laminates where transverse shear 

stresses are not negligible [66]. 

A layer wise (LW) theory for modeling composite laminates is very similar to a 

traditional 3D elasticity theory, where the degrees of freedom are only the 

displacement fields defined in the product geometry created by the reference surface 

and an extra dimension in the thickness direction. There are two approaches depending 

on the way degrees of freedom are defined: 

I. Partial displacement field approach 

II. Full displacement field approach. 

In the partial displacement field approach, the laminate thickness remains constant, 

whereas the full displacement field approach allows a change in thickness of the 

laminate. In COMSOL Multiphysics, a full displacement field approach-based layer 

wise theory is implemented in Layered Shell interface. The layer wise theory is more 

accurate than the equivalent single layer theory, but it comes with the cost of having 

more degrees of freedom. It is significantly more expensive in terms of computer 

resources. From accuracy point of view, layer wise theory is as accurate as traditional 

3D elasticity theory, but it has several benefits over traditional 3D elasticity theory: 

• No need to build a 3D geometry with many thin layers; 

• Easy to handle layer wise and interfacial data; 

• In-plane finite element meshing is independent of the out-of-plane (thickness 

direction) meshing; 
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• A separate, either lower or higher, shape function order can be chosen in the thickness 

direction in order to avoid shear locking or to gain accuracy advantages [66]. 

Characteristically, the first order shear theory is derived and a part of the known 

Kirchhoff-love plate theory. In the aforesaid theory, shear deformations going through 

the thickness is accounted for in average, which was first suggested by Reissner on 

1945 [67] and also 4 years earlier by Mindlin [68]. What makes this theory distinct 

from the classical plate theory is the assumption that the surface normal to the 

reference surface is not perpendicular to the middle surface as a result of deformation. 

Thus, both transverse shear strains and stresses are assumed to be constant through the 

thickness. In this case, we consider variables 𝑢1and 𝑣1to be normal to reference surface 

and are now dependent upon the rotations of that reference surface, which are denoted 

as 𝑤0,𝑥 and 𝑤0,𝑦 respectively. Based on this theory, the kinematics formed are 

expressed in five directions, 𝑢0, 𝑣0, 𝑢1, 𝑣1, 𝑤0. If we assume 𝑢1 to be equal to 

expression 𝜓𝑥 and  𝜓𝑦 to be equal to 𝑣1, then the kinematics of deformation is stated 

by, 

𝑢 = 𝑢0 + 𝑧𝜓𝑥, 𝑣 = 𝑣0 + 𝑧𝜓𝑦 , 𝑤 = 𝑤0                                                                               (5) 

Furthermore, curvatures in the structure are denoted as  

{𝑘} = {

𝜓𝑥,𝑥

𝜓𝑦,𝑦

𝜓𝑥,𝑦 + 𝜓𝑦,𝑥

}                                                                                                (6) 

And the resulting transverse shear strains and stresses are, 

{
𝜀𝑦𝑧

𝜀𝑥𝑧
} = {

𝜓𝑦 + 𝜓0,𝑥

𝜓𝑥 + 𝜓0,𝑦
}                                                                                                 (7) 

{
𝜎𝑦𝑧

𝜎𝑥𝑧
} = [

𝑄44 𝑄45

𝑄45 𝑄55
] {

𝜀𝑦𝑧

𝜀𝑥𝑧
}                                                                                        (8) 
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Now, if we consider the transverse shear forces and strain displacement relationships 

from integration of equations of motion from 3D elastic material, we get, 

𝜎𝑥𝑥,𝑥 + 𝜎𝑦𝑥,𝑦 + 𝜎𝑧𝑥,𝑧 = 𝜌𝑢,𝑡𝑡                                                                                              (9) 

 𝜎𝑥𝑦,𝑥 + 𝜎𝑦𝑦,𝑦+𝜎𝑧𝑦,𝑧 = 𝜌𝑣,𝑡𝑡 ,                                                                                               (10) 

𝜎𝑥𝑧,𝑥 + 𝜎𝑦𝑧,𝑦 + 𝜎𝑧𝑧,𝑧 = 𝜌𝑤,𝑡𝑡                                                                                              (11) 

With integration of the first two equations (10), (11) in thickness direction, we get two 

new expressions s following: 

𝑁𝑥 = ∫ σxxdz,                                                                                                                
h/2

−h/2  (12) 

Ny = ∫ σyydz,                                                                                                                  
h/2

h/2  (13) 

Nxy = ∫ σxy
h/2

h/2
dz,                                                                                                                (14) 

and by adding the in-plan resultant forces, 

𝑁𝑥,𝑥 + 𝑁𝑥𝑦,𝑦 + 𝑞𝑥 = ∫ 𝜌𝑢,𝑡𝑡𝑑𝑧                                                                                   
ℎ/2

ℎ/2
  (15) 

𝑁𝑥𝑦,𝑥 + 𝑁𝑦.𝑦 + 𝑞𝑦 = ∫ 𝜌𝑣,𝑡𝑡𝑑𝑧
ℎ/2

ℎ/2
                                                                                     (16) 

Where 𝑞𝑥 and 𝑞𝑦 are forces per unit area subsequent from loads applied to the top and 

bottom surfaces or body forces enforced on the x and y directions and h is the thickness 

of a laminate. By making an integration through the thickness direction, we attain the 

transverse shear forces as such,    

𝑄𝑥 = ∫ 𝜎𝑥𝑧𝑑𝑧,
ℎ/2

ℎ/2
                                                                                                                 (17) 

𝑄
𝑦= ∫ 𝜎𝑦𝑧𝑑𝑧,                                                                                                                  

ℎ/2
ℎ/2

                                       (18) 

Therefore, the transverse motion is expressed as following, 

𝑄𝑥,𝑥 + 𝑄𝑦.𝑦 + 𝑞𝑧 = ∫ 𝜌𝑤.𝑡𝑡𝑑𝑧
ℎ/2

ℎ/2
                                                                                     (19) 
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Using the definition of transverse shear forces by referring to equations regarding 

strain and displacement, the resulting integration yields,  

{
𝑄𝑦

𝑄𝑥
} = 𝑘 [

𝐴44 𝐴45

𝐴45 𝐴55
] {

𝜓𝑌 + 𝑊0.𝑌

𝜓𝑋 + 𝑊0.𝑋
}                                                                                   (20) 

where k is an abstract constant which expresses the shear correction factor. This factor 

is considered due to assumed field displacement resulting in a constant shear strain 

state. Generally, in a laminated plate structure, the shear stress possess a hyperbolic 

response which is why the factor k is included for the correction of this divergence[69]. 

In conclusion, given the parameters and the nature of the structure, Equivalent single 

layer theory was chosen to perform the FEM simulation. With differentiation 

techniques, the amount of stress and bending effect could be derived. In the assumption 

made in the single layer beam theory, the surface that is normal-to the beam mid 

surface remains unchanged after deflection inducing stress is enforced. Moreover, if 

the shear forces and rotational forces are neglected, then the curvature and strain 

equation could be expressed as follows,    

𝜀0 =
𝜕𝑢

𝜕𝑥
 , k=-

𝛿2𝑤

𝛿𝑥2 ,                                                                                                                   (21) 

In the equations above, the symbols ε, κ indicate the strain and curvature respectively. 

And, u, w shows the quantity of displacement in the x and z direction. Furthermore, 

normal strain is indicated as, 

𝜀= ε0+𝑧𝑘                                                                                                                                 (22) 

The reaction moments in the support areas of the structure and the z direction forces 

while tensile and flexural stress is applied upon the structure is also considered as 

following, 

N A B

M B D k

     
=     

     
                                                                                                            (23) 
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The matrix A is a mnemonic for the in-plane stiffness and the B matrix the effect of 

coupling which ascends between the flexure and the membrane action. Moreover, in a 

scenario where a laminate is symmetric, the B matrix is going to be considered as zero. 

Plus, the matrix D illustrates the bending stiffness. Moreover, the quantity of strain in 

the mid-plane, in-plane loads, moment and curvature are shown by the letters ε, N, M, 

and κ respectively [36]. 

Furthermore, the axial direction stress is articulated as [69], 

𝜎𝑥=𝑄11(ε0+𝑧𝑘)                                                                                                                    (24) 

3.4 Modelling Assumptions and Considerations  

The material modeled in this simulation are in plane long carbon fiber reinforcements 

with a polymer based chopped carbon fiber composite known as the commercial name 

of ONYX composite which is the matrix phase of the tensile modeled structure. ONYX 

is made from micro-scaled chopped carbon fibers in combination with immensely 

dense nylon. ONYX material has the advantage of typical toughness of nylon materials 

added with capable stiffness capacity of carbon fibers [70]. the aforesaid materials are 

known for smooth surfaces which does not typically require post-processing. their 

mechanical properties are shown as illustrated in Table 3.1 below [71]. 

Based on the results extracted from the work done by Bárnik et.al [72], It's better to 

stack the layers at even numbers as odd numbers lead to structures failing more often 

and it is recommended to use even numbered layers for 3D printing applications. 

furthermore, it was determined that samples with higher infill density yielded better 

tensile properties and solid infill pattern is the most reliable option in scenarios where 

stresses could be enforced from different and random directions[60,72,73]. As a result, 
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in an attempt to realize the effects of fiber orientation of carbon fiber reinforced 

materials made by Parmiggiani et.al [61], the stacking sequence and orientation with 

the most versatility is selected, where the stacking sequence for tensile model has 8 

ONYX layers, 4 on the top, 4 on the bottom with 16 carbon fiber layers in between 

and same number of and stacking of ONYX material for Flexural model, only 

difference being the number of carbon fiber layers, which is 24 layers in between. Full 

details of structures are depicted in Table 3.2. 

Table 3.1: Mechanical properties of ONYX material [71] 

Young's modulus 

[GPa] 

Yield stress 

[MPa] 

Ultimate stress 

[MPa] 

Flexural strength 

[MPa] 

Flexural modulus 

[MPa] 

Density 

[g/cm3] 

1.4 36 30 81 2.9 1.2 

 

Table 3.2: Mechanical and geometrical specifications of simulating samples [61] 
Testing 

method 

Referencing 

standard 

Structure 

Dimensions 

Fiber Fiber 

orientation 

ONYX 

layers 

Carbon 

fiber 

layers 

Flexural 

Test 

ASTM D 

3039 

153.6𝑥14𝑥4 ONYX 

 

[0,90, +45, −45]4 8 24 

Tensile 

Test 

ASTM D 

7264 

157.6𝑥16𝑥3 Carbon 

fiber 

[0, +45,90, −45]4 8 16 

 

Samples were represented as thin layered laminas. because the layers were 

manufactured in the printing device were made of two types of materials exclusively 
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the reinforming fiber which is A4S carbon fiber and the matrix phase which was the 

ONYX material and there is only one type of material contained in each layer. 

Furthermore, the following assumptions were also prevalent in the FEM process:  

1. Linear elasticity in constituent’s performance  

2. The Onyx material or the matrix, possessing isotropic physical properties.  

3. Fibers transversely isotropic in the reinforcement phase 

4. Flawless fiber-matrix attachment  

5. Absence of any void or imperfections in the simulated models. 

Additionally, the matrix phase (Onyx) was thought to be as an isotropic solid and they 

were reinforced with carbon fiber layers with the following properties depicted in the 

Tables 3.3 and 3.4 respectively. 

Table 3.3: Properties of defined ONYX material in modelling environment 

Property Value Unit 

Density 0.12 𝐾𝑔

𝑚3
 

Tensile Young’s modulus 

(𝐸11,𝐸22,𝐸33) 

{1.4E+9, 7.728E+9, 7.728E+9} 𝑃𝑎 

Flexural Young’s modulus 

(𝐸11,𝐸22,𝐸33) 

{2.9E+9, 7.728E+9, 7.728E+9} 

Poisson’s ratio 

𝑉12, 𝑉13, 𝑉23 

{0.104, 0.104, 0.121} 1 
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Shear modulus 

𝐺11,𝐺22,𝐺33 

{7.728E+9, 7.728E+9, 2.864E+9} 𝑁

𝑚2
 

 

Table 3.4: Properties of defined carbon fiber material in modelling environment 

Property Value Unit 

Density 1790 𝐾𝑔

𝑚3
 

Tensile Young’s modulus  

(𝐸11,𝐸22,𝐸33) 

{54E+9, 7.616E+9, 7.616E+9} 𝑃𝑎 

Flexural Young’s modulus 

(𝐸11,𝐸22,𝐸33) 

{51E+9, 7.616E+9, 7.616E+9} 

Poisson’s ratio 

(𝑉12, 𝑉13, 𝑉23) 

{0.104, 0.104, 0.121} 1 

Shear modulus 

(𝐺11,𝐺22,𝐺33) 

{7.728E+9, 7.728E+9, 

2.864E+9} 

𝑁

𝑚2
 

 

Furthermore, the thickness of each layer is considered to be 0.125 mm because the 

thickness of each printed layer is inspired after Mark forged® FFF printing device and 

each and every layer was presumed as a lamina, while in execution, the bonding quality 

crammed amongst the adjacent material strand is relatively weaker. Moreover, the 

ONYX material comprises of chopped carbon fiber pieces. One needs to acknowledge 

that the type of carbon fiber in a FFF process is not the same material and possess 
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dissimilar mechanical properties. As an example, the reinforcement carbon fiber 

modeled and simulated in this study is aimed to have the same properties of Mark 

Forged® printed carbon fibers. They were recorded to have a bending and tensile 

elastic modulus of 51 GPa and 54 GPa, correspondingly [74], although a carbon fiber 

prepared by the method known as PAN manufacturing method bears a tensile elastic 

modulus of 230 GPa. The finite element models established, were created in similar 

way with the 3D creation procedures as the test specimen. Yet, the model is set to have 

no frail bonding amongst the layers which invadable due to current status quo of FFF 

method. In nature, composite materials are more complex than conventional materials 

and many considerations need to be taken and because of the orthotropic nature of the 

material, thus the orthotropic properties in each direction should be defined. In the 

cases where material is orthotropic, material properties should be defined in x, y, z 

direction and in the isotropic cases, material specifications should be defined in the x 

direction only. Subsequently, due to orthotopically of the material defined in the FEA, 

3 Poisson’s ratio, 3 shear moduli and 3 elastic moduli must be defined. Therefore (v12, 

v23, v31) for the Poisson’s ratio, (G12, G23, G31) for shear and (E1, E2, E3) for elastic 

expressions, each in three separate orthotropic directions and the subscript numbers 

along each letter indicates direction where 1,2,3 is set for x, y, z [34]. In a mesoscale 

analysis of stress and strains, properties of each lamina are needed for procurement of 

objective quantities in a lamina and the material properties will be defined within the 

COMSOL environment. A Laminate Stacking Scheme was implemented to generate 

the 0.125 mm thick laminas and material specifications and their values defined. The 

lay-up was stacked in similar way as in the FFF setting recommended by Parmiggiani 

et al. [61] Hence, for the tensile model four layers of ONYX material at the floor and 

at roof of the samples oriented at [0/+45/90/-45] degrees and 16 unidirectional 
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reinforcing fibrous layers amongst the roof and floor of the simulated model were 

provided and Overall 24 lamina of 0.125 mm thickness  was joint to make for a 3 mm 

thick laminate (Figure 3.4 and 3.5). The bending model had 4 layers of floor with Onyx 

material, then 24 layers of carbon fiber stacked on top of the aforesaid ONYX material, 

accompanied by 4 layers of ONYX material as the floor layers. 4 layers of roofs were 

considered in simulation to imitate the protective effect of matrix phase to shield the 

carbon fiber from damage and furthermore, Total 32 layers of 0,125 mm thickness 

lamina were used to make a 4 mm thick laminate and the orientation order of 

comprising layers are [0/90/+45/-45] (Figure 3.6). Additionally, the geometry of 

tensile and flexural models were in accordance with ASTM D 3039 [75] and ASTM 

D 7264 respectively [76].  

 
Figure 3.5: A general geometry of the laminate structure 
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Figure 3.6: Thickness of the tensile animated structure the first layer at the bottom 

while the last layer (layer number 24) is stacked at the top of the layered material 

which is equal to 0.003 meters 

 
Figure 3.7: Layered display of flexural structure 

3.5 Meshing  

The meshing process is divided into two general steps, the type of meshing element 

chosen for segmented FEM analysis, which in the case of this study is chosen to be 

tetrahedral because of the fact that mesh size is very fine compared to the geometric 

dimensions of the structure and the second step, which is mesh control. Furthermore, 

based on the fact that the fabricated material has a composite multilayered nature, 

based on the type of mesh selection applied in the work done by Matveev et al [77], it 
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was observed at the boundaries between layers, typical voxelate shaped could result in 

some inaccuracies and in order to circumvent the issue, tetrahedral shaped elements 

were chosen. Moreover, owning to rather linear shape of the structure meshes are 

perceived to be almost evenly distributed among the surface of the multi-layered 

structure. Furthermore, the specimen consists of 360 mesh vertices. Meshed structure 

has the minimum size of 0.0307 mm and maximum size of 3.07 mm, and meshing 

statistics along with a 34 and 35 below. Only difference between the two tensile and 

flexural structures are the layering stack orientation, and a slight difference if 1 mm in 

thickness owning to the tensile model having fewer number of layers. As a result of 

that, the type of element for meshing the both structures are identical. The meshing 

statistics and plot on the tensile structure is depicted in Figure 3.7 and Figure 3.8 

illustrates the meshing plot of the flexural model, followed by the meshing statistics 

shown in Figure 3.9. 

 
Figure 3.8: Meshing plot and statistics of the tensile specimen. The dimension of the 

smallest and biggest mesh is the same as the flexural model 
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Figure 3.9: Mesh statistics for flexural element 

 
Figure 3.10: Meshing sequence implemented on the structure 

3.6 Chapter Review 

In the chapter 3 of the thesis, the means of making the FEM simulation is presented 

which is within the COMSOL multi-physics environment. The mathematical theory in 

which the modelling is structured is explained with the mathematical operation and 

equations which govern the modelling of composite materials in COMSOL multi-
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physics. Furthermore, the modelling assumptions in which modelling was undertaken 

is stated and ultimately, the meshing type and statistics are shown.  
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Chapter 4 

RESULTS 

4.1 Finite Element Modelling on COMSOL Multiphysics  

The results from the FEA were extracted from COMSOL Multiphysics software and 

both flexural and tensile simulated structures underwent a uniformed total force as a 

boundary load and a simulated two-point flexural test at two key point in the mid span 

of the both sides of the flexural test were enforced, respectively (Figure 4.1 and 4.2). 

Furthermore, even though in real life applications of a tensile test, mostly the specimen 

has dog bone shape geometry. However, in this simulation, the uniformly shaped 

rectangular portion of the typical dog bone specimen were considered. 

Correspondingly, in the flexural test, the rectangular length between the 3-point 

flexural (bending) test was measured for the FEM analysis of the flexural test. Each 

specimen was simulated under the assumption of zero degree of freedom within the 

fixed point. Owning to the fact that the tensile specimen has a fewer number of layers 

compared to flexural model each model has a different number of applied mesh for 

FEM calculation to be executed. In COMSOL Multiphysics, there are two general 

methods of meshing, either physics based or user-controlled method. For both 

structures, for the sake of better convergence and optimality in processing the results, 

triangular user defined meshing was considered. Furthermore, the dimensions of each 

mesh was set to be as miniature as possible to be able to bear more accurate and precise 

results. Thereafter, results of displacement of structure, von mises stresses, 
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displacement and strain of structure, along with first principal stresses are depicted. 

And an evaluation with previous works will be included.  

 
Figure 4.1: Tensile specimen boundary setting, where the blue line is the fixed end 

and the red line indicates the boundary where the total force of 559.9 MPa which was 

applied 

 
Figure 4.2: Boundary setting of the structure with red dots in the mid-point of the 

structure indicating the two spots where flexural loads were applied and blue lines as 

constraints 

4.2 Flexural Model Two Point Simulation Result 

The flexural model that was assembled as a 32-layer structure consistent of 

commercial materials known as ONYX material defined as the matrix phase and 

transverse carbon fiber epoxy (AS4 carbon fiber yarns) as the reinforming phase. 
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There exists 4 layers of ONYX materials on top of the structure and 4 layers of ONYX 

at the bottom, which accounts to overall 8 layers of ONYX material and 24 layers of 

carbon fiber epoxy in between. The dimensions of the structure are 153.6 millimeters 

of length, 14 mm of width and 4 mm of height under two-point loads of 302.70 MPa 

load on each point. The model has a 100% infill density and a solid infill pattern. three-

dimensional view of the layered structure is further depicted in the Figure 4.3. 

 
Figure 4.3: 3-dimensional view of the layered flexural structure 

After the simulation was executed, it was evaluated that the flexural model had total 

strain energy is 1.6406 joules and total reaction force of x= 7.5982E-9, y= 3.4136E-9, 

z= -605.40. Depending on the displacement and the curvature spotted within the 

structure, it was noted that the four ONYX layers placed on the top and the bottom 

were the most resilient compared to carbon fiber layers owning to their superior 

mechanical properties. However, depending on the orientation sequence in which 

layers were stacked upon each other, it is bordered that the layer number five, which 

is the first carbon fiber layer is the layer which underwent the most stresses and 
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deflection. Layer number five is oriented at a 0 degree with respect to the reference 

coordinate system and is the boundary layer between ONYX material and the 

reinforcement phase. However, same occurrence did not happen to the last reinforcing 

layer (layer 28) as it did not bear the same amount of stress within the body of the 

layered material. Needless to say, that layer 28 is oriented at 45 degrees with respect 

to the reference axis. Furthermore, the amount of displacement and through the 

thickness, first principal stresses and also and evaluation of von mises stresses on 6 

key points within the structure. The defining points on the coordinate of [𝑥 = 0, 𝑦 =

0] for point one, [𝑥 = 0, 𝑦 = 14] for point 2, [𝑥 = 76.8, 𝑦 = 0] for point, [x=76.8, y= 

14] for point 4, [𝑥 =  153.6 , 𝑦 = 0] for point 5 and [x=153.6, y= 14] for point 6. 

Needless to say, since the coordinate is through the thickness, all the layers underneath 

the defined point are considered (Figure 4.4 to Figure 4.10).  

 
Figure 4.4: View of flexed structure from above 

 
Figure 4.5: View of the curved flexural structure from the bottom 
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Figure 4.6: Widthwise view of the layered structure 

 
Figure 4.7: Displacement curve of the structure in millimeters6 key points the 

defining points on the coordinate of [𝑥 = 0, 𝑦 = 0] for point one, [𝑥 = 0, 𝑦 = 16] for 

point 2, [𝑥 = 76.8, 𝑦 = 0] for point, [x=76.8, y= 14] for point 4, [𝑥 =  157.6, 𝑦 = 0] 
for point 5 and [x=157.6, y= 14] for point 6. Each black solid line indicates a layer 
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Figure 4.8: Volumetric strain to von mises stress 6 key points the defining points on 

the coordinate of [𝑥 = 0, 𝑦 = 0] for point one, [𝑥 = 0, 𝑦 = 16] for point 2, [𝑥 =
76.8, 𝑦 = 0] for point, [x=76.8, y= 14] for point 4, [𝑥 =  157.6, 𝑦 = 0] for point 5 

and [x=157.6, y= 14] for point 6 

 
Figure 4.9: von mises stresses of 6 key points the defining points on the coordinate 

of [𝑥 = 0, 𝑦 = 0] for point one, [𝑥 = 0, 𝑦 = 16] for point 2, [𝑥 = 76.8, 𝑦 = 0] for 

point, [x=76.8, y= 14] for point 4, [𝑥 =  157.6, 𝑦 = 0] for point 5 and [x=157.6, y= 

14] for point 6. Needless to say, since the coordinate is through the thickness, all the 

layers underneath the defined point are considered 

As it is shown on the Figure 26, there are two main pressure point that the flexural 

loads were applied. One at the location of (x=76.8 and y= 0) and (x=76.8 and y=14).  
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In the first mentioned point, the maximum von mises recorded stress was 1.1968E9 

newton per square meter, however, the amount of maximum stress recorded on the 

second point was recorded to be 1.1222E9 newton per square meter, moreover, as it is 

depicted, compared to other layers, layer number 4 sustained more stress which was 

recorded to be 5.0299E8 newton per square meter.  

4.3 Tensile Model Simulation Results  

The prepared tensile model was set to have dimensions of 157 millimeters in length, 

16 millimeters in width and 3 millimeters in Hight. Differences in the width of the 

specimen is due to the fact that each layer of specimen are set to be 0.125 millimeters 

and the tensile models has 24 layers. The model has an infill ratio of 100 percent and 

solid infill pattern. Moreover, the model had the overall elastic strain of 29.41589 

joules and the global reaction forces were evaluated as x= -23515.80, y = -4.2122E-9 

z= 7.5562E-6. The tensile model has a fixed constraint with zero degrees of freedom 

and a uniformly spread boundary load enforced on the opposite side of the structure 

with the magnitude total force of 599.9 MPa (Figure 21).  The amount of global 

reaction forces in the constraint boundary, the middle and the load enforced boundary 

are depicted in a 6-point plot of von mises stresses with, The defining points on the 

coordinate of [𝑥 = 0, 𝑦 = 0] for point one, [𝑥 = 0, 𝑦 = 16] for point 2, [𝑥 = 78.5, 𝑦 =

0] for point, [x=78.5, y= 16] for point 4, [𝑥 =  157, 𝑦 = 0] for point 5 and [x=157, y= 

14] for point 6. Needless to say, since the coordinate is through the thickness, all the 

layers underneath the defined point are considered. 

After the aforementioned uniformed boundary load was applied on the tensile 

structure, as expected, the ONYX material shown better resilience towards the stress 

and remained relatively intact. However, the mechanical behavior of the reenforcing 
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phase did not play out in the same manner as the ONYX phase. Amongst the carbon 

fiber layers, most critically behaved layers were layers with a 90-degree orientation 

with respect to the reference orientation. Which were layers numbers 5,9,13,17. 

However, even between the aforementioned four layers, layer 13 and 17 on the side 

constraint boundary, bore more stress in general (1.6521E9 and 1.4978E9  
𝑁2

𝑀
  

respectively). The other group of reinforcing layers which underwent more stress, 

where layers oriented at 0 degree with respect to the reference coordinate system. 

Although the 0-degree layers did not experience the same amount of stress as the -90-

layer group. In the following, a view of the deflected structure, from the side, and 

another image from the constrained face of the structure is depicted for proper 

inspection of the structure from the most important angles. Thereafter, through the 

thickness displacement, von mises stresses and overall volumetric strain are shown in 

Figures 4.11, 4.12 and 4.13 and 4.14 respectively. 

 
Figure 4.10: Tensile stress and displacement values 
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Figure 4.11: Through the thickness displacement 

 

 
Figure 4.12: Von mises stresses and different orientation views of the structure 
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Figure 4.13: Von mises stresses, The defining points on the coordinate of [𝑥 =

0, 𝑦 = 0] for point one, [𝑥 = 0, 𝑦 = 16] for point 2, [𝑥 = 78.5, 𝑦 = 0] for point, 

[x=78.5, y= 16] for point 4, [𝑥 =  157, 𝑦 = 0] for point 5 and [x=157, y= 14] for 

point 6. Needless to say, since the coordinate is through the thickness, all the layers 

underneath the defined point are considered 

 
Figure 4.14: Volumetric strain to von mises within the 6-key points 

4.5 Validation and Comparison  

In the process of implementing the flexural and tensile stress generated within the 

separate structures, the mechanical properties of both type of structures are recorded 
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and, in this section, they are compared to the most similar previous research 

undertaken before. In a research done by Ghebretinsae et al [60], samples with the 

same defined material were generated, using ONYX material and AS4 carbon fiber as 

reinforming phase of the structure. The mechanical properties imported form their 

FEA modelling is depicted in Table 4.1. 

Based on the suggestion made by the investigation carried out by Parmiggiani et al 

[61], the fiber orientation, fiber stacking sequence and the number of layers from is 

adopted from Parmiggiani’s work, while still using the same defined material ,infill 

pattern and ratio and same point load and boundary load for flexural and tensile model 

respectively. As the results of the simulation shown, the maximum stress for the newly 

structured models is recorded to be 1.490E9  
𝑁2

𝑀
 for the flexural model and 1.240E9 

𝑁2

𝑀
 

for the tensile model respectively, which is an improvement compared to the previous 

results. Furthermore, the amount of displacement in the tensile specimen was recorded 

to be 0.3 mm and 4 mm for the flexural structure which is significantly better and is 

compared in the Table 4.2 below. 

Table 4.1: Results from the simulation done by Ghebretinsae et al. [60] 

Type of test Load applied 

Results of FEM 

displacement 

[mm] 

Max stress 

[MPa] 

Tensile test 

559.9 MPa (as a total 

boundary load) 

1.13 470.5 

Flexural test 302.70 N (at two points) 9.14 254.1 
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Table 4.2: Results from the simulation done via COMSOL Multiphysics 

Type of test Load applied 

Results of FEM 

displacement[mm] 

Max stress [MPa] 

Tensile test 

559.9 MPa (as a 

total boundary 

load) 

22.6 1490 

Flexural test 

302.70 N (at two 

points) 

8.14 1240 

4.6 Discussion 

A finite element Modeling process was undertaken on two separate simulated 

structures. the structures have A4S carbon fiber as reinforcement agent and 

commercial material known as ONYX material in the form of the matrix phase of the 

both tensile and flexural structures. the models were generated within the COMSOL 

multi- physics. the materials were assumed under the circumstances of perfect binding 

and no delamination. furthermore, the simulated material is free of any void and 

entrapped air and the condition of perfect bonding stands. as a result, in the COMSOL 

multi-physics, the layer shelled interface was chosen to simulate the layered nature of 

the 3D printed structure and the mechanical properties of the carbon fiber 

reinforcement and the matrix material was defined based on the values and 

assumptions in the research done by Ghebretinsae et al as was pointed out that the 

composites material manufactured with Novel 3D printing possess unprecedented 

mechanical properties. Furthermore, owning to the change in layer orientation and 

sequencing the novel simulated material shown improved mechanical properties. 

Based upon the results extracted from the work done by Bárnik et al [73], It's best to 

stack the layers at even numbers as odd numbers lead to structures failing more often 
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and it is recommended to use even numbered layers for 3D printing applications. 

furthermore, it was determined that samples with higher infill density yielded better 

tensile properties. Moreover, as was mentioned in the previous section related to the 

results from tensile and flexural, ONYX layered phases depicted superior mechanical 

properties compared to carbon fiber phase and depending on the layer orientation and 

the orientation of the layers above and below somewhat plays a role in the state of 

stress within the structures as is shown in the figures in the aforementioned sections 

and the point evaluation done on the bending point in the flexural structure where the 

quantity of maximum von mises slightly varied on each bending point.  

4.7 Chapter Review  

In this final chapter, the process of simulation under the aforementioned conditions 

was undertaken and the results of displacements, stress and strains within the structures 

underwent tensile and two point flexural (bending) are evaluated. Furthermore, the 

aftermath of the simulation is compared to previous work of similar background and 

aside from stacking orientation and sequence, all the parameters are held in identical 

circumstances. However, the aforesaid changes resulted in improved tensile and 

flexural resistance of the structures. 
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Chapter 5 

CONCLUSION 

In essence, this thesis was an investigation in improving the flexural and tensile 

capabilities of FFF parts which is a technique in AM. They are one of the most 

important factors in having capable and reliable parts in practical applications. There 

are many aspects in which composite manufacturing via AM techniques could be 

modified, namely the bonding quality between layers, raster angle and orientation, 

compensating with offset parts and etc. However, non-manufacturing related 

parameters such as the layer stacking orientation and orientation can be very impactful 

and they were investigated in this thesis via a FEM simulation adopted by previous 

existing results. Owning to the precise control in AM and little to no constraint in term 

of design geometry and topology, structures could have certain infill density and 

pattern best suited to the direction of specific stresses applied to them and this leads to 

less material usage and time and resource saving. However, in applications where there 

could be random and stochastic stresses, the option of having less density becomes a 

liability in terms of dealing with the aforesaid random forces, even though that takes 

more time and material to fabricate the material. As a result of that, in this thesis, for 

the sake of versatility of usage of the proposed material, a solid infill pattern and 100% 

infill ratio was chosen. Moreover, as stacking sequence and layer orientation is very 

important in fiber reinforced structural materials, an attempt to change the orientation 

and stacking order was made. Two types of materials were simulated, ONYX material 

which are chopped CF materials, served as the matrix phase for both tensile and 
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flexural simulated specimen and AS4 carbon yarns with 34.5% of their mechanical 

properties as reinforcing fiber. The change in the aforesaid parameters resulted in 

improved maximum stress compared to previous similar work. Referring to tables 4 

and 5, in the previous work, the tensile test Max stress was 470.5 [MPa], and flexural 

test Max stress of 254.1 [MPa]. Overall, following conclusions are made; 

o  ONYX layered phases depicted superior mechanical properties compared to 

carbon fiber phase in flexural model 

o ONYX layered phases were more vulnerable in tensile simulation. 

o Carbon fiber reinforcements underwent more stress in upper layers in the 

tensile simulation. 

o Depending on the layer orientation and the orientation of the layers above and 

below of each laminate, the state of stress within the aforementioned sections 

varied.  

o Changes made in stacking orientation and stacking sequence, resulted in 

improved tensile and flexural resistance of the structures. 

o Some layers endured significantly more stress while some layers remained 

relatively dormant.  

In the future works, possibilities to fabricate composite materials where all layers 

used within the layered structure could play a more load bearing part even though 

having a multi orientated layer structure is a subject where more investigations 

should be made. under the new circumstances, the maximum stress for tensile test 

was recorded to be 1490 [MPa] and flexural to be 1240 [MPa] showing significant 

improvement given the assumptions made to undertake the simulation. 
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