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ABSTRACT 

 

Additive Manufacturing or 3-D printing is a fabrication process by which a 3-dimensional 

solid iobject iis imanufactured iby idepositing ilayers iby ilayers ion ithe iobject. iIt iis iemerging ias ione iof 

ithe iinnovative itechnologies iand ihighly iaffect ithe imanufacturing isystem. iToday, iadditive 

imanufacturing i(AM) ireveals ichanges iin icomplete ivalue icreation, istrategic isystem, iand 

iprocesses. iMass icustomization iwith iminimization iof iwaste iand iability ito imanufacture icomplex 

istructure imake ithis iprocess isuperior iover iother. iFreedoms iof idesign, irapid iprototyping iare isome 

iother ibenefits. i 

The iaim iof ithis istudy iis ito ioptimize ithe iprocess iparameters iof ifused ideposition imodeling i(FDM) 

iby iexploring ithe itensile itesting iof iPolylactic iacid i(PLA). iIn ithis iwork, iwe ivaried iprocess 

iparameters ilike ilayer ithickness, iraster iorientation, istructure, ispeed, iand inozzle itemperature iare 

iinvestigated. iBased ion ithese iparameters iTensile ispecimen iare iprinted iby iusing iFusebot i250+ 

iFDM. iThe iTensile ibehavior iwas iinvestigated iunder idifferent icondition. iUsing iArtificial iNeural 

iNetwork, ithe iobtained iexperimental iresults iare ivalidated iand ichecked ifor ioptimum ivalue iof 

itensile istrength iunder idefined iconditions.  

.  
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CHAPTER 1 

INTRODUCTION 

 

 

1.1. Overview 

Advancements in computational capabilities have paved new roads for development in 

the field of manufacturing industries. The manufacturing industries all around the globe 

are observing a gradual shift or transformation in the philosophy, which is used to 

manufacture a product. With the implementations of manufacturing systems such as Agile 

Manufacturing System which targets specifically dynamic and volatile markets, a need to 

bring products to market as quickly as possible was a key challenge, to stay unbeaten in 

the competitive market. Additive Manufacturing was introduced to cut down the time 

required to bring any product to market as quickly as possible by finalizing designs for 

manufacturing. 

Conventional imanufacturing imethodologies iare ienveloped iin iidea iof iremoving imaterial 

ifrom ia ipreformed iraw ishape ior iraw imaterial iand igenerate ia idesired ishape. iThough, iit iis 

iwidely iaccepted iand iused iidea ito imanufacture iany iproduct, iit ihas isome iserious ichallenges 

iwhen iit icomes ito imanufacturing icomplex igeometric ishapes. iAdditive iManufacturing, ion 

ithe iother ihand iworks ion ithe iopposite iidea ii.e. iadding imaterial iin ia ipredefined imanner ito 

igenerate ia ifinal ishape. iAdditive iManufacturing is a rapidly emerging manufacturing 

ideology which is being adopted widely in aviation and medical.  

Additive imanufacturing i(AM) iis ia itechnique iused ifor ifabricating ia iwide irange iof istructures 

iand icomplex igeometries ifrom ithree-dimensional i(3D) imodel idata. iAM iis ia iprocess ifor 

imaking ia i3D iobject iof idesired ishape ifrom ia i3D imodel ior iother ielectronic idata isources 
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ithrough iadditive iprocesses iin iwhich isuccessive ilayers iof imaterial iare ilaid idown iunder 

icomputer icontrols.  

 

 Figure 1 A igeometry-material-machine-process iroadmap ifor iAM iand iMaker iMovement 

1.2. History 

The history of 3-D printing is a science which is just 4 decades old. The radical growth 

of scientific, engineering, and technological research has brought to its mature level. 3-D 

printing technology's historical advances may be represented by various perspectives such 

as period, specific features, and application. Several historians divided various periods of 

history into 

❖ Infancy Period:1981 to 1999 

❖ Spring Period:1999 to 2010 

❖ Mature Period:2011 to present 

From starting till consideration duration of its existence, 3-D printers were too expensive, 

but now the cost has dropped to $500-$1000 which make it affordance product. 

 

 



3  

 

 

 

 

 

 

Table 1: History of 3-D printing 

 

YEAR DESCRIPTION OF EVENT 

1984 Stereolithography invented by Chuck Hull 

1990 3-D printing is commercialized by Stratasys and called it as fused 

deposition modelling (FSM) 

1999 Researcher i3-D iprint ithe iscaffolding ifor ia inew ibladder ithen igrow 

cells ion iit. 

2002 First ikidney iof ianimal iwas iprinted 

2005 RepRap ifounded iwith ithe igoal ito icreating ia ifree/open isource iprinter 

that ican ireplicate iitself 

2010 First time human blood vessel is printed by Organovo 

March 2014 First 3-D printed skull transplant was done in Norway 

April 2014 2000 sq. ft. houses are printed by Chinese company using 3-D 

printer 

 

1.3. Process of 3-d printing 

❖ Creation of virtual model 

Modelling software’s such as AutoCAD, solid work’s, Catia etc. are used to make 

virtual models of component. Design engineers provides the data to create the 

designs or may obtain designs from existing designs. ANSYS, COMSOL, 

ABAQUS are some analyzing software’s that are used for virtual analysis of the 

object before production. Reverse engineering is also used for creation of models. 

With the help of UV light scanning of the objects are done i.e., UV light form 

source hit the target and received back to get scanned. 

❖ Understanding the functional part 

Designers create the functional parts which are unique structures. The spacing 

between the parts should be done precision by the designers. Singe parts are 

created by AM process which are further combined to get whole assembly. 
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Figure 2 Printing procedure 

❖ Convert into STL 

Standard triangle language (STL) is used for the sliding process. So, for this reason 

models are converted into STL. STL file mainly describe the main attributes i.e. 

surface geometry of design file. Design file is transformed into triangulated 

surface using three dimensional Cartesian co-ordinates. 

❖ Slicing and creating support 

From STL file, contour data is created. As per layer thickness, slicing process is 

set horizontally. Uniformity is maintained while slicing the materials. Geometry 

and capability of machine are important factor that determines the thickness of 

slicing process. 

❖ Export to G-code file 

G-CODE iis icreated iby islicing isoftware ifor ithe i3-D iprinting iprocess. iThe iG-CODE iis 

isymmetrical iof ithe iCNC imachine icoding iprocess. iThe imovement iof iextruder ihead 

iand iplatform idirection iis iprovided iby ithe icoding. iIn isome imachine iplatform iis ifixed 

iand ithe iextruder imoves iin iall i3 idimensions ibut iin isome imachines ionly iplatforms 

imoves iin iz idirection. iAll ithese imovements iare icontrol iby ithe ig-code. 
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Figure 3 Process of 3-D printing 

1.4. Methods of additive manufacturing 

Additive manufacturing techniques have been developed to satisfy the need for the fine- 

resolution printing of complex structures. Rapid prototyping, the potential to print 

massive objects, reduce printing faults, and improve mechanical properties are some of 

the main factors driving AM technology growth.  

Table 2 Different processes of additive manufacturing 

METHODS MATERIAL BENEFITS APPLICATION 

Stereolithography A iresin iwith iphoto 

iactive imonomers 

• High 

Resolution 

• Excellent 

Quality 

• Used in 

prototyping 

• Biomedical 
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Powder bed 

fusion 

Compacted fine 

powder metal, 

Limited polymers 

Alloys 

• Aerospace 

• Biomedical 

• Light weight- 

structure 

• Biomedical 

• High 

resolution 

• Excellent 

quality 

Inkjet iprinting 

iand icontour 

icrafting 

In ia iliquid 

iceramic, ia 

iconcentrated 

idispersion iof 

iparticles 

• Building 

• Biomedical 

• Large 

structure 

• Reduce cost 

• Reduce time 

• Excellent 

mechanical 

properties 

Fused ideposition 

imodelling 

Continuous istrand 

iof ithermoplastic 

ipolymers 

• Advanced 

composition 

parts 

• Rapid 

prototyping 

• Less 

expensive 

• Uniformity 

• Speedy 

Direct ienergy 

ideposition 

Metal iand ialloys 

iin ithe iform iof 

ipowder ior iwire 

iceramics iand 

ipolymers 

• Cladding 

• Biomedical 

• Retrofitting 

• Aerospace 

• Less 

expensive 

• Limited time 

• Accurate 

composition 

control 

The table above describe the different methods that are used in 3-D printing technology. 

The main methods used in additive manufacturing technology are stereolithography, 

powder ibed ifusion, idirect ienergy ideposition, ifused ideposition imodelling iand iinkjet 

iprinting. The limitations, materials, and benefits of all these processes have been discussed 

in table 3. 

1.5. Materials 

The list of  materials used in additive manufacturing are: 

Table 3 A isummary iof imain iapplications, ibenefits, iand ichallenges iof ithe imain imaterials ifor iadditive imanufacturing 
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MATERIAL APPLICATIONS BENEFITS CHALLENGES 

Metals iand 

iAlloys 

• Military 

• Biomedical 

• Automotive 

• Aerospace 

• Multifunctional 

ioptimization 

• Mass 

icustomization 

• Reduce 

iwastage iof 

imaterial 

• Fewer 

iassembly 

iComponents 

• Possibility ito 

irepair iparts 

• Limited 

selection of 

alloys 

• Dimensional 

inaccuracy 

• Surface finish 

is poor 

• Required post 

processing 

Polymers i& 

iComposites 

• Aerospace 

• Automotive 

• Sports 

• Medical 

• Architecture 

• Toys 

• Biomedical 

• Fast 

iprototyping 

• Cost ieffective 

• Complex 

istructure 

• Mass- 

icustomization 

• Weak 

imechanical 

iproperties 

• Limited 

iselection iof 

ipolymers iand 

ireinforcemen

t i 

Ceramics • Aerospace 

• Automotive 

• Chemical 

iIndustrie

s 

• Biomedical 

• Porosity iof 

ilattices 

icontrolled 

• Reduced 

ifabrication 

itime 

• Composition 

iand 

• Limited 

ichoice iof i3-D 

iprinting 

iceramics 

• Improper 

idimension 

• Improper 

isurface ifinish 
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imicrostructure 

are icontrolled. 

Concrete • Infrastructur

e e 

• Construction 

• Huge 

customization 

• Less labor 

required 

• Layer iby 

ilayer 

iappearance 

• Anisotropic 

imechanical 

iproperty 

1.6. Application and challenges 

Table 4  Additive manufacturing process types with applications 

Prototypes Casting 

patterns 

& Cores 

Manufacture 

tools, jigs & 

fixtures 

Manufacture 

blanks 

Manufacturin

g end-user 

loaded parts 

Repair 

of part 

Sheet 

lamination 

     

Binder Jetting     

Material Jetting     

Vat 

photo polymerization 
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Material Extrusion    

Powder bed fusion  

  Direct energy deposition 

 

The drastic and quick changes in the customer requirement can be fulfilled in industries 

like automobiles and aerospace by utilizing AM technology. This technology has shaped 

the direction and develop technological innovations that help the companies to meet with 

the demands of the market. AM is the biggest innovation as it opens the new scope in the 

companies and provides many possibilities to improve manufacturing efficiency. The 

main sector which used 3-D printing are: 

❖ Aerospace industry 

In the aerospace industry, titanium and nickel alloys are used to make a 

lightweight device. The main factors these days that need to be considered in the 

aerospace industry are weight and fuel saving. This can be effectively done using 

additive manufacturing technology. 

❖ Medical and dental industry 

In the medical and dental industry, for fabricating orthopedic or orthodontic 

implants titanium alloys have been extensively used in the form of powder. Mass 

customization at an affordable price is the main driving factor for implementing 

additive manufacturing in this industry. 

❖ Automotive 

The Automotive sector largely depends on additive manufacturing technology. 

This sector is the second largest sector that produces products by additive 

technology. Design flexibility is the major factor that leads to an increased used 

of additive manufacturing in this sector. Apart from design flexibility, rapid 

prototyping is another factor that plays role of using additive manufacturing in 

this sector. 

❖ Consumer Products 
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This is the largest sector that used additive manufacturing to produce products. 

Apart from the largest, this sector is the most diverse sector that produces a large 

range of products by embracing additive manufacturing technology. The high 

level of customization is the main factor that leads to use this technology in this 

sector. 

❖ Construction 

Most of the work of additive manufacturing in the construction industry works 

around the extrusion process of materials using aggregate-based material for a 

high level of application. The use of polymers as a material has been effective for 

aesthetic purposes that have unique designs. 

❖ Food Industry 

The benefits of 3-D printing are various in food industry. It helps in fabricating 

complex designs that are required in the machinery of food industry. It helps in 

calibrating the tools of food industry. 

❖ Education Industry 

Additive manufacturing has made learning process much easier at all the level i.e. 

primary level to university level. It helps students to print design the components 

much easily as compare to other outside sources. 

Table 5 Application of 3-D printing 

INDUSTRY APPLICATION 

AEROSPACE 

1.Design & rapid prototyping 

2. Component Manufacture 

3.Mass customization 

1. Light weight of aircraft 

2. Engine components 

3. Flight-certified hardware 

4. Airplane landing gear assemblies 

MEDICAL 

1.Design iand irapid iprototyping 

i2. iManufacture iat requirement 

3.Mass customization 

1. Manufacture human organs 2. 

Reconstructing bones, body parts 



11  

 

 

 

 

 

AUTOMOTIVE 

1. Simplify production process 

2. Component Manufacture 

3. Design &Rapid prototyping 

4. Manufacture at requirement 

1. Light iweight 

2. Cooling isystem ifor iracing icars 

i3.BMW iis iusing iprint ihand itools i4. 

iCan ibe iused iin ia ibackup 

icapacity 

ARCHITECTURE & CONSTRUCTION 

1.Design & rapid prototyping 

2. Manufacture at 

requirement 

1.Design & rapid prototyping 

2. Manufacture at 

requirement 

 

1.7. Fused Deposition Modelling  

Fused iDeposition iModelling i(FDM) iis ione iof ithe imost iwidely iused iconsumer ifocused iadditive 

imanufacturing itechnology. iFDM iis irelatively ieasier ito isetup iand iuse ias icompared ito iother iadditive 

imanufacturing itechnologies iavailable ito iconsumers itoday. iAlso, iit iis imuch imore ieconomical ito 

ioperate ithan iits icounterparts iin ithe idomain. iFDM itechnology iis iusually iseen iin idesktop i3D iprinters 

iso ithat ian iindividual ican ieasily iand irapidly ivisualize ithe idesign iphysically, icheck ithe ifunctionality 

iand iprepare ia iprototype iof iany iidea. 

FDM iuses ipolymers ias iits iraw imaterials. iThe imost iwidely iused ipolymers iin ithis itechnique iis 

iAcrylonitrile iButadiene iStyrene i(ABS), iPoly iLactic iAcid i(PLA) iand iNylon. iThe imaterials iused ito 

imake ia i3D iprints iin ithe iFDM ienvironment, ihave ia iconsiderably ilow imechanical istrength iwhich 

ilimits iits iusage ito idesktop iprinters. iIn iFDM, ia ithin ifilament iof iwire iis iextruded iin ia isemi imolten 

istate, ithrough ia inozzle iand iis ideposited ion ithe ibuild iplatform. iThe iprocess iof imaking ia iprototype 

istarts ifrom ia iComputer iAided iDesign i(CAD) idata. iThe iCAD idata iis ithen iconverted iinto iStandard 

iTessellation iLanguage i(STL) ifile. iA iSTL ifile ionly irepresents ithe isurface iof ithe iCAD iModel iwith ia 

imesh iof itriangles icomposed iof ivertices iedges iand ifaces. iThe isize iof ithe itriangle iis irefined ito 

icapture ithe ifine idetails ipresent iin ithe iCAD idesign. iThe STL data is then divided into layers using 

software or open source codes. The dividing of STL data into layers is known as slicing i.e. the 

surface is divided into finite number of layers. The process parameters, which influence the final 

quality of the prototype starts from the slicing process. Any sliced layer represents the perimeter 

of a cross section of the solid model or CAD model. The perimeter generated after slicing defines 



12  

 

 

 

 

 

the work domain of the printing. After slicing, the desired print quality is examined and the 

process parameters or the printer settings are calibrated in the virtual an environment or hardware 

of the machine itself. 

 

1.8. Process Parameters 

Fused Deposition Modelling machines have a wide range of processing parameters. The quality 

of the workpiece is a function of combination of the following parameters. 

1. Layer height is the minimum thickness of a layer that is stacked together to generate height 

for the workpiece. Reduced layer height results in highly detailed workpiece and consumes 

a considerable amount of time whereas, increased layer height skips geometric details which 

have dimensions less than the layer thickness. One of the widely practiced ways to achieve 

quality in less time is employing “Adaptive Slicing”. In adaptive slicing height of layers are 

distributed throughout the thickness of the CAD model as a function of geometric details 

present in the model. Layer height is reduced in volumes where the fine details are needed 

and increased where the details are absent to save time. By doing so the quality of the print 

is affected. 

2. Initial layer height is the thickness of the first layer deposited on the build surface. Making 

a perfect first layer is the cornerstone for making a high-quality part. Getting the first layer 

right requires low travel speed, right air gap between the nozzle & build surface, adhesion of 

first layer with the build surface and an increased layer height. A perfect first layer keeps the 

entire job firmly attached to the build surface which is very important to achieve quality. 

3. Line width affects cross sectional area of the extruded wire or overlap of the adjacent 

filaments. Usually width of filament is diameter of the printing nozzle. Slightly reduced line 

width produces a clean print with acceptable quality and lower value of the line width 

generates voids in layers. 

4. Wall thickness refers to the thickness of side walls or the perimeter of the layer. It is 

specified by numerically defining the thickness or the number of lines in the wall. Wall 

constitutes of thin extruded filaments as lines laid down adjacent to each other. 

5. Top / Bottom thickness is thickness of the top and bottom surface. Like wall thickness it is 

defined as a numerical value or as several layers. Together combining these parameters, wall 

thickness and top / bottom thickness creates a shell of a specific thickness. Shell provides an 
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appearance of a complete solid and imparts additional strength. Top and bottom surface of 

the shell is a layer, it has a specific design of infill which is customizable as per the 

requirement from the surface. 

6. Infill is a structure which occupies the volume inside of a shell. The only function of an infill 

is to provide internal structural support to the part and act as a load bearing and transferring 

element. To define an infill, two parameters are most important. One is the type of infill i.e. 

cross, diamonds, honeycomb etc. and other is density of the infill type. Type and density of 

infill plays a very crucial role in characterizing the mechanical strength of the part. Density 

of infill is controlled by defining size of an individual element. 

7. Printing / Nozzle temperature is the temperature at which raw material is extruded out of 

the nozzle. It controls the viscos elastic behavior of the filament. The filaments are fused 

together thermally to form a solid joint. However there exists a finite temperature gradient 

throughout a layer which affects the thermal fusion process. High temperature extrusion 

generates more window for the thermal fusion, but a slight compromise is also achieved in 

the dimensional accuracy. Increasing the temperature ensures the semi molten material flows 

more freely and fills the voids that are formed during the extrusion and fusion process. 

8. Build plate temperature, is temperature of the first layer in contact with the build surface. 

Higher build temperature is necessary for good adhesion with build surface. Another 

parameter which is also responsible for build plate adhesion is build plate temperature. 

9. Print speed, controls motion of nozzle throughout the build surface. Varying print speed 

affects thermal fusion of the layers. 

Many FDM machine manufactures have a standard combination of these factors to produce quality 

products. However, the standard settings are not suitable for every design fed into the machine. A 

deeper study of combination of factors and its influence on overall property of the workpiece is 

necessary to achieve printed products of desired quality. The greatest advantage additive 

manufacturing has over other manufacturing technologies is its tremendous capability to tackle most 

complex geometries. To iget ia ipart imanufactured iaccurately iin ia ifirst iattempt irequires ia iclear 

iunderstanding iof ithe iparameters. A set of parameters might show exceptional results for a product, 

but the same set of parameters might also make another product inclined towards premature failure. 

Externally, a part produced through additive manufacturing may look completely identical to several 

other parts designed for same functionality, but their internal load bearing structures can be 
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completely altered. The configuration of an internal load bearing structure is controlled by a 

combination of process parameter employed by a user. The reason behind such a changed behavior 

is the response of the internal structural elements of the product. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

This ichapter iprovides ia quick overview of current developments in the field of additive  

imanufacturing. iAM iis ia imaterial-adding itechnique iin iwhich ione ilayer iof imaterial iis ilaid idown on top 

of another. In most classical manufacturing processes, the part is created through subtraction and 

machining. The fused deposition modelling process is the most frequently utilized and cost-effective 

AM approach. 

A brief literature review has been conducted in this chapter on several aspects of the AM process, 

particularly in the field of fused deposition modelling. The research was done on the fabrication side 

to see how processing parameters in the FD[1]M process affected the outcome.  

1. According to Li Yi et al. (2017)[1], 3-D Printing is the umbrella word for manufacturing 

activities which involve layer by layer material addition to form parts. Rapid prototyping, 

tooling, iand idirect imanufacturing iof ifunctional iparts, iall iof iwhich ihave irevolutionary ieffects ion 

ithe imanufacturing ibusiness. It covers four aspects of AM technologies: primary hurdles to AM 

technology, total cost iof iAM iapplication iestimation, idesign iof ihybrid iadditive-subtractive 

iprocess ichains, iand iquality imanagement iwith iAM. 

2. Tuan D.Ngoa et al (2018)[2] studied the current state of AM technology, as well as the materials 

and procedures used in AM technology. Metal alloys, polymer, composites, ceramics, and 

concrete are some of the key materials used in AM technology. 

3. SM Fijul kabir et al. (2019)[3] discussed the historical background of Additive manufacturing. 

He proposed CFF composites to serve for high load. 
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4. Kathrin Pfahler et al. (2019)[4] has highlighted how companies have started to use AM across 

the product cycle, from prototype development to final product sale to customers. The results of 

his research revealed AM's current and future applications. 

5. K.Rajaguru et al. (2019)[5] have conducted research on additive manufacturing techniques, 

digital pre-processing procedures integration, and product-based process design. The process of 

developing new models has also been examined to shorten development and manufacturing 

time. 

6. Ugur M Dilberoglu et al. [6] has focused on the role of additive manufacturing in the era of 

industry 4.0. He reviewed the contribution of additive manufacturing to industry 4.0. 

7. Daniel Delgado Camacho et al[7]. has talked about how additive manufacturing can be used in 

the construction business. He mentioned the different processes and potential application of 

additive manufacturing in the construction business. He also discussed about the materials that 

can be employed in the field of building when it comes to additive manufacturing. 

8. Mohd javaid et al.[8] take the case of dentistry, where he examined the applicability and benefits 

of AM in dentistry, as well as the methods involved in creating a 3-D printed dental model. In 

the case study, additive manufacturing technology is utilized to create complicated dental 

crowns, bridges, and orthodontic braces, as well as other models, equipment, and instruments in 

less time and at a lower cost. 

9. R.J Zaldivar and D.B Witkin[9] reviewed that the build orientation direction affects mechanical 

properties including tensile strength, failure strain, modulus, and poission's ratio. In comparison 

to injection mold parts, the strength of FDM parts rose from 46 to 85 percent when the build 

orientation direction of printing was optimized. 

10. Ertan G[10] provides an overview of biocarbon polymer materials that can be used in 3D 

printing. PLA (Polylactic acid) is a biopolymer substance ithat iis iused iin i3D iprinting ifor ia ivariety 

iof iapplications, iincluding house structures, consumer products, physical prototypes, and vehicle 

interior parts, among others. PLA is a biodegradable substance that can be used to improve soil 

quality. The author presents a quick overview of the structural and tribological features of PLA 

filaments that are commonly used in 3D printing. The author concluded that scanning electron 

microscopy (SEM) can identify good bonding between bio carbon reinforcement and PLA 

material, and that the interfacial bonding strength may be validated in future studies. 
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11. Williams RE et al.[11] studied that the first rapid prototyping method was stereolithography. 

Design conceptualization, medical modelling, biomedical implants, and quick tooling are all 

characteristics of this procedure. For dimensional precision, this method offers a variety of print 

types. They discovered that layer resolution iis ione iof ithe imost iimportant ifactors iinfluencing ipart 

istrength. 

12. Dietmar Frank et al.[12] studied that parts are manufactured using a layered manufacturing 

method. In the layered manufacturing process, the build orientation direction is critical for 

improving the part's quality and shape. Because it minimizes production build time, increases 

support structure, quality, design, and manufacturing cost, build orientation is regarded a 

significant characteristic in the manufacturing business. The current study makes use of an 

expert tool system that considers a variety of factors that influence prototype construction. 

13. A K Sood and R K Ohdar[13] explained that many factors influence ithe idimensional iaccuracy 

iof iFDM iparts. They investigated five parameters, namely part ibuild iorientation, ilayer ithickness, 

iraster iwidth, iraster iangle, iand iair igap, iinteracted iwith ithe Taguchi L27 orthogonal array. They 

concluded from the experimental data that the measured dimension is always greater than the 

required value along the thickness direction, while the diameter of the hole, length, and width of 

the test portion are all less than the desired value. They used the grey Taguchi approach and 

discovered certain optimum factors. The overall dimensional correctness of FDM manufactured 

pieces is predicted using an artificial neural network (ANN). 

14. Randall S. Sexton[14] explained that a neural network is a technique that can be used to 

approximate an unknown variable to any degree of precision. Back propagation is the greatest 

optimization approach for neural network training and testing. The author examines the 

performance of two global search techniques: Genetic Algorithm and Simulated Annealing. 

15. Carsten Koch et al.[15] By modifying parameters like bead orientation, layer height, and solidity 

ratio, we were able to reach tensile strengths that were very near to injection molded specimens. 

Various open source software, such as SciSlice, can be used to create a customized layer. The 

orientation of load-carrying fibers is referred to as bead orientation. When compared to any other 

orientation, fibre oriented along the direction of load bear the most stress. When you lay down 

filaments in a layer, voids are necessarily present. The authors devised a statistic called the 

solidity ratio to measure these voids. There are fewer voids when the solidity ratio is higher. The 

volumetric iflow irate iof ithe inozzle ior ithe idistance ibetween itwo ineighboring ifilaments ican ibe iused 
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to modify the solidity ratio. High SR also creates a larger welding area between the filaments, 

resulting in higher molecular diffusion and strength.  

16. Jun Yin et al.[16] through the research, have iinvestigated ithe ieffects iof iprocess ifactors ion 

iinterfacial ibonding istrength. iThe inozzle itemperature, ibuild ibed itemperature, iand iprinting ispeed 

iwere the process variables that were considered. The strength of bonding at the interface of two 

different materials is measured using the multi-material FDM model. Their findings show a 93 

percent increase in bonding istrength ibetween iThermoplastic iPolyurethane i(TPU) iand 

iAcrylonitrile iButadiene iStyrene iat ian iinterface i(ABS). The roughly doubling of the building bed 

temperature is responsible for the observed increase in bond strength. The observed influence of 

nozzle temperature, on the other hand, only contributed around 15% to the binding strength at 

the contact. 

17. Jianlei wang et al.[17] consider modifying the raw material used for printing instead of tweaking 

the process settings to improve mechanical qualities. To improve mechanical qualities, thermally 

expandable microspheres were combined with poly wax powder and filaments. The iinfluence iof 

ihigh itemperatures ion ithe imechanical istrength iof ithe imanufactured isamples iemploying modified 

filaments was noticed. There was a favorable impact on mechanical properties. The itensile iand 

icompressive istrength iof imaterials iheated iat i140°C ifor i120 iseconds iwith i2 iwt. ipercent 

microspheres rose by 25.4 percent and 52.2 percent, respectively. 

18. Chamil Abeykoon[18] conducted an experimental study focusing on mechanical, thermal, and 

morphological for iPLA, iABS, iCFR iPLA, iCFR iABS iand iCNT iABS ispecimens. The process 

parameters included are infill density, infill speed, infill pattern and printing temperature. 

Youngs modulus for pure PLA, increase as we increase infill density While young’s modulus 

first increase then decrease with iincrease iin iinfill ispeed. iWith iincrease iin temperature of nozzle 

up to 205°C tensile modulus decreases then up to 215° C increase. 

19. Mst Faujiya Afrose[19] investigated experimentally ithe ieffect iof ibuild iorientation ion itensile 

iproperties iof iPLA iand ifound iparts iprinted ialong ix iaxis i(built idirection) ihave imaximum itensile 

istrength ifollowed iby i45° ithen y axis. 

20. M. Kamaal[20] investigated the itensile istrength iand iimpact istrength iof icarbon ifiber iPLA 

icomposite. iBy iconsidering i3 iprocess iparameters ii.e. ibuild idirection, iinfill ipercentage iand ilayer 

iheight. iIt iwas ifound ito ibe iwith iincrease iin iinfill ipercentage iand ilayer iheight itensile istrength 



19  

 

 

 

 

 

iincrease while in case of impact strength, it increases with iincrease iin iinfill ipercentage iand 

idecrease iwith ilayer height 

21. Farhad Mohammad Othman[21] investigated the influence of infill idensity, ilayer ithickness, ipart 

iorientation ion iUTS iof iFDM iprinted iPLA iparts iand it was found that infill density contributed to 

35 % followed by layer thickness (33%) and printing orientation. It iwas ifound ithat iwith iincrease 

iin ilayer ithickness iand iinfill ipercentage itensile istrength iincrease. iHe also investigated their 

influence on compressive strength and bending strength. 

22. Rachit Omer[22] investigated the tensile performance for Short carbon fibre PLA composites 

He considered ilayer ithickness, iinfill ipercentage iand ilayer iposition iand itheir iinteractions iIt iwas 

ifound ithat iwith iincrease iin ilayer ithickness iand iinfill ipercentage i,tensile strength increase but with 

layer position , tensile strength decrease. He future created neural network for optimization and 

prediction 

23. Shilpesh R. Rajpurohit[23] through his research, investigated ithe ieffect iof iraster iangle, ilayer 

ithickness iand iraster iwidth ion iPLA. iIt iwas ifound iexperimentally ihighest itensile istrength iis obtain 

with i0° iraster iangle. iHowever, iwith iincrease iin ilayer ithickness, itensile istrength idecrease. iAlso, iat 

ihigher ivalue iof iraster iwidth itensile istrength iis iimproved iup ito icertain istrength. 

24. Xinzhou iZhang[24] iinvestigated ithe ieffect iof iraster iangle ion imechanical iproperties iof iPLA 

ispecimen iand iit iwas ifound iexperimentally ithat iwith iincrease iin iraster iangle ifrom i0 ito i90 itensile 

istrength idecrease 

25. V. Durga Prasada Rao[25] in his work investigated ithe ieffect iof iprint itemperature, ilayer ithickness 

iand i iinfill ipattern ifor iPLA ispecimen  With increase in temperature from 205°C to 225°C, tensile 

strength is increased .out of cubic, cubic sub division and quarter cubic infill pattern, specimen 

with cubic infill pattern show maximum tensile strength. 

26. R. Srinivasan[26] through his research investigated the ieffect iof iinfill ipattern i.in ihis istudy ihe 

iinvestigated ithe iinfluence iof idifferent iinfill ipatternlike itriangular, igrid, icubic, ihoney icomb, 

iconcentric, irectilinear, irectangular, ioctet iand iwiggle i and found that tensile strength of grid is 

maximum among all infill pattern for PLA specimen. 
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CHAPTER 3 

MODELLING AND FABRICATION OF TEST SPECIMENS 

 

 

3.1. Modeling  

There exist no well-defined rules, on how to manufacture a tensile test component through 

additive manufacturing. This adds freedom to experiment with the design and manufacturing 

capabilities achievable for additive manufacturing technologies. To  ifabricate ia itensile itest 

ispecimen imade iup iof iplastic, iASTM iD638 itesting istandard iwas iused ias ia ireference idocument ito 

iestablish ithe idimensions iof ithe ispecimen. iThe iCAD igeometry ifor ithe ispecimen iwas ideveloped 

iin iAutodesk iFusion i360.The idimensions ishown iin ifigure i4 iare iin imillimeters. iThe ithickness iof 

ithis iflat ispecimen iwas itaken ias i3.20 imm. iAs ishown iin ifigure i4 iThe imodelled itest ispecimen iwas 

iflat idumbbell ishaped iCAD imodel. iNow ithe inext istep itowards fabrication is, converting this 

CAD data into a STL data. Converting is a simple step and is easily done in the Solidworks 

2020. The CAD data can be directly saved as a STL file in Fusion 360. Figure 4 shows the 

STL file preview of the CAD data. The CAD data is represented as a surface consisting of 

triangles. 

 

Figure 4  Dimensions of Tensile Test Specimen 
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Figure 5  STL and CAD model of Tensile Test Specimen 

The refinement option of the triangles was kept at high, so that the details and curvature of the design 

are captured. STL file is then loaded in a slicing software, where two dimensional cross sections are 

generated from the surface body. The above stated two-dimensional cross section is essentially a 

perimeter for any cross section of the CAD data. The perimeter helps in identifying a working 

domain for the 3D printer.  

 

3.2. Selection of Process Parameters 

To iobtain ia iprofound iset iof iresults iTaguchi’s iDesign iof iExperiment iphilosophy iwas iused ito idesign 

istatistical iset iof iexperiments. iIn ithis iphilosophy ivalues iof ia iparameter ior iparameters iare ichanged iin ia 

isystematic imanner ito iobserve ithe iresponse iof idesired ioutput. iFusebot i250+ ihas ian iapproximate ibuild 

ivolume iof i52 icm ix i44 icm ix i65 icm, iwhich ilarge ienough ito itry iout ivarious iorientations ifor ia iproduct. i 

One iof ithe imajor ireasons ibehind ipoor imechanical ibehavior iof iFDM iprinted iparts iis, ithe ipresence iof 

ivoids iand iother iis ithe ibonding iwithin ilayers ias iwell ias iin ibetween ithe ilayers. iVoids iand iimperfectly 

ibonded ifilaments imake ithe ifinal iprinted ipart ihighly ianisotropic iin inature. 

The Fusebot 250+ printer can print high-resolution layers with thicknesses of 100, 150, and 200 

micrometers per layer. iHigh-resolution iprinter isettings ilay idown ia ifiber iextremely iclose ito iit, iwhich 

iminimizes the size of voids significantly, but it takes a long time to print. The second parameter is 

the printing temperature of PLA material ranging from 190° C to 210° C. The type of plastic used 

in 3-D printing is determined by the temperature at which it is printed. More welding time and better 

bonding development at the interface are possible with high-temperature component printing. 
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However, exceeding the recrystallization temperature by a significant amount can result in uneven 

workpiece printing. Different printing speed are used ranging from 40 mm/s to 70 mm/s in a step of 

10 mm/s. Higher the printing speed, lesser the printing time. Fusebot 250+ can print up to 200mm/s. 

Fourth factor that is considered is Infill pattern and last factor is taken as raster orientation. 

3.3. Orthogonal array 

Taguchi design is an excellent strategy for selecting unique arrangements of combinations termed 

orthogonal arrays, rather than completing all feasible combinations. The control parameters and 

selected settings are used to construct an appropriate Taguchi OA. The number of factors and the 

levels for each component influence the choice of an OA. MINITAB V19 creates an L27 orthogonal 

array with the assumption ithat ithere iis ino iinteraction ibetween ithe iselected ifactors. iThe iparameters' 

ivalues are presented in Table 6. 

Table 6 Taguchi L27 Orthogonal Array 

layer 

thickness 

nozzle 

temperature 

Speed/feed 

rate 

structure Raster 

orientation 

100 190 40 rectilinear 0 

100 190 40 rectilinear 45 

100 190 40 rectilinear 90 

100 200 50 full_honeycomb 0 

100 200 50 full_honeycomb 45 

100 200 50 full_honeycomb 90 

100 210 60 grid 0 

100 210 60 grid 45 

100 210 60 grid 90 

150 190 50 grid 0 

150 190 50 grid 45 

150 190 50 grid 90 

150 200 60 rectilinear 0 

150 200 60 rectilinear 45 

150 200 60 rectilinear 90 

150 210 40 full_honeycomb 0 

150 210 40 full_honeycomb 45 
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150 210 40 full_honeycomb 90 

200 190 60 full_honeycomb 0 

200 190 60 full_honeycomb 45 

200 190 60 full_honeycomb 90 

200 200 40 grid 0 

200 200 40 grid 45 

200 200 40 grid 90 

200 210 50 rectilinear 0 

200 210 50 rectilinear 45 

200 210 50 rectilinear 90 

 

3.4. Fabrication and Experimental Setup 
The 27 samples are printed according to the Taguchi L27 orthogonal array are shown in Figure 8. The 

specimens were printed on a Fusebot 250+ printer. The electromechanical universal testing machine is 

utilized to test the tensile strength of PLA material. The ifabricated icomponents iwere itested iusing 

icomputerized tensile testing machine (TKG-EC-50). TKG-EC-50 has a servo drive mechanism ito ipull 

igrips iand iapply istrain, iwith ia irange iof i0.2 i– i500 imm/min. iFor itesting, istrain irate iof i3 imm/min iused ito iapply 

iloads. iThe imachine ihas ia imaximum iload icell ivalue iof i50KN. Loading accuracy is with ±1%. Figure 7 

shows the experimental setup 
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Figure 6  Fusebot 250+ 

 

Figure 7 TKG EC 50  
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Figure 8 Fabricated Samples 

3.5. Artificial Neural Network 

The iartificial ineural inetwork i(ANN) ioriginally ideveloped iout of a fascination with the human brain's 
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capabilities as a computational tool in the 1940s. It is now one of the most used computational tools 

in the world. The human brain is extremely capable of learning, adapting, and evolving. ANN works 

in a similar manner. ANN is made up of artificial neurons that are connected in a complicated way 

to map inputs and outputs. The creation of layers with neurons is the preliminary step in creating a 

neural network. The neurons in one layer are linked to neurons in another layer. To process inputs, 

each of these connections and neurons is given weights and biases. Furthermore, in the ANN model, 

70% of ithe idata iis iused ifor itraining i[27, 28], with the iremaining i30% ibeing iused ifor itesting. iThe 

itangent isigmoid iactivation ifunction iwas iused iin ithis iinvestigation, iand ia ifeed-forward iback 

ipropagation network was developed for each layer. In this study, ANN is used as a prediction tool 

to check the tensile strength value at the best parameter setting. It is an iterative procedure to work 

with ANN. 
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CHAPTER 4 

TESTING AND EXPERIMENTAL SETUP 

 

 

  

Figure 9 Experimental setup during and after test 

The specimens were manufactured with FFF 3-D printing and tested for tensile strength on a 

computerized universal testing machine (UTM). The electromechanical universal testing machine is 

utilized to test the tensile strength of PLA material. The ifabricated icomponents iwere itested iusing 

icomputerized tensile testing machine (TKG-EC-50). TKG-EC-50 has a servo drive mechanism ito 

ipull igrips iand iapply istrain, iwith ia irange iof i0.2 i– i500 imm/min. iFor itesting, istrain irate iof i3 imm/min iused 

ito iapply iloads. iThe imachine ihas ia imaximum iload icell ivalue iof i50KN. iLoading iaccuracy iis with ±1%. 

Figure 9 shows the experimental setup 
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Figure 10 Sample after testing 
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Graph 1 Experimental load- displacement graph of sample 1  

 

Graph 2 Experimental Stress- Strain graph of sample 1 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.13 1710 44.118 2.26 
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Graph 3 Experimental load- displacement graph of sample 2 

 

Graph 4 Experimental Stress- Strain graph of sample 2 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.06 11475 27.69 2.12 
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Graph 5 Experimental load- displacement graph of sample 3 

 

Graph 6 Experimental Stress- Strain graph of sample 3 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.34 580 14.32 .68 
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Graph 7 Experimental load- displacement graph of sample 4 

 

Graph 8 Experimental Stress- Strain graph of sample 4 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.07 1330 33.605 2.14 
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Graph 9 Experimental load- displacement graph of sample 5 

 

Graph 10 Experimental Stress- Strain graph of sample 5 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.22 962.5 24.278 2.44 
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Graph 11 Experimental load- displacement graph of sample 6 

 

Graph 12 Experimental Stress- Strain graph of sample 6 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.88 790 19.95 1.76 
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Graph 13 Experimental load- displacement graph of sample 7 

 

Graph 14 Experimental Stress- Strain graph of sample 7 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 54.38 1390 34.637 8.76 
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Graph 15 Experimental load- displacement graph of sample 8 

 

Graph 16 Experimental Stress- Strain graph of sample 8 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.08 1175 29.44 2.16 
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Graph 17 Experimental load- displacement graph of sample 9 

 

Graph 18 Experimental Stress- Strain graph of sample 9 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51 685 17.143 2 
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Graph 19 Experimental load- displacement graph of sample 10 

 

Graph 20 Experimental Stress- Strain graph of sample 10 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.82 1567.5 39.753 1.64 
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Graph 21 Experimental load- displacement graph of sample 11 

 

Graph 22 Experimental Stress- Strain graph of sample 11 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.83 1310 33.496 1.66 
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Graph 23 Experimental load- displacement graph of sample 12 

 

Graph 24 Experimental Stress- Strain graph of sample 12 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.76 857.5 21.977 1.52 

 



41  

 

 

 

 

 

 

Graph 25 Experimental load- displacement graph of sample 13 

 

Graph 26 Experimental Stress- Strain graph of sample 13 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.71 720 18.553 1.42 
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Graph 27 Experimental load- displacement graph of sample 14 

 

Graph 28 Experimental Stress- Strain graph of sample 14 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 54.04 1135 28.79 8.08 
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Graph 29 Experimental load- displacement graph of sample 15 

 

Graph 30 Experimental Stress- Strain graph of sample 15 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (IN MPA) %age Elongation 

50 50.93 710 18.061 1.86 
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Graph 31 Experimental load- displacement graph of sample 16 

 

Graph 32 Experimental Stress- Strain graph of sample 16  

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.04 1385 34.741 2.08 
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Graph 33 Experimental load- displacement graph of sample 17  

 

Graph 34 Experimental Stress- Strain graph of sample 17 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.88 1047.5 26.706 1.76 
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Graph 35 Experimental load- displacement graph of sample 18 

 

Graph 36 Experimental Stress- Strain graph of sample 18 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.72 922.5 23.813 1.44 
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Graph 37 Experimental load- displacement graph of sample 19 

 

Graph 38 Experimental Stress- Strain graph of sample 19 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.96 1145 29.283 1.92 
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Graph 39 Experimental load- displacement graph of sample 20 

 

Graph 40 Experimental Stress- Strain graph of sample 20 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.06 1042.5 26.62 2.12 
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Graph 41 Experimental load- displacement graph of sample 21  

 

Graph 42 Experimental Stress- Strain graph of sample 21 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.14 877.5 22.421 2.28 
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Graph 43 Experimental load- displacement graph of sample 22 

 

Graph 44 Experimental Stress- Strain graph of sample 22 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.07 1355 34.492 2.14 
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Graph 45 Experimental load- displacement graph of sample 23 

 

Graph 46 Experimental Stress- Strain graph of sample 23 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 52.07 1282.5 33.826 4.14 
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Graph 47 Experimental load- displacement graph of sample 24 

 

Graph 48 Experimental Stress- Strain graph of sample 24 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.87 845 21.291 1.74 
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Graph 49 Experimental load- displacement graph of sample 25 

 

Graph 50 Experimental Stress- Strain graph of sample 25 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 53.09 1570 41.32 6.18 

 



54  

 

 

 

 

 

 

Graph 51 Experimental load- displacement graph of sample 26 

 

Graph 52 Experimental Stress- Strain graph of sample 26 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 51.66 1225 31.661 3.32 
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Graph 53 Experimental load- displacement graph of sample 27 

 

Graph 54 Experimental Stress- Strain graph of sample 27 

Gauge Length (in 

mm) 

Final Gauge 

Length (in mm) 
Peak Load (in N) UTS (in MPa) %age Elongation 

50 50.79 915 23.865 1.58 
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CHAPTER 5 

ANALYSIS AND CALCULATIONS OF OPTIMUM VALUE 

 

 

The specimens were manufactured with FFF 3-D printing and tested for tensile strength on a 

computerized universal testing machine (UTM). Artificial neural network technique is iused ito 

ioptimize ithe iprocess iparameters. i 

 

5.1 Taguchi Analysis 

Taguchi ianalysis iis icarried iout ito iobtain ian ioptimal icombination iof iparameter ito imaximize itensile 

istrength iof iPLA icomponent. iThe itensile strength of twenty-seven 3-D printed test specimens that 

were tested on the UTM is shown in Table 7. MINITAB 19 software was used to examine it. It 

is presumed that the study variables are unrelated and do not have influence on one another. 

After icomputing ithe iSignal ito iNoise iratio ifor idifferent ilevels iof ifactors, ithe ioptimal icombination iis 

ipicked.  

Table 7 Experimental Results 

Layer 

Thickness 

Nozzle 

Temperature 

Speed/feed 

rate 

Structure Raster 

orientation 

UTS 

100 190 40 rectilinear 0 44.118 

100 190 40 rectilinear 45 27.269 

100 190 40 rectilinear 90 14.329 

100 200 50 full_honeycomb 0 33.605 

100 200 50 full_honeycomb 45 24.278 

100 200 50 full_honeycomb 90 19.956 

100 210 60 grid 0 34.637 
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100 210 60 grid 45 29.448 

100 210 60 grid 90 17.143 

150 190 50 grid 0 39.753 

150 190 50 grid 45 33.496 

150 190 50 grid 90 21.977 

150 200 60 rectilinear 0 18.553 

150 200 60 rectilinear 45 28.793 

150 200 60 rectilinear 90 18.061 

150 210 40 full_honeycomb 0 34.741 

150 210 40 full_honeycomb 45 26.706 

150 210 40 full_honeycomb 90 23.813 

200 190 60 full_honeycomb 0 29.283 

200 190 60 full_honeycomb 45 26.62 

200 190 60 full_honeycomb 90 22.421 

200 200 40 grid 0 34.492 

200 200 40 grid 45 33.826 

200 200 40 grid 90 21.291 

200 210 50 rectilinear 0 41.32 

200 210 50 rectilinear 45 31.661 

200 210 50 rectilinear 90 23.865 

 

Table 8 Response iTable ifor iSignal ito iNoise iRatios 

Levels  Layer iThickness Nozzle iTemperature Speed/Feed Rate Structure Raster orientation 

1 28.20 28.77 28.84 28.26 30.53 

2 28.43 27.98 29.27 28.44 29.24 

3 29.18 29.07 27.71 29.12 26.05 

Delta .98 1.09 1.56 .86 4.40 

Rank 4 3  5 1 
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Figure 11 iMain ieffects iplot ifor iS/N iRatios 

Table i9 iResponse iTable ifor iMeans 

Levels  Layer Thickness Nozzle Temperature Speed/Feed Rate Structure Raster orientation 

1 27.20 28.81 28.95 27.55 34.50 

2 27.32 25.87 29.99 26.82 29.12 

3 29.42 29.26 25.00 29.56 20.32 

Delta 2.22 3.39 4.99 2.74 14.18 

Rank 5 3 2 4 1 
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Figure 12 Main effect for Means Plot using MINITAB 

A iclear itrend iwas iseen iin ithe iobtained istress idata. iBy iincreasing ithe ilayer ithickness, ispecimen itends 

ito iachieve ithe istrength iof ia imolded ispecimen. iIt iis iobserved ithat itemperature iand ispeed ihave ia 

isimilar itrend. iWith iincrease iin iangle iof iraster iorientation, tensile strength decrease. Out of 

different infill pattern of printing, grid shows maximum tensile strength. The process parameters 

for optimum tensile strength are below mentioned:  

Layer Thickness   200 μm 

Nozzle Temperature  210° C 

Speed/Feed rate   50 mm/min 

Structure/infill pattern  Grid 

Raster orientation   0° 

 

5.2 Artificial Neural Network (ANN) 

 

 

Figure 13 Structure of ANN developed using MATLAB 

Figure 10 shows the regression plots, with R values near to 1 signifying that the minimum error was 

achieved. It also shows the training plot of ANN model. It indicates the numbers of training vectors are 

used once the weights are updated. 

Table 10  Comparison of Experimental and ANN Predicted UTS Strength 

Layer 

Thicknes

s 

Nozzle 

Temperatur

e 

Speed/fee

d rate 

structure Raster 

orientatio

n 

UTS Predicted 

UTS 

Absolute 

Error 

100 190 40 rectilinear 45 27.269 27.23109008 0.139022 

100 190 40 rectilinear 0 44.118 44.43827584 0.725953 

100 190 40 rectilinear 90 14.329 14.94267839 4.282772 
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100 200 50 full_honeycomb 45 24.278 24.36666664 0.365214 

100 200 50 full_honeycomb 0 33.605 33.96590702 1.073968 

100 200 50 full_honeycomb 90 19.956 20.1964672 1.204987 

100 210 60 grid 0 34.637 34.69016339 0.153487 

100 210 60 grid 45 29.448 29.19771696 0.849915 

100 210 60 grid 90 17.143 17.62305755 2.800312 

150 190 50 grid 45 33.496 33.19881825 0.887216 

150 190 50 grid 0 39.753 39.20420292 1.380517 

150 190 50 grid 90 21.977 22.32904582 1.601883 

150 200 60 rectilinear 90 18.061 18.4560519 2.18732 

150 200 60 rectilinear 45 28.793 29.42744173 2.203458 

150 200 60 rectilinear 0 18.553 19.19194016 3.443864 

150 210 40 full_honeycomb 45 26.706 26.78724075 0.304204 

150 210 40 full_honeycomb 0 34.741 34.88558423 0.416178 

150 210 40 full_honeycomb 90 23.813 23.01837485 3.336938 

200 190 60 full_honeycomb 0 29.283 29.19038789 0.316266 

200 190 60 full_honeycomb 45 26.62 26.85584661 0.885975 

200 190 60 full_honeycomb 90 22.421 22.70997431 1.288856 

200 200 40 grid 0 34.492 34.6710778 0.519186 

200 200 40 grid 45 33.826 33.45842858 1.086654 

200 200 40 grid 90 21.291 21.53682735 1.154607 

200 210 50 rectilinear 90 23.865 23.74075807 0.520603 

200 210 50 rectilinear 0 41.32 41.71543185 0.956999 
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200 210 50 rectilinear 45 31.661 31.24503686 1.313803 

 

Figure 14 Regression plot of Artificial Neural Network 

 

Figure 15 Error histogram 
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Figure 16 Training plot 

 

Figure 17 Performance plot 

The iANN imodel iis ifurther iused ito ipredict ithe itensile istrength iof itotal i243 icases ito ifind iout ioptimum 

iprocess iparameters iand ithe imaximum itensile istrength iand the result is as follows: -  

• Layer Thickness 200 μm  

• Nozzle Temperature 210° C  

• Speed/Feed rate 50 mm/min  

• Structure/infill pattern Grid  
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• Raster orientation 0°  

• Predicted UTS 52.68808667 MPA 
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CHAPTER 6 

CONCLUSION 

 

 

Additive manufacturing is one of the emerging fields that is revolutionizing manufacturing sector. 

To generate a component of consistent quality, it must understand the process iparameters iand itheir 

iimpact ion ithe ifinal ibuilt ipart. The iimpact iof iprocess ifactors ion ithe itensile istrength iof ithe iPLA imaterial 

employed in this study was investigated. Some notable observations based on our experimental 

investigations carried out for process parameter optimization was that for the least change, layer 

thickness of 200 μm, nozzle temperature of 210° C, speed/feed rate of 50 mm/min, grid as a 

structure/infill pattern and raster orientation of 0° are required.  

We have found ithat iraster iorientation ihas ia isignificant ieffect ion itensile istrength and with increase in 

angle, tensile strength decreases. The specimen having fibre aligned along the loading direction have 

high tensile strength than other cases. Moreover, infill pattern or structure has also a great influence 

on itensile istrength. iThe itensile istrength iof ispecimen iis iin iorder as grid followed by rectilinear, 

followed by full honeycomb. About high feed/ speed, tensile strength decreases as it does not give 

proper bonding time. Increasing feed helps in reducing build time but also resulted in poor surface 

finish and poor bonding. Also, with iincrease iin ilayer ithickness, itensile istrength iwas ifound iincreased. 

iTemperature ihas inegative ieffect iup to 200°C on tensile strength. Due to less temperature, bonding 

can’t be done properly. But beyond 200°C, tensile strength of specimen was found increased. 

However, a thorough study is still required to get the better understanding the temperature 

dependence of the bonding process. 
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