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PREFACE 

Nowadays studies about Fused Deposition Modeling (FDM) and 3D Printing under 

Additive Manufacturing (AM) are rapidly growing in the university environment. 

This discipline is becoming a milestone amongst engineers. In this study, the surface 

features are analyzed to find some correlations between different settings and 

possible outcomes regarding the quality of the prototypes. There have been few 

issues in the field of 3D Printing, to produce parts using Flexible Filaments. The 

ultimate aim of this work is to enhance the quality and develop a robust methodology 

to overcome the issues being encountered.  The work starts with the filament 

extrusion of Thermoplastic Elastomer Material (TPE), which exhibits properties 

similar to both Plastics (Polymers) and Rubbers (Elastomers).  

The study includes printing test specimens with different dimensions and angles of 

inclination in order to analyze their effect on different geometrical shapes with 

respect to the print quality and surface texture. The thesis project also focuses on 

determining the deviation of dimensions in a printed part when compared to the 

original Computer Aided Design (CAD) file. The measurements were conducted by 

using the state of the art equipments available at Halmstad University, Halmstad, 

Sweden. A solid literature study has been undertaken in order to get a better insight 

with regard to this field of study. The topics under research include, Properties of 

TPE compounds, Filament extrusion, FDM, Surface Topography, Dimensional 

Accuracy and Mechanical tests.  

In this thesis, a detailed description about the effects of process variables regarding 

FDM and filament extrusion have been carried out. The results obtained though 

surface topography and dimensional accuracy tests, help in creating a robust process 

to accomplish high-quality products using TPE material. 
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ABSTRACT 

Additive manufacturing is gaining popularity at a rapid rate and has been a 

resourceful production process to reduce material usage, wastage (scrap) and 

manufacturing costs for various applications. The project conducted, emphasizes on 

Thermoplastic Elastomer (TPE SE6300C-65A) material, which is a highly versatile 

compound, and has the ability to exhibit properties of both rubber (Elastomers) in 

terms of flexibility and plastic (Polymers) in terms of recyclability. Cost reduction 

without compromising quality is one of the important factors for industries. The 

project involves the use of TPE pellets to extrude filaments that could be used for 3D 

Printing. Filament extrusion involves process variables like Nozzle Temperature, De-

humidification of pellets, Diameter of the nozzle, Distance of collection, Cooling and 

Angle of inclination of the extruder. These process variables are optimized to 

accomplish the desired quality of filament. The filament produced through extrusion 

is further used to make products using Fused Deposition Modeling (FDM). FDM also 

involves numerous process variables like Layer Thickness, Build Orientation, Print 

Infill, Print Speed etc. In this study, different test specimens, in terms of geometrical 

shapes are printed from the material, TPE SE6300C-65A and tested in order to 

understand how the surface features as well as the dimensional accuracy change with 

different process variables.  

It is observed that the surface topography produced throughout FDM process is 

majorly affected by the angle of orientation of the printed part. The main goal of this 

thesis is to give the reader a better understanding on which process variable, such as 

layer thickness, temperature and print speed affect the surface roughness of the 

models and also a comparison between these three variables, highlighting which is 

more or less affecting. It is also observed the dimensional accuracy of the real 

specimen deviate from the value input into the CAD software. The results obtained in 

this study clearly suggest that there is a lot of opportunities for future improvements 

especially regarding the dimensional accuracy, it is imperative to achieve the highest 

precision possible in order to have commercial values for the FDM 3D printing. 
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CHAPTER 1 – INTRODUCTION 

1.1 BACKGROUND  

Additive Manufacturing (AM) is one of the most significant developments in the 

manufacturing industry. AM works on the principle of creating physical objects from 

a geometrical representation by successive addition of material (layer by layer). A 

rapid growth in this technology has been seen due to its unique capabilities of 

creating complex geometries, integration of assemblies and elimination of several 

conventional manufacturing constraints as seen in Appendix 1 [1] All the models have 

been printed at FABLAB, Halmstad University, Halmstad, Sweden, by using various 

materials and printers working on the principle of FDM and SLA. AM was first 

developed in the 1980s where the primary aim was to produce prototypes, but 

gradually turned out in creating tools and direct manufacturing of consumer products 

[2]. The expiration of patents on AM opened up for more advancements and 

technological research within the field, that helped in exploring the applications of 

the process in several industries [3]. Goulding (2013), Hyman (2011) and Massis 

(2013) has termed AM as revolutionary, disruptive and magical respectively.  AM is 

now a general term and contains various technologies within the family. AM is 

classified based on the deposition of layers and also the type of material used. The 

principle slightly varies from one process to another.  The types include Fused 

Deposition Modeling (FDM) or Material Extrusion, VAT Photopolymerization or 

Stereolithography (SLA), Powder Bed Fusion or Selective Laser Sintering, Binder 

Jetting or 3D Printing, Material Jetting, Sheet Lamination or Ultrasonic AM, Directed 

Energy Deposition (DND) [4] [5]. Please see Appendix 1 to know more about the 

types with its respective applications [6].  The advantages of AM are so much so that 

it has been pitched as a technology with severe implications on the innovation sphere 

and also has been considered as the next industrial revolution [4]. Applications of this 

technology includes aerospace industry for the demand of complex geometries and 

weight reduction, automobile industry for reducing cycle time and facilitating faster 

production by developing tooling solutions, medical Devices include CT, MRI and 

production of prosthetics, splints, surgical guides and customized implants [7]. 

The essentiality for Additive Manufacturing, particularly Fused Deposition 

Modeling (FDM) is the filaments. Commercial filament manufacturers have patented 

their products and realized it as a lucrative business; as such, the costs have 

progressively increased, and therefore affects the commercialization of this 

technology for small and medium sized industries [8]. As a result, costs to produce 
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Figure 2- Filament obtained through 
an extruder [Adapted from [10]] 

Figure 1-Basic principle of Filament Extrusion 
[Adapted from [9]] 

parts by AM can be further reduced by producing filaments using a simple extruder. 

An extruder works on the basic principle of compressing pellets/granules through a 

motor facilitated screw, melted down using a heated chamber and pushed through a 

nozzle/die producing the desired diameter of the filament. Figure 1 shows the basic 

principle of an extruder [9] and Figure 2 shows a filament obtained using an extruder 

[10]. Filament extrusion involves lot of perks like reducing costs by a very large 

margin, obtaining any type of specialty filaments of varying diameters and colors; 

environment friendly since waste plastic could be recycled and extruded for reuse.  

 

 

 

 

 

Thermoplastic Elastomer (TPE) material has been regarded as one of the most 

versatile class of polymers due to its combination of plastic properties with elastomer 

properties. This material has been highly important for product developers and 

designers, as they assist in enhancing products and enable processors to position their 

products ahead of those of their competitors. The present industrial environment 

demands cost efficient values, improved compression set properties and high 

temperature resistance of materials. The performance characteristics and features of 

TPE has the ability to enhance the value of end use products. Some of the 

applications of TPE include car interiors, tool handles, cable sheathing, footwear, 

toys, sports equipment, packaging and hygiene products such as toothbrushes and 

razors, medical devices such as drip chambers, seals, medical hoses etc.  

Fused Deposition Modeling (FDM) process falls under the extrusion-based 

AM class and works on the principle of building parts layer by layer on a horizontal 

build platform by extruding material through a heated nozzle. The advantages of 

FDM include, simplicity, clean, predictable, low cost, wide range of usable materials, 

less scrap, creation of complex geometries, requires no supervision, reproducibility 

and environment safe materials.  FDM has proved to be a strong factor in 

competitiveness and has helped in bridging the gap between product 

conceptualization and product realization. FDM applications include end use parts, 

rapid tooling patterns, high heat applications, etc. 
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Surface is defined as the feature on a housed component, or on a device that 

has an interaction with the environment, or a contact with another surface. The 

surface topography has an effect on how two parts slides on another, interaction of 

fluids on a part and; the appearance and feel of a component. The dominance of 

surface features as a functional feature creates a need to measure surfaces [11]. 

Surface topography or surface finish or surface texture indicates the nature of a 

surface and is defined by the characteristics of lay, surface roughness and waviness. 

The study comprises of small, local deviations of a surface arising from a perfectly 

flat plane [12].  

Dimensional accuracy is a factor that represents the closeness in dimensions 

of the product manufactured with regard to the ideal product (CAD file). Dimensional 

accuracy is highly important to product developers and designers to accomplish the 

final product from a manufacturing process with a certain level of accuracy. % Error 

between CAD model and printed part can be calculated to determine the deviation in 

various axes. 

1.1.1 PRESENTATION OF THE CLIENT  

This section provides brief information about the project partner that has 

helped the thesis development in terms of mechanical testing. Halmstads Gummi 

Fabrik AB (HGF) is situated in Halmstad, Sweden, and specializes in products made 

of various polymers and TPE materials for several fields of application, such as 

automotive, sport, naval, construction etc. HGF is interested in this material for a 

certain application which requires extruding and 3D printing flexible materials, that 

could be useful for customization.  

1.2 AIM OF THE STUDY  

AM, in particular FDM has seen a lot of developments in the last two decades. 

Still, FDM has few uncertainties with respect to its process variables. Any slight 

variation with the variables, delivers a product with a significant change in surface 

texture and slightly in dimensional accuracy. The affecting variables need to be 

identified and optimized for the required application.  

The uniqueness of this project is that the quality of the end product is 

dependent on two different manufacturing processes (Filament Extrusion and FDM), 

and furthermore, these processes rely on the right selection of their respective process 

variables.  
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Process variables with regard to FDM could be print infill, layer thickness, print 

speed, temperature, build orientation etc. Similarly, extrusion process variables 

include nozzle temperature, angle of inclination of the extruder, dehumidification of 

pellets, cooling, distance of collection and nozzle diameter. It is possible to 

experiment with all the process variables but would require a lot of time. As a result, 

a comprehensive literature study is to be carried out to understand which of the above 

play a significant role for enhancing the quality of the product.  

• The thesis also focuses on determining the influence of process variables on 

the surface topography and the dimensional accuracy of the printed models. 

These tests are carried out to determine the intensity of effect of a process 

variable on a process parameter.  

1.2.1 PROBLEM DEFENITION 

To produce high quality filaments, several factors such as, nozzle temperature, 

de-humidification of pellets, angle of inclination of the extruder and height of 

collection has to be appropriate and rightly executed. The same implies to 3D printing 

of parts using FDM; where process variables such as layer thickness, print speed, 

temperature, build orientation etc. should be correctly identified and implemented. 

Printing products using flexible filaments involves several challenges that have to be 

rightly addressed and rectified instantly. When a model is designed on a software, in 

this case with CAD, the user inputs specific parameters that will not be completely 

fulfilled by the tools and machines used. The main goal of the study is to understand 

this difference between the CAD model and the real model, by creating a robust 

process and thus reducing this gap to the maximum extent. Ultimately, identification 

of all features such as surface topography, dimensional accuracy and mechanical 

properties of the final product is essential. The work structure has been divided into 

three steps 

• Extrusion by using TPE pellets to produce a printable filament 

• Printing test specimens 

• Testing of samples in order to identify the optimal process variables that can 

yield the desired quality. 

1.3 LIMITATIONS  

The limitations with regard to this study include, extrusion of TPE filaments using 

an extruder designed specifically to produce hard plastics. This is one of the major 

factors that make it difficult to identify the right parameters and thus maintain quality. 

The collection system for filament extrusion is also an important parameter to focus. 
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During the course of the project, collection of filament was carried out manually. 

This method has a detrimental effect on the quality. During the printing phase of the 

specimens, only three process variables have been considered, such as the 

temperature, layer thickness and printing speed that have a higher influence on the 

print quality. To provide a concise study, the analysis has been carried out only on the 

height parameters. The influence of post processing on the test specimens and further 

analysis on the same can contribute to the complete understandings of the material 

and the processes. This important area can be focused in the next phase.  

1.4 INDIVIDUAL RESPONSIBILITY AND EFFORTS DURING THE 

PROJECT  

During the project, the work has been divided equally between two members. 

Bhargav Kumar has been responsible for organizing the team meetings and delivering 

constant updates to the supervisor. The printing phase was also carried out by the 

same person. Federico Mazza was the one assigned to filament extrusion. When all 

the models were printed both team members worked together on surface 

measurement and Dimensional accuracy, first at the Rydberg Laboratory and then 

with the “Mountain Maps 7” software.  

1.5 STUDY ENVIRONMENT  

The project has been mostly carried out at Halmstad University. The first phase of 

the project was a literature study, for a better understanding of the tool, the machines 

and the procedures required, using the university’s “Emerald” database and internet 

in general. Filament Extrusion has been carried out using “Noztek Pro Extruder” and 

FDM printing has been carried out using “Flash Forge Finder”, both of the 

equipments present at FABLAB. Elimination of moisture in pellets was necessary 

and thus an oven has also been used. The models were designed on “CATIA V5” and 

then converted into STL for printing. Surface topography measurements have been 

computed at the Rydberg Laboratory using “GFM Mikro-Cad MC Premium (3D 

Projection Microscope)”. Dimensional accuracy tests have been conducted using a 

“Laser Scanner” that basically works with the help of three different softwares. Paint 

room has been used to coat the samples with Titanium Oxide. Ultimately, the analysis 

for both Surface Topography and Dimensional Accuracy, “Mountain Maps Premium 

7” software has been used. Tensile, Tear, Fogging and Flammability tests have been 

carried out at “HGF”. Images of Noztek Pro extruder, Flash Forge printer and GFM 

Mikro Cad with their respective specifications can be seen in Appendix 1.  
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CHAPTER 2 – METHOD 

2.1 METHODS USED FOR THE PROJECT 

The main method for decision making has been brainstorming, which has 

been helpful in solving several problems regarding the equipment used, for example 

the difficulties encountered during the extrusion of this particular material. A solid 

Gantt Chart (See Appendix 2) has been used to organize tasks according to timelines. 

The thesis project aims at determining the optimal Design of Experiments (DOE) in 

order to reduce the number of experimentations and therefore reduce material and 

time. As a result, a Design of Experiment (DOE) has been chosen, more specifically 

Taguchi´s method has been used to investigate how different parameters affect the 

mean and the variance of a process and the performance characteristics. A general 

Taguchi’s L4 Orthogonal Array DOE has been shown in Table 1.   

Table 1-Taguchi´s L4 (2^3) Design of Experiments DOE 

                                                  

 

 

 

 

 

 

2.2 ALTERNATIVE METHODS  

For the production of the samples necessary for the study and for the 

measurement of the surfaces of the 3D-printed models there are different methods 

that could have been used as well. For the surface topography study, instead of 

creating a replica of the specimen; it is possible to perform gold sputtering to 

overcome the transparency problem. Furthermore, a coordinate measuring machine 

could have been used for the dimensional accuracy tests. 

 

Experiment No. Process variables 

1 1 1 1 

2 1 2 2 

3 2 1 2 

4 2 2 2 
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Figure 3-Chosen methodology for the project 

2.3 CHOSEN METHODOLOGY FOR THIS PROJECT 

 

Figure 3 represents the chosen methodology for the master thesis undertaken. 

As represented in the flowchart, the methods and tools are identified in the initial 

phase of the project in order to accomplish it successfully. These methods and tools 

are used throughout the project for organization, decision making, experimental work 
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and data collection. It is then followed by a detailed literature study in order to 

determine the essential information required to carry out the task. The literature study 

is divided in accordance to the two processes (Filament Extrusion and FDM) focused 

in the project. This enables to cross verify the results and look back while performing 

experimental work. With the data collected from the study, filament extrusion is 

performed, and the process is optimized until the desired quality is achieved. The 

same filament obtained from extrusion is then used to print parts using FDM 

principle. These parts are then subjected to various tests like Surface Topography, 

Dimensional Accuracy and Mechanical Tests and is explained in detail in the 

following sub chapters.  

2.3.1 EXTRUSION PROCESS 

Data collected from various filament producers and material suppliers, it has 

been mentioned that the granules/pellets need to be dehumidified to achieve the best 

quality of the filament for 3D printing. As per the literature study, the pellets had 

been De-humidified in an oven at a temperature ranging from 500 – 600 C for a time 

period of 11 – 12 hours. These pellets were then extruded using Noztek Pro Extruder 

at a temperature of 1500 – 1600 C. The fan in built, was constantly switched on in 

order to cool the filament evenly and avoid coiling of the filament due to high 

temperatures.  The filament was collected on a spool manually at a distance of 30 cm 

from the tip of the nozzle. The height of collection is extremely important in order to 

avoid the over stretching of the filament or uneven cross-sections, thus to achieve 

uniform diameter. The diameter of the filament was checked every 10mm using a 

digital Vernier Caliper. 

2.3.2 FDM (3D PRINTING) 

Taguchi’s L4 Orthogonal Array DOE has been used to reduce the number of 

experimentations and thus to reduce material and time. The literature study indicates 

that Layer Thickness, Print Speed and Temperature might have a significant effect on 

Surface Topography and Dimensional Accuracy. Therefore, three variables are 

chosen, each containing two levels. Taguchi’s L4 design matrix is the optimal DOE 

for this combination of 3 Variables with 2 Levels. Table 2 indicates the DOE used for 

FDM process using Taguchi’s principle. Layer Thickness with 0.2mm and 0.3mm, 

Print speed of 20mm/sec and 30mm/sec and Temperature of 2200 C and 2350 C are 

used to print parts. Layer Thickness is the height of material deposited by the nozzle 

tip on the build platform. Print speed is the speed at which the print head moves while 

printing and is expressed in mm/sec. Print temperature is the temperature upto which 

the nozzle is heated to melt down the filament to the required size.  
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Figure 4-Truncheon 
CAD model Figure 5- Pyramid Design CAD Model 

Table 2-DOE for FDM process using Taguchi's L4 Design 

 

 

 

 

 

 

Truncheon design is used to determine the effect of build orientation on the 

surfaces and also helps in determining the surfaces from 00 to 900. The up-skin 

surfaces are used for capturing and measuring surfaces. Pyramid Design helps in 

determining the dimensions in all three axes (X, Y and Z). The CAD models of 

Truncheon and Pyramid are shown in Figure 4 and Figure 5 respectively. Please see 

Appendix 2 for the drafts of the model.  

 

 

 

 

 

 

 

 

2.3.3 SURFACE TOPOGRAPHY 

Surface capture – TPE material used for extrusion and printing has a 

translucent shade. GFM 3D Projection Microscope is used to capture surfaces. It is 

not possible to capture surfaces using the actual model as it does not reflect the light. 

Hence replicas are used to replicate the surface features of the printed sample. 

Vinylpolysiloxane precision impression material is used to create replicas by evenly 

applying on the model. ODS CAD.exe is the software used for capturing surfaces and 

acquire critical sub-micron surface information. Figure 6 below shows the method of 

capturing surfaces.  

 

Experiment 

No. 

Layer 

Thickness 

(Lt) in 

(mm) 

Print 

Speed in 

(mm/sec) 

Print 

Temperature 

in (0C) 

1 0.2 30 220 

2 0.3 30 235 

3 0.2 20 235 

4 0.3 20 220 
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Figure 6-Flowchart of capturing surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surface Measurement – The image captured using the GFM microscope is 

transferred to Mountain Maps software to analyze and obtain various surface 

parameters. The image is first levelled. This operator removes the general slope of a 

surface that is basically the result of the bottom side of the replica not completely 

horizontal. This is followed by mirroring the image, since the replica is a mirrored 

image of the real specimen and hence, it is necessary to mirror the measurement in Z-

axis to invert the heights and obtain analysis of the original prototype. The Threshold 

function is then used to remove noise from the top and/or bottom surfaces that have 

occurred during measurements. The 3D view is then applied to view the surface 

better and understand more intricately. The final step includes the data collection of 

surface parameters in accordance to ISO-25178. Figure 7 below shows the method of 

applying operators and obtaining surface parameters from Mountains Map software. 

3D views of various surfaces obtained from Mountains Map software can be seen in 

Appendix 2.  
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Figure 7-Surface measurement procedure [Images courtesy Mountains Map Software] 

 

2.3.4-DIMENSIONAL ACCURACY 

As mentioned before, the models are translucent and cannot provide satisfactory 

results when scanned. The pyramid design is spray coated using Titanium oxide at the 

paint lab at Halmstad University. A layer of spray coating does not have significant 

influence regarding the dimensions, since the amount of spray residue on the models 

is in micron level. The solution is made by using 3 spoons of 1ml Titanium Oxide 

Powder and 3 spoons of 15ml Ethanol. The Spray coating is done for 20 seconds from 

right to left direction and vice versa. This spray coated model as seen in Figure 9,  is 

then used to capture images using a laser scanner as seen in Figure 8, that works on 

three softwares as mentioned below. 



12 
 

Figure 8-Laser Scanner Setup [Courtesy - Rydberg Laboratory] Figure 9-Titanium Oxide spray coated model 

Figure 10-Procedure followed for computing dimensions on Mountains map software 

• Advanced Positioning Technology (APT) Thorlabs Software. This helps for 

the movement of the scanner to the required distance at a required speed.   

• Micro-Epsilon Scan Control enables a user to have flexible configuration 

possibilities for the SMART scanner. This can be installed onto any number 

of computers [13].  

• Scan Control 3D View is used for examination and exporting of the 3D data, 

which could be interactively examined and transferred to common data 

formats such as, asc or. Stl [14].  

The captured image is then transferred to mountains map software to analyze and 

determine the values in various directions. The same procedure is carried out on 

Mountains Map software to that of surface topography, by extracting the required 

area, using threshold to remove noise, mirror operation and finally measuring 

dimensions and can be seen in Figure 10.  
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CHAPTER 3 – THEORY 

An analysis of the existing research studies on FDM, extrusion, surface study 

and dimensional accuracy tests was undertaken, to find out all the features of these 

processes. Different databases such as Emerald, Science Direct, and DIVA were 

explored. The method carried out for collecting articles was divided into different 

steps: the first was to input the keywords such as “FDM, Filament Extrusion, TPE, 

Surface Topography, Dimensional Accuracy and Mechanical Testing” into the 

database to obtain a large amount of hits. Based on the content of the articles, a 

screening was done, and were accordingly evaluated with relevance to the topic.  

3.1 TPE MATERIALS 

Thermoplastic elastomers are one of the most versatile plastics; those 

materials are a physical mixture of different polymers (a rubber and a plastic), 

therefore they exhibit properties of both. This unique behavior exists because TPE 

materials are created with an elastomer and a thermoplastic, there are no chemical or 

covalent bonds between the two [15]. TPE contains thermoplastic end blocks and 

elastic midblock and behave as plastic when heated and elastic when cooled down 

[16]. The material has good adhesion to Polypropylene (PP) and Polyethylene (PE), 

provides high flexibility, delivers good mechanical properties, can provide a soft 

touch feel, good coefficient of friction and is 100 % recyclable [17]. This material is 

available in translucent, black or natural color. Some of the advantages of this 

material include high design freedom, easy processing, short cycle time, low energy 

consumption, thermal stability, reduction of assembly costs by establishing multi 

component processing, varying dying options for advanced designs, high scratch and 

abrasion resistance, low odor and fogging; and resistance to UV rays that makes the 

ideal choice for outdoor applications [16] [17]. TPE that is based on a styrene end 

block co polymers are referred to as TPS and are further classified into Styrene 

Ethylene Butylene Styrene (SEBS) and Styrene Butylene Styrene (SBS) compounds. 

There are several applications for these materials, the majors include foam 

making, replacements for natural and artificial rubber, hard and soft thermal insulator 

sheets, electrical insulators and many more. Nevertheless, they are used in every 

field, for instance automotive industry, aerospace industry, since they provide 

strength like metals but also less weight [18]. The performance properties of the TPE 

material are similar to the thermoset rubbers, however due to their flexibility it is 

possible to use those in many different designs, enhancing the costs reduction. They 
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Figure 11-Chemical Composition of standard TPE [Adapted from [21]] 

can be processed efficiently, economically and speedily. Other advantages include 

elastic recovery properties, lightweight, noise reduction by self-lubrication, tear 

resistant surface, low permeability and the fact that they can be made in different 

hardness grades [19]. Different types of TPE can be seen in Appendix 3.  On the other 

hand, TPE materials have less chemical and environmental resistance then thermoset 

rubbers, as well as thermal resistance when they get melted or soften due to high 

temperatures. They also lose their surface hydrophobicity when used outdoor, 

especially in high voltage insulation applications.  

The chemical structure of those compounds as seen in Figure 11 is like X-Y-X 

block of copolymers, where Y is the soft elastomer and X is a hard thermoplastic at 

room temperature, which get soften at elevated ones. A lot of polymer pairs are not 

thermodynamically compatible due to different surface energies, which leads to a 

mixture separation into two phases when the material is exposed to elevated 

temperatures [20]. The copolymers having structure like Y-X-Y or just X-Y are not 

thermoplastic elastomers, the explanation is that for a TPE material to be stable at any 

temperature, the elastomer segment needs to be trapped into the hard thermoplastic 

domains: a material with a chemical structure as Y-X-Y is much weaker in that 

regard because it is the soft elastomer the one more exposed to the thermal stresses, 

which resembles the characteristics of an un-vulcanized synthetic rubber rather than a 

TPE [21].  

 

 

 

 

 

3.2 FILAMENT EXTRUSION 

Extrusion is a method that is mainly used for SEBS and SBS based materials 

because they are very stable against thermal degradation.  SEBS based Dryflex and 

Mediprene TPE compounds prefer long extruders with a length/diameter (L/D) ratio 

of 20:1 and long feed zones, in order to prevent the occurrence of rough surfaces due 

to the solidification process of the material, the flow paths should be as short as 

possible. The melt temperatures for SEBS materials are 150-210°C but depending on 

the molecular structure it can rise up to 260°C. A temperature profile between 170°C 

to 210°C is commonly used as initial setting, therefore can be changed accordingly to 

the SEBS used and to the type of the screw, in fact for softer compounds lower 
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Figure 12-Chordal accuracy due to approximation of smooth curves as straight lines [Adapted from [25]] 

temperatures are recommended, even if they are resilient to thermal stress and 

degradation caused by friction and shear. TPE materials are best extruded throughout 

the usage of screws that have a compression rate of 3:1 and long feed zones. The 

softer SEBS usually gives a lower output when the backpressure increases, while the 

friction heat is lowest with softer grades and increases with harder grades. In terms of 

production capacity, there are many factors to consider, for example, the screw 

design, melt temperature, backpressure and heat and can be seen in Appendix 3. [22] 

[23]. 

3.3 MEASUREMENT TECHNIQUES 

3.3.1-DIMESNSIONAL ACCURACY TESTS 

Dimensional accuracy is a function of the product design parameters. The 

algorithms that affect the process control, play an important part regarding the 

filament feed rate. Design software enable the user to have control over the design 

parameters related to the toolpath: of main interest are the width, the thickness and 

the air gaps within the specimen. Such dimensions set the major limit on the process 

resolution [24]. In fact, the STL file used in most processes turns the 3D shape with a 

series of triangles, different curves in the y-x plane are necessary approximated by 

straight lines as seen in Figure 12. This error can be mitigated with an increase of the 

resolution of the STL file, but still no value is gained in the case that the resolution 

goes beyond the print resolution achievable [25].  

 

 

 

 

 

In addition, there are limitations regarding how much this parameter can be 

reduced. The major cause of the errors in accuracy is given by the shrinkage of the 

prototype during the cooling and solidification or warping effect due to an uneven 

heat distribution, which creates internal stress. In some cases, the thermal gradients 

can cause cracks and delamination within the part. The deposition of the heat melt on 

a partially printed cool part is the main cause for the creation of these thermal 

gradients, and also a different convective cooling rate in the build environment [26]. 

As the extruded material cools down to the environmental temperature and again to 

the ambient temperature, it is common that it will shrink. There are several methods 

that can help the user to calculate the “shrinkage corrector factor” (SCF) to overcome 
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Figure 13-Christmas-Tree structure 
[Adapted from [28]] 

this issue. Various experiments have determined that the orientation of the part is 

strictly correlated to the shrinkage factor [27]. Nevertheless, there are several 

methods for the evaluation of dimensional accuracy for Additive Manufacturing and 

several different prototypes can provide accurate results for the purpose. Among all 

the commonly used samples for the dimensional accuracy measurements, one 

example is the “Christmas Tree” structure as seen in Figure 13, which has been 

developed by 3D systems. It is also common to use a customized specimen that 

usually integrates complex geometric shapes like squared and circular holes, different 

angles, and raised features on a flat plane. In this study, a pyramid model has been 

used to identify the accuracy in X, Y and Z direction. The measurements are usually 

evaluated using ISO-ANSI international tolerance (IT) standards [28]. For the 

measurement it is possible to use the “Micro epsilon scan-CONTROL” as seen in 

Figure 14, which is a laser scanner capable to measure and evaluate the surface 

features of several targets. This devise uses a laser triangulation principle to detect 2D 

profiles on different surfaces. Thanks to the reflected light projected by an optical 

system, is it possible to perform measurements along the X and Z axis. The values are 

processed in the software and converted into a 3D Point cloud. Furthermore, it is also 

possible to obtain a 3D image of the surface captured [14]. 

 

 

 

 

 

 

3.3.2 SURFACE FINISH 

The most important feature of the prototypes produced with extrusion AM 

processes is the surface finish of the ridges that result from the roads deposited. The 

limitations regarding the surface roughness can be set due to aesthetic needs, or to 

surface functionality needs, for example in terms of assembly requirements, as well 

as subsequent coating processes. In order to improve this characteristic, it is 

necessary to adjust the design parameters, but most of the time it will result with an 

increase of the build time [29]. The instrument used to capture surface images is the 

GFM Mikro-CAD light microscope. Mikro-CAD is a micro-optical 3D measuring 

Figure 14-micro epsilon scan CONTROL. [Adapted from [14]] 
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device that uses stripe projection-based imaging technology that can discriminate at 

submicron levels of resolution and it is able to scan areas up to several inches in less 

than a second.  A product of GFMesstechnik (GFM), Mikro-CAD employs digital 

light processing (DLP), which assures different levels of brightness and resolution. 

The vertical range (Z-axis) of the measuring volume is up to ¼ the length of the area 

at full Z resolution [30].  

3.3.3 SURFACE PARAMETERS 

A detailed description of the parameters investigated regarding surface topography is 

carried out [31]. All the equations mentioned below have been adapted from [31].   

• Sa (Arithmetic mean height): it represents the average of the absolute values 

of the height (Z-axis).  

• Sp (Maximum peak height): is the height of the highest peak within a defined 

area. 

• Sv (Maximum valley depth): is the absolute value of the lowest point within a 

defined area. 

• Sz (Maximum Height): is defined as the sum of Sp and Sv within a defined 

area. 

 

 

 

 

 

 

 

3.3.4 SIGNAL TO NOISE RATIO (S/N) 

Signal to noise ratio (S/N or SNR) is a key procedure in the design of surface 

parameters. It is used to express the fluctuation of the examined parameter values. It 

also measures the sensitivity of the quality characteristics that have been investigated 

during the surface textures determination in relation with the external factors [32].  
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3.3.5 MECHANICAL TESTING 

Tensile Test - Tensile tests are conducted by using Instron universal tester 

machine (UTM) in a room temperature (25 degrees). The prototypes´ design can vary 

to mate various grips in order to fit in the testing machine but as a general rule the 

overall shape is called “dog bone”. With this procedure it is possible to determine the 

Young`s modulus, the Poisson´s ratio and the yield strength of the material [33].  

Tear Test - During the tear test, a force is applied to a material that has a 

fracture in the middle of the sample in order to bring the specimen to a complete 

failure. The sample is placed into a tensile tester so that the part on one side of the 

rapture is pulled up meanwhile the other section is pulled down. The purpose is to 

determine the materials ability to resist the growth of the initial stress [34].  

Flammability Test - Flammability measures the materials ability to continue 

to operate in a fire environment. The characteristics of the prototype exposed to an 

external flame is determined according to different standards and criteria depending 

on the product type and application [35].  

Fog Test - A fogging test system is able to determine the fogging value of a 

particular material. It is important for understanding how the mass and the 

transparency changes within the prototype. The equipment used is the “Horizon 

Behavior DIN 75201-A” [36].  

3.4 FUSED DEPOSITION MODELING (FDM) 

Fused Deposition Modeling (FDM) is a process in which a filament of 

material feeds a machine where a print head melts it and extrude. The basic principle 

can be visually seen in Appendix 3. The platform lowers down, once a layer has been 

completed and thus helps in deposition of a new layer [37]. FDM is a layered 

manufacturing (LM) technique that fabricates layers on an evolutionary fashion by 

using road deposition in a rastering configuration [38]. Several materials can be used, 

polycarbonate (PC) and acrylonitrile butadiene styrene (ABS) are two examples, but 

also PC-ABS blended or polyphenylsulfone (PPFS). The greatest advantage 

regarding using FDM is that no chemical post-processing is required, not to mention 

that no resin is used to cure, less costs related to machines and materials. All of it 

resulting in a very cost-effective process [39]. Some models allow the user 

to choose between two modes: a sparse mode which saves time but reduces the 

mechanical properties and a fully dense mode that is more accurate. The 

disadvantages are several, in fact the resolution on the z direction is not precise, 

compared to other AM processes, and the time for accomplish big and complex parts 

could be days as well as for achieve a high surface finish [40]. Fused deposition 
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Figure 15-Cause and Effect diagram of FDM Process parameters [Adapted from [44]] 

modelling (FDM) has gained a huge popularity within the additive manufacturing 

technologies due to its abundant applications in various engineering disciplines. This 

process was first commercially introduced by Stratasys Inc., USA in the early 1990s. 

It is very important to carefully select the process variables in order to ensure 

maximum efficiency and quality of the product produced through the FDM. FDM has 

a capability of producing complex parts with shorter cycle time and lower cost when 

compared to traditional manufacturing processes. As a result, this process helps 

designers and production engineers to produce parts in accordance to the customer 

requirements and achieve a competitive edge. 

The focus is on FDM for the project being undertaken for producing parts out 

of Thermoplastic Elastomers (TPE) material. FDM is a complex process and involves 

a significant number of process parameters which affect the mechanical properties 

and quality of the product as shown in Figure 15.  

  

 

 

 

 

 

 

 

Build orientation refers to the way the part is oriented in the build platform. 

Layer thickness is the thickness of layer deposited by the nozzle tip and this 

parameter depends on material and the tip size. Raster angle is the angle of the raster 

pattern with respect to X axis on the bottom part layer. The width of material bed 

used for rasters is the raster width, and larger the value of the raster width stronger is 

the interior of the product and lesser value results in lesser production time and 

material. Build style is categorized into Solid Normal (Completely fills the interior), 

Sparse (Minimizes volume and uses unidirectional raster) and Sparse double dense 

(Utilizes a cross hatch raster pattern). Similarly, support styles are categorized into 

Basic, Sparse, Surround and Break away [41]. In order to achieve maximum surface 

finish and dimensional accuracy, researchers have incorporated statistical designs and 

optimization techniques for understanding the effect of the process parameters of 

FDM. Anitha et al. [42] has used Taguchi’s Design Matrix, Signal to Noise Ratio 
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(S/N) and Analysis of Variance (ANOVA). The parameters considered were layer 

thickness, road width and speed of deposition and of which layer thickness played a 

prominent role on surface roughness. The study also revealed that there was an 

inverse relation between layer thickness and surface roughness. Taguchi Method and 

ANOVA technique was used by Nancharaiah et al. and considered layer thickness, 

road width, raster angle and air gap. The inverse relation between layer thickness and 

surface roughness was also found as did by Anitha et al [42]. The voids between 

layers are reduced when the layer thickness is reduced and thus improves surface 

roughness [43]. The genetic algorithm by Thrimurthulu et al. [44] was in good 

agreement to the results published earlier. However, the model could be used only to 

predict the build orientation [44]. Horvath et al. research concluded that the model 

temperature can create a smoother surface and layer thickness played a crucial role 

too [45]. The number of experiments could be lessened by using Taguchi method 

with grey relational analysis when compared to full factorial design; as found by 

Wang et al. The parameters considered by them were layer thickness, deposition 

style, support style and deposition orientation.  

Wang et al. work also yielded that build orientation and deposition thickness 

affect the dimensional accuracy [46]. Grey Taguchi Method was used by Sood et al. 

considering part orientation, road width, layer thickness, air gap and raster angle. 

Their results showed that the length, width and diameter of the manufactured part was 

lesser than the CAD model but had a greater thickness [47]. Zhang and Peng [32] 

established empirical relations between process parameters such as wire width 

compensation, extrusion velocity, filling velocity and layer thickness and 

Dimensional accuracy and deformation of the part, by using Taguchi method. The 

study was only a best combination of selected process parameters and cannot be used 

as a global solution. Sahu et al. studied the interaction effects of layer thickness, 

raster angle, build orientation, raster width and air gap on dimensional accuracy [48]. 

From the literature, it is understood that the optimization of process parameters of 

FDM is one of the most critical design tasks in order to accomplish high quality parts, 

enhanced material response and enhanced properties. Taguchi and ANOVA can be 

used for optimization and help in determining the best process variables and the 

interaction effects. Other techniques such as RSM, full factorial, gray relational, 

fractional factorial, ANN, fuzzy logic and Generic Algorithm (GA) have also been 

used to optimize the process variables. The paper concludes with a detailed 

comparison of the optimization methods and their role in finding the best possible 

process parameters. Layer thickness, build orientation, air gap and raster angle are the 
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most important process parameters which demands a significant amount of 

understanding and analysis.   

The surface roughness of an FDM produced part is hindered due to the stair 

case effect resulting in layer by layer deposition in rapid prototyping. Pulak et al. [49] 

have created a semi – empirical model to enhance the surface roughness of these parts 

produced and used ANOVA technique to determine the significance index of the 

process variables and their confidence level. It is believed that Hot Cutter Machining 

(HCM) when used along with FDM creates a hybrid rapid prototyping system which 

provides the desirable results. Many research studies have provided that having a 

smaller layer thickness, will improve the surface finish. Armillotta et al. [50] have 

considered layer thickness, build orientation, road width and raster angle to evaluate 

the surface roughness of an FDM part. Bharat et al. [51] have proposed that the best 

possible way of achieving maximum surface finish is by selecting the optimal FDM 

process parameters. Layer thickness, road width, air gap, build orientation and model 

temperature have been regarded, and finally using ANOVA technique, layer 

thickness and build orientation have been accounted as the significant parameters for 

surface finish. Gautham et al. [52] have done experiments considering layer 

thickness, build orientation, layer composition and sub perimeter composition as the 

process parameters. They have found that the rate of variation in surface roughness in 

the range of 40 – 900 build orientation is lesser when compared to 0 – 400. A factor 

known as Overall Part Surface Quality (OSPQ) has also been introduced which is a 

measure of the average surface finish of the part. The study also clearly indicates that 

build orientation and layer thickness are the most vital process parameters to enhance 

the surface finish of an FDM part.  

Cost effectiveness, lower build time and flexibility make FDM popular and 

widely used. The process does not require any kind of high intensity laser beam to 

build functional parts and such makes it simpler, cheaper and adaptable. FDM 

process is clean, safe, and highly automatic also produces minimum waste. To 

quantify and optimize warp deformation along with dimensional error poses a 

challenging multi objective problem. The study reveals that layer thickness and 

extrusion velocity influence warp deformation and filling velocity and line width 

compensation influences the dimensional accuracy [53]. The conflicting objectives 

make the system complex and it is a challenging task to address the problems of 

warping defect and dimensional error. Warping defect is the result of the inner 

stresses from the layer contraction, non-uniform distribution of temperature inside the 

chamber and lack of pre heating the base plate [54].    
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Figure 16-Extruded Filament 

Figure 18-Printed Pyramid Artefact 

Figure 17-Printed 
Truncheon 

Artefact 

CHAPTER 4 – RESULTS AND DISCUSSIONS 

4.1 PRESENTATION OF THE EXPERIMENTAL RESULTS 

4.1.1 FILAMENT EXTRUSION 

The filament extruded as shown in Figure 16 was accomplished using the Noztek 

Pro extruder. It has a uniform cross-section with a diameter ranging between 1.71mm 

to 1.79mm. The diameter of the filament is acceptable for printing since, the FDM 

machines have a tolerance of +/- 0.04mm. The settings for achieving this quality of 

filament are as mentioned below 

• De Humidification of Pellets – 500 C to 600 C for 12 Hours 

• Angle of Inclination of the Extruder – 450 

• Nozzle Temperature – 1500 C to 1600 C 

• Height of Collection – 30 – 35 cm from the nozzle tip 

• Cooling – Only with the fan within the extruder 

 

 

 

 

 

4.1.2 FDM 

Figure 17 and Figure 18 below shows the printed Truncheon model and 

Pyramid model, ready for Surface Topography testing and Dimensional Accuracy 

testing respectively.  Four models of Truncheon and four models of Pyramid were 

printed as per the Design of Experiments (DOE) [Table 2] mentioned in Chapter 2.3.2. 

The models were printed using Flash Forge Finder printer and the settings changed 

were only with respect to Layer Thickness, Print Speed and Temperature each 

containing two levels. 
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Figure 20-Angle Model (Type C) for Tear test 

Figure 21-Flammability Test model Figure 22-Fogging Test model 

Figure 19-Crescent Model (Type B) for Tear test 

4.1.3 FDM-MECHANICAL TESTING 

Figure 19 below represents the Crescent (Type B) model and Figure 20 below 

represents the Angle (Type C) model for Tear tests. Figure 21 and Figure 22 shows the 

models printed for Flammability and Fogging Tests respectively. All the models for 

Mechanical Testing has been printed using Flash Forge Finder printer using the 

following settings. Al the models has a thickness of 2mm each and two models for 

each test was done in order to consider the mean value while testing.  

• Print Temperature – 2350 C 

• Print Speed – 30mm/sec 

• Layer Thickness – 0.2mm 

• Bottom and Top Solid Layers – 5 

 

 

 

 
 

 

 

4.2 PRESENTATION OF RESULTS BASED ON ACTUAL 

MEASUREMENTS 

4.2.1 SURFACE TOPOGRAPHY 

Figure 23 and Figure 24 represents the 3D surface views obtained from 

‘Mountains map software’ for models ST1, ST2, ST3 and ST4 respectively. 
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Figure 23-3D Surface Views of ST1 and ST2 
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Figure 24-3D Surface Views of ST3 and ST4 
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Figure 25- Surface Height Parameters, a- Maximum peak height, b- Arithmetic mean height, c- Maximum height 
and d- Maximum valley depth 

As per the DOE mentioned in Table 2, experiment 1 represents ST1, 2 

represents ST2 and so on. The Truncheon contained five individual parts that enables 

to measure surfaces from 00 to 900. Every individual part that was replicated has been 

measured five times. The values for each angle was then determined by taking the 

mean value, followed by the calculation of Standard Deviation. The reason for 

calculating mean and standard deviation is to determine the Signal to Noise ratio 

(S/N). Signal to Noise Ratio can be calculated by the following formula, S/N = 10 *ln 

* [ Mean2/ Standard Deviation2.  The graphs shown in Figure 25 below represent the 

mean and standard deviation of the height parameters and can be observed the effect 

of build orientation on each surface parameter. Surface Parameters values for mean 

and standard deviation can be seen in Appendix 4.  

The maximum height is reached when the build orientation is at 10°. As a general 

rule, excluding 0°, the amplitude of surfaces gradually decreases while the build 

orientation increase. Description of the results are listed below: 

• ST2 shows maximum values w.r.t Sa, Sp, Sz and Sv. The descending order is 

ST4, ST3 and finally ST1.   

• It can be observed that the temperature (2200 C) and Layer Thickness [Lt] (0.2 

mm) is at level 1 in ST1 and as such, the values are least. Lt remains same in 
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Figure 26-3D View of the Pyramid artefact measurement on Mountains Map software 

ST3 but includes level 2 temperature (2350 C).  So, the values have slightly 

increased.  

• ST2 has level-2 Lt (0.3 mm) and temperature (2350 C) and thus the surface 

values are at maximum. In ST4, Lt is the same and the temperature decreases 

and as such ranks no. 2.  

From the above observations, it can be seen that increase in Layer Thickness result in 

higher surface values. It can also be seen that; higher temperature provides higher 

values and vice versa. The graphs of Signal to Noise ratio and the numerical values 

for the same can be seen in Appendix 4.  

4.2.2-DIMENSIONAL ACCURACY 

The pyramid artefact having a translucent shade is coated with Titanium 

Oxide at the paint room at Halmstad University. It is then measured using a laser 

scanner. The model is scanned in both directions. Four dimensions on X and Y axis 

and three values of step height is determined through mountains map software. In 

accordance to Table 2 mentioned in Chapter 2.3.2, Pyramid artefacts are named as 

DA1 for experiment 1, DA2 for experiment 2 and so on. Figure 26 below represent the 

3D views of the measured model on Mountains Map Software. 
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Figure 27-Error percentage graph between CAD file and printed model 

The final result for every part of the same prototype has been obtained and compared 

with the CAD value. Figure 27 represents the error percentage between the CAD file 

and the printed part. Percentage error is calculated as [(X1- XCAD)/XCAD] *100. 

The variation in dimensions with respect to X and Y axes is between +1% and -1%. 

This shows that the dimensional accuracy of the printer in the X and Y axes has a 

higher precision and the difference is negligible. It also shows that the process 

variables selected in this project has the capability to accomplish quality results in the 

X and Y axes. Hence, this can be used for future work too. However, the step height 

or the dimensions in the Z axis have an error percentage between +2.3% to -10.2%. It 

can be seen from the graph that the error in the Z axis is predominantly negative. 

Layer Thickness and Print temperature can also be an affecting factor for this defect. 

Noise occurred due to measurements can also be a factor that can be considered. 

Tables containing measured & CAD values and error % can be seen in Appendix 4.  

 

 

4.3 DICUSSIONS 

Extrusion process needs to be carried out in a specific manner in order to avoid 

defects and achieve the best quality of the filament. The control parameters such as 

roundness, uniformity, cross-section and diameter have to be maintained to be used 

for 3D printing models without any defects. Some of the defects encountered during 

extrusion are as mentioned below:  
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Figure 28-Defects in Extrusion, a- Filament Coiling, b- Non-melting of granules, c- Uneven cross-section 

Figure 29-Warping of model 

• Coiling of Filament – Lack of cooling while the fan is switched off. The fan 

was switched off to avoid the movement of filament away from the collecting 

point. 

• Non-melting of granules – This is another major defect which an effect of 

non-uniform temperature at the nozzle is. Possible cause might be the fan 

right below the nozzle, thermocouple not indicating the right temperature. 

• Uneven Cross-Section – The cause of this defect is because of variations in 

collection, therefore resulting in over stretching and/or larger diameters.  

The models were printed using the extruded filament and as a result the desired 

quality has been accomplished. The only drawback which was encountered in FDM 

process was the warping of models as seen in Figure 29, especially the Pyramid 

Design. Results of Mechanical Tests can be seen in Appendix 4.  
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CHAPTER 5 – CONCLUSIONS 

5.1 CONCLUSIONS 

The objective of the study is to understand all the features regarding the FDM 

process. Different parameters setting produce different surface textures, in this regard 

the literature is vast and a first understanding of the articles that have been published, 

is a key factor for achieving good results. The work can be divided in different steps: 

• Filament Extrusion 

• 3D Printing 

• Surface Measurements, Dimensional Accuracy and Mechanical Tests 

During the course of the project, 4 models for Surface Topography and 

Dimensional Accuracy have been printed, and 2 models for each of the mechanical 

tests. The analysis proved that the more the angle of inclination increases the more 

the frequency of printed patterns increases and also the amplitude of the surface 

features decreases, with the increase of the angle. There is a clear variation regarding 

the dimensions input with CAD and the manufactured model, according to the graph 

extrapolated from the values of the parameters, the percentage error can vary a lot. 

After testing all the sample, it has been determined that not all the process variables 

have the same effect in terms of printing quality, has been analyzed that with this 

particular TPE material the printing speed is not very effective regarding the surface 

parameters. However, the temperature and the layer thickness play a key role 

regarding the surface roughness. As final conclusions: 

➢ The surface orientation determines the roughness of the surface, which is 

highest between 10 and 30 degrees, but then it decreases gradually 

➢ The print speed is not a very relevant process variable, it just affects the time 

of the printing procedure 

➢ Layer thickness and temperature have a great effect in terms of surface 

roughness the more the layer thickness increases the more the roughness 

increases as well 

➢ The dimensional accuracy test proved that the difference between CAD model 

and real model is within the 2% error in X and Y axes and 10% in Z axis.  
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5.2 FUTURE IMPROVEMENTS  

EXTRUSION 

• To avoid defects in extrusion a specific extruder for TPE material needs to be 

used, as per the recommendations from material suppliers and product 

manufacturers. It is advised that an extruder with a screw of 20:1 to 30:1 

Length to diameter ratio is to be used and needs to have a compression ratio 

of 3:1 to 5:1.  

• A cooling, drying and collection system needs to be implemented with the 

extruder in order to maintain quality and achieve maximum degree of the 

control parameters. Uneven cross section and coiling of filaments can be 

prevented when an automatic collection system is used.  This avoids the effect 

of the fan within the system, and thus the temperature at the nozzle is 

maintained at all times. 

• Usage of die material to change color of the filament in order to remove 

glossiness and help in surface and dimensional tests. 

3D PRINTING 

• An enclosed printer can be used to avoid the defect of external factors 

such as Temperature and Humidity. Self-Aligning platforms can be used 

to prevent defects in printing.  

• A printer with a heated platform can be used to avoid the warping defect, 

and thus better dimensional accuracy can be achieved. 

SURFACE MEASUREMENT 

• Surface replication has to be carried out in a better manner and a robust 

method for creating replicas needs to be used.  

• Finding an optimal range or standardized method to set threshold.  

DIMENSIONAL ACCURACY 

• A Co-ordinate Measuring Machine (CMM) can be used to check dimensional 

accuracy.  This method is more precise and can yield better results. No 

uncertainty due to problems with reflections and slanting of models while 

testing. Also, there shall be no need for spray coating.  
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CHAPTER 6 – CRITICAL REVIEW 

Critical review on the work helps in understanding various perspectives and helps in 

guiding the research to be extended cautiously. Applications of AM in various 

industries have been progressively increasing due to its cost saving benefits.  

 

ETHICAL 

It is important to adhere to the ethical norms in research, as it promotes the 

aim of the research like knowledge, truth and avoidance of error. Ethical standards 

are also essential to promote values for collaborative work, such as trust, 

accountability, mutual respect and fairness. Starting from granules to the printed 

artefacts, utmost care was taken in handling, to avoid errors in measurements. Every 

step taken during experimentation were rechecked and confirmed by both the 

members and further proceeded. 

 

SOCIAL and ECONOMICAL 

3D printing has been widely considered as consumer-centric manufacturing 

technique and is swiftly progressing towards mass customization. This research helps 

in gaining knowledge about 3D printing and allows a user to produce parts with 

controlled quality.  This research aids manufacturing industries to improvise their 

existing products and production systems by updating themselves to this technology. 

Most importantly, it provides a scope for customers to realize the advantages and 

limitations of 3D printing.  

Reduction of costs and customization can be achieved by 3D printing. 

Extrusion can reduce the costs by a significant margin and helps in producing 

filaments of desired diameters. The combination of extrusion along with FDM can 

produce enormous benefits and can be commercially used by the industries.  

 

ENVIRONMENTAL 

 Toxic vapors or unpleasant odor released during Filament extrusion of TPE is 

negligible. It is a versatile process that promotes the use of recycled plastic in order to 

obtain new filament. However, the extent of recyclability is to be further researched. 

FDM can save energy and especially when a component made by combining several 

smaller parts. Creating complex geometries in other manufacturing processes take 

more time and consume more energy, whereas AM can produce any complex parts 

with less material usage, wastage and therefore less energy consumption.  
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 Intricate geometrical parts produced by Flash Forge Finder, Dreamer, Creat 

Bot, Zortrax and FormLabs Printers at FABLAB, HALMSTAD UNIVERSITY 
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Indication of Additive Manufacturing's Versatility [Adapted from [55]]. 

Types of AM with the material that can be used [Adapted from [6]].  
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Specifications: 

• Converts either a variety of plastic Pellets ABS, PET, HIPS, PLA. 

PP in pellet or powder form to either 1.75mm or 3mm filament 

(Both dies included). Blanks also available. 

• Extrudes at 50-300 Celsius  

• Bespoke screw design 

• Swappable barrel 

• Filament tolerances 1.75mm (+ .04/ – .04) 

• Fully assembled and ready to make filament right out of the box 

• Extrudes at up to 2.5m per minute (Depending on extrusion temp 

and material). 

• Produces 1kg of filament in 2 hours 

• Simple to use.  

Noztek Pro Extruder [Adapted from [69]]. 
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Flash Forge Finder 3D Printer [Adapted from [70]].  

GFM 3D Projection Microscope [Adapted from [71]]. 
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With MikroCAD 3D Surface Metrology one can:           

• Measure roughness and surface structure of shiny, hard, soft and 

deformable objects. (MikroCAD is ideal for characterizing 

manufactured materials made from metals, paper, rubber, etc.) 

• Measure evenness/flatness on large areas 

• Measure wear 

• Improve fiber-level manufacturing processes 

• Analyze edges of tools such as gears, cutting tools, etc. 

• Reverse-engineer functional surfaces 
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Gantt chart used for the project 
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3D View of 500 surface [Image Courtesy Mountains Map Software] 

3D View of 200 surface [Image Courtesy Mountains Map Software] 
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3D View of 700 surface [Image Courtesy Mountains Map Software] 

3D View of 900 surface [Image Courtesy Mountains Map Software] 
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Draft of Truncheon Design 
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Draft of Pyramid Design 
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Typical screw configuration for extruding SEBS compounds [Adapted from [22]]. 

Chemical structure of an SBS material [Adapted from [22]]. 
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Common TPE materials [adapted from [19]]. 

Working principle of FDM Process 
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Mean Values - Surface topography 
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Standard Deviation Values-Surface Topography 
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Signal to Noise Ratio Values-Surface Topography 
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Signal to Noise Ratio graphs for Sa, Sp, Sv and Sz height parameters 
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MECHANICAL TEST RESULTS 

1. Tensile test – A tensile tester was used for this test that moves at 500 

mm/min. Dogbone software is used to extract results. Standard used is ISO 

37. Detailed description about the results and graph have been given in the 

figures below.  

 

Error percentage values – Dimensional Accuracy 

Measured values through Mountains Map Software – Dimensional Accuracy 
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2. Tear test – The model was cut by 1mm at the centre and was tested using 

the same equipment. Standard used is ISO 34. ct1s. Detailed description 

of results for both the Crescent and Angle models have been shown in the 

figures below.  

 

3. Fogging Test - Condition of the test - Oil bath at 1000 C with the cooling 

plates at 210 C, and the test time is 16 hours. The gravimetric fogging 

result of the sample, TPE-SE6300C 65A, is 1.0 mg. (One piece gives 1.1 

mg and the other 0.8 mg.) 

4. Flammability Test – The sample is put under the flame using a Bunsen 

Burner for 15 seconds and put off. It was seen that the part burns at a rate 

of 101.4 mm/min.  

NOTE: All mechanical tests were performed at Halmstad Gummi Fabrik (HGF) 

and the results are obtained from the company.  




