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Abstract 

This thesis investigates the influence of 3D printing parameters on the creep response of 

Polyethylene Terephthalate Glycol (PETG). The tensile test specimens were designed 

according to ISO 527-1 and manufactured by Fused Filament Fabrication (FFF). Printing 

parameters that are analysed are, infill geometry: cubic, gyroid, tri hexagonal. Infill 

orientation: 90, -45/45, 0 °. Infill density: 80, 50, 20 % with nozzle temperatures: 250, 

235, 220 °𝐶. The Taguchi method was used for the experimental design and testing. After 

testing, the Signal-to-Noise ratio (SNR) was calculated for each factor. Moreover, the 

sum of squares (SS) is calculated for each level and factor and an Analysis of Variance 

(ANOVA) is conducted for determining if the factors and levels are statistically 

significant. In addition, the creep modulus is calculated and plotted. The results reveal a 

clear trend of infill density having the largest impact on the creep response of the material, 

followed by infill geometry and nozzle temperature. The strongest samples, 8 and 6, 

having 80% infill density with creep modulus values between 1150 MPa-1300 MPa. The 

weakest samples, 5 and 3, having infill densities of 20% with creep modulus between 690 

MPa - 710 MPa. The ANOVA analysis provided a % contribution that each factor had on 

the creep response. Factor A (infill geometry) had a contribution of 9.7%, factor C (infill 

density) with a contribution of 85.6% and factor D (nozzle temperature) with a 

contribution of 4.4%. Factor B (infill orientation) was used as an error term for calculating 

the f-value and p-values — factor B was considered to have a negligible effect on the 

creep response. Lastly, the SNR provided the printing parameters which yield the optimal 

creep behaviour. The printing parameters that yield the best creep response are infill 

density of 80%, infill geometry cubic, infill orientation of -45/45° and with a nozzle 

temperature of 235 °𝐶. 

Keywords: 

Taguchi Method, Design of Experiment, ANOVA, Signal-to-Noise, PETG, Infill 

Density, Infill Orientation, Infill Geometry, Nozzle Temperature, 3D Printing, Creep  
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Abbreviation 

 

PETG  Polyethylene Terephthalate Glycol  

PET  Polyethylene Terephthalate 

DoE  Design of Experiment 

PLA  Polylactic Acid 

RPLA  Recycled Polylactic Acid 

MOT   Modulus of Toughness 

ANOVA  Analysis of Variance 

CNC  Computer Numerical Control 

1.4-CMDH  Cyclo-Hexane-Di-Methanol 

NOAA   National Oceanic and Atmospheric Administration 

HDPE  High-Density Polyethylene 

SNR  Signal-to-Noise Ratio  

FSW  Friction Stir Welding 

AM  Additive Manufacturing 

SM  Subtractive Manufacturing 

FFF  Fused Filament Fabrication 

MOC  Modulus of Creep 

List of symbols 

𝜎 Stress [MPa] 

ϵ̇ Strain rate [ 
1

𝑠
 ] 

dε Change in strain [mm] 

dt Change in time [s] 
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1. Introduction 

The world is becoming increasingly mechanized, from tractors replacing drought 

animals in agriculture [1] to humans using artificial intelligence (AI) as” tools for 

human labour” [2]. During the last forty years, additive manufacturing has been 

established for rapid prototype development [3] and for solving complex 

production, design, and manufacturing issues [4]. In recent years, there has been 

much focus on the possible applications of 3D printed Polyethylene Terephthalate 

Glycol (PETG). For instance, prototyping automotive components in particular, 

interior trims, brackets, and custom accessories for cars [5] as well as applications 

in modern medicine for tissue engineering, dentistry, drug carriers, and optometry 

[6].  

There has been relatively much research done on the mechanical properties of PETG. 

Michel Mansour studied the mechanical and dynamic behaviour of 3D-printed PETG 

reinforced with 20% carbon fibre [7] but left out the creep behaviour of the material. 

Research carried out by Valvez studied the creep behaviour of 3D printed PETG 

composites under compression, and found that in comparison with virgin PETG, the 

yield compressive strength decreased for both Kevlar and carbon-reinforced 

composites [8]. However, there is a lack of research that has been carried out 

studying the mechanical properties of creep strain on fused filament fabricated 

virgin PETG material under a tensile load.  

1.1 Aims and Objective 

This thesis aims to fill in the gap of research and provide an understanding of what 

3D printing parameters provide the optimal creep behaviour for virgin PETG under 

a tensile load.  

There are only a few polymers that are used commonly in additive manufacturing 

[9]. PETG is a new polymer in the 3D printing industry and displays properties like 

those of polyethylene terephthalate (PET).  Around 70% of all manufactured plastic 

bottles are made from PET [10], however, PET filament used in 3D printing is highly 
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brittle, rigid and requires high processing temperatures [11]. The added glycol unit 

in PETG offers higher flexibility, lowers thermal resistance, and increases adhesion 

and durability than that of PET which hints that it is a more suitable material for 3D 

printing. 

Creep is a fundamental behaviour in material science which holds especially true for 

polymers. The desired outcome of this research is to identify which 3D printing 

parameters have the largest effect on the creep behaviour of PETG. The approach of 

optimization implemented in this study is similar to research carried out by Pereira 

[12] , Vespalec [13] and Portoacă [14] by applying Taguchi’s design of experiment 

method (DoE) for optimizing 3D printing processing parameters for enhancing 

surface quality, wear-resistance, and applied metaobject optimization. The 

experimental analysis will be done by 3D printing tensile test specimens, following 

standard ISO 527-2 [1A]:2012.  

There are four primary printing parameters analysed each with three levels: infill 

density (80%, 50% and 20%), infill orientation (90°, -45/45° and 0°), infill geometry 

(tri hexagonal, gyroid and cubic) with nozzle temperature (220 °𝐶, 235°𝐶, and 250 

°𝐶). Furthermore, static tensile creep testing will be carried out using the 350-20 

tensile testing machine from Testometric. Optimal creep behaviour will be 

determined by a single output response method. Similar research conducted by Z. 

Gebrehiwot on optimising the mechanical properties of recycled polylactic acid 

(RPLA) by using single and multi-response analyses methods [15]. Gebrehiwot's 

research concluded that infill orientation was the primary parameter in determining 

the optimal modulus of toughness (MOT) and tensile strength of the material.  

The desired result for creep is as little deformation as possible. Hence, the expected 

results for good creep behaviour are as followed. Print orientation that is applied in 

the load direction (90°). Infill density 80% due to infill density largely effecting the 

tensile load that the material can withstand, the higher the density the more stress 

that can be applied before deformation. In addition, using tri hexagonal infill 

geometry has been proven in other studies e.g. S. Ganeshkumar research on 3D-
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printed PLA Polymers [16] to be one of the strongest geometries that provide high-

yield strength.  

The experimental data will be analysed first by calculating the smaller-the-better 

signal-to-noise ratio (SNR) for each factor and level, to solve for the optimal printing 

parameters. After, performing an Analysis of Variance (ANOVA) for identifying the 

key factors and their impact.  

Due to PETG being a relatively new polymer, the real-world applications of this 

research can be very valuable for following researchers, industries and institutions 

that want to replicate or optimize the experiments. Early research is essential for 

reducing future costs and identifying possible demerits of the material. 

1.2 Objectives of Thesis 

1. Successfully apply Taguchi’s design of experiment method. 

2. Understand the relationship between 3D processing parameters and changes 

in creep properties of the material. 

3. Determine the leading cause for poor and good creep from the mechanical 

tests and previous research.  

4. Apply Analysis of Variance (ANOVA) to reject or confirm the null hypothesis 

for each factor. 

1.3 Compliance with the degree program 

This research is an investigation of a polymer and its mechanical properties. When 

studying at Arcada in the degree program mechanical and sustainability engineer 

you learn to design and model using 3D modelling software, how to code, and 

conduct a wide range of computational simulations e.g., FEA, material flow analysis, 
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stress analysis, etc. As well as structural analysis, dynamic, and statics tests. The 

research in this thesis, consist of mechanical testing, designing and conducting a 

well-structured experiment, and 3D printing, all stages relate to the theoretical and 

hands-on experience that I have gathered during my time at Arcada.  

1.4 Ethical issues 

All the information about previous research, pictures and methods used in this 

thesis have been cited and referenced correctly in text and in the reference list. The 

names of all the researchers, their research as well as companies that are 

mentioned in this study are all on open platforms. The people who wish to remain 

anonyms, and their privacy protected have that right and their research and/or 

names have not been used in order to protect their privacy.   
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2. Literature review 

2.1 Innovation of 3D-printing  

The first 3D printer dates to 1981. Dr. Kodama a pioneer in the car and 

manufacturing industry [17] designed the first rapid prototype machine, this 

machine could produce parts layer by layer by using resin which UV-light could 

polymerize [18]. Polymerized resin also known as Polyaddition resin, is synthesized 

by breaking down the unsaturated bonds that hold It together through an initiator 

and later combining it again to form a larger stronger polymer bond [19].  

3D printing has grown exponentially in the last few decades, and the drive for 

innovation has shown nothing less, than the capabilities that 3D printing has to offer. 

3D printing provides the ability for mass customization, and production of any open-

source design within the fields of e.g., agriculture, healthcare, automotive industry, 

aerospace industries, etc [20]. 3D printing is a form of additive manufacturing which 

include VAT Polymerization [21], binder jetting [22], and direct energy deposition 

[23]. Additive manufacturing (AM) is a process of adding layer by layer to form a 

product. In contrast, laser cutting, water jet cutting, and computer numerical control 

(CNC) machining are types of manufacturing methods based on material subtraction 

methods, these kinds of methods are known as subtractive manufacturing (SM) [24]. 

Subtractive manufacturing tends to need large spaces, requires high amounts of 

power to operate, and is moderately expensive due to energy utilization, tooling, and 

machinery [25]. Due to the demerits of subtractive manufacturing, additive 

manufacturing, specifically 3D printing, has been commercialized and nowadays is 

a form of manufacturing that can be found in many homes across the globe [26]. 

Commercialization is related to the innovation of technology, many people want the 

ability to design 3D models and create products by their bedside, and this, in due 

course, leads to large amounts of funding and research [27]. The commercialization 

of 3D printing explains its rapid growth in innovation and technology, and why it is 

important to search for new materials and methods of optimization.  
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2.2 Synthesis of PETG  

Polyethylene Terephthalate (PET) is a polymer that can be amorphous or semi-

crystalline depending on its thermal history [28]. PET is a thermoplastic, invented 

by two British scientists, John Whinfield and James Dickson, in 1941 [29]. Whinfield 

and Dickson combined phthalic acid and ethylene glycol to synthesize a material 

that can be picked and pulled, to form long strong fibres, similar to how Nylon 6,6 is 

produced [30]. PET is widely used in fabrication due to its high strength and 

toughness good chemical resistance and can be stretched into a film with strong 

tensile properties. PET is arguably one of the most important polymers that we have 

[31]. However, when PET is heated, it crystalizes and turns opaque in colour, which 

weakens the bonds, for this reason, it is not good for high-temperature applications, 

such as 3D printing. PET is often copolymerized, modifying the molecular structure 

of PET by replacing the original ethylene-glycol unit, with, for example 1.4-

CycloHexaneDiMethanol (1.4 CHDM) for the synthesis of PETG (polyethylene 

terephthalate glycol-modified) [32]. The CHDM-unit added to the polymer backbone 

prevents crystallization at higher temperatures and keeps most of the mechanical 

properties of PET unaltered, hence, making PETG suitable and a high-quality 

thermoplastic polymer for applications such as 3D printing [33].  

 

Figure 1 Polyethylene terephthalate copolymerized with 1.4-CycloHexaneDiMethanol (PETG), p. 10 [34] 

2.3 Recycling of PETG  

Environmental concerns arise when discussing the production of plastics for 

everyday usage, however these concerns don’t discourage the appeal and desire for 

manufacturing and research of new and more environmentally friendly polymers. 

Like all plastics, PETG can take decades to degrade in nature, and if left out in the 

environment, can reduce natural processes, cause harm to wildlife, and prohibit the 

ecosystem's ability to adapt naturally to climate change, thus directly affecting 
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millions of lives as stated by the UN environment program on plastic pollution [35]. 

Microplastics, found in nature, arise from the degradation of larger plastic debris left 

out in the environment. A study by the National Oceanic and Atmospheric 

Administration (NOAA) mentioned that plastics are the most common type of 

marine debris found in our oceans and lakes [36]. PETG filament, if discarded into 

the environment can be harmful however, PETG is relatively easy to recycle.  

Plastics can be categorized into two groups based on their ability to be remelted and 

reused: thermoplastics and thermosets. Thermosets are highly cross-linked 

polymers that are infusible and insoluble and considered difficult to recycle [37] 

they include materials e.g., polyesters, silicone, melamine, Polyurethane, and 

Epoxies. Thermoset materials are hard, rigid, highly stable, resistant to high 

temperatures, and can be reinforced with strong fibres such as Kevlar or carbon 

fibre [38]. Furthermore, thermoplastics are considered a recyclable material. There 

are generally three methods for recycling thermoplastics: mechanical (crushing, 

cutting, or grinding), chemical (pyrolysis/gasification, depolymerization, 

dissolution), incineration (burned for combustion energy) [39], the last method is 

considered only if the material cannot be reutilized. PETG is a thermoplastic that can 

be recycled chemically by breaking the polymer chains back to their original 

components and reused as raw materials for new products [32]. Most recycling 

centres accept PET and high-density polyethylene (HDPE), However, not all 

recycling facilities accept PETG. The recycling procedure of PETG has to be 

conscious, for it is easily mistaken for PET. If tossed into the same recycling stream 

as PET, it will give the mixed material a lower melting point and change its out-of-

spec thermal stability, hence, the entire mixed waste would be thrown into the 

incineration pile [40]. Though PETG can be more challenging than other type 1 

materials to recycle, it is still one of the easiest thermoplastics to recycle [41]. Given 

the right recycling programs and facilities, as well as conscious of the waste that is 

discarded, recycling and remanufacturing remain relevant and important to our 

ecosystems and well-being. 
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2.4 Applications of 3D printing PETG 

As mentioned in section 2.1, PETG is a thermoplastic that is derived from a 

petroleum-based source [42]. PETG is a versatile and durable material commonly 

used in industries for food packaging, medical devices, and signage. PETG filament 

is commonly used as a material for electronic devices for houses and light piping 

due to its durability, heat resistance, and minimal light scattering. In addition, PETG 

is biocompatible, and a large number of medical devices where sterilization is of 

high importance, for instance, surgical equipment, diagnostic equipment and drug 

delivery devices are manufactured from PETG due to its good chemical resistance 

[43]. Moreover, due to the simplicity of being able to colour PETG, it is often used to 

create retail stands and displays for marketing, PETG is more durable than acrylic 

as well as more formable than polycarbonate which makes it a popular choice for 

the manufacturing of machine guards [32]. The application of 3D printed PETG 

products have few constraints (brittle if not stored correctly, prone to oozing) [44]. 

Thus, the optimization and characterization of mechanical properties such as creep 

are essential for understanding the future capabilities of this material. 

  



14 
 

2.5 3D Printing parameters 

2.5.1 Infill Density 

The infill density is defined as the amount of material used to fill-in a part of a 3D 

printed object that is generally expressed as a percentage between 5-100 (%). The 

higher percent infill, the fuller, heavier, and in part, stronger the specimen is. 

Furthermore, infill density largely effects the amount of material needed to finish a 

part and the time it takes to print. Depending on the design of the part being printed, 

different infill densities are necessary. A lower density is used for a more flexible 

part, a higher density (70-100%) provides a more rigid part [45]. Ambati studied 

the effects of infill density and infill geometry on the mechanical properties of 3D 

printed PLA parts, and found that with almost all specimens, the tensile strength 

improved by margins when increasing the infill density from 60%, 75% to 90% [46].  

 

Figure 2 Common infill geometries and their densities [47] p. 13 

2.5.2 Infill Orientation 

Infill orientation can heavily manipulate mechanical properties such as tensile 

modulus and modulus of toughness [15]. Infill orientation is the printed direction of 

the internal layers of the specimen with respect to the longitudinal axis of the 
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sample [48]. Infill orientation tends to yield the strongest tensile properties when 

the load is orientated along the load direction (0 or 90°) this, is due to the 

longitudinal load distribution that the infill provides [49]. Mohammad Investigated 

the effects of build direction and unidirectional raster orientation on the creep 

response of 3D-printed PLA samples. The analysis concluded that specimens printed 

on its edge with a 90°  infill orientation has higher yield stress while experiencing 

lower creep strength than those specimens printed on their surface with 90° infill 

orientation. Moreover, both samples that were printed on their surface and edge 

with a direction of 90°  experienced better yield strength than the specimens printed 

on their surface and on their edge but with infill orientation of 0° [50].  

 

Figure 3 Illustration of print orientations (a=90, b= 0 and c= ±45) p.14 [51] 

2.5.3 Infill Geometry 

Infill geometry is the shape and formation of the internal structure of the printed 

part [52]. Dozens of infill geometries are available in most slicing software, including 

honeycomb, tri hexagonal, cubic, zigzag, and Gyroid to name a few. A brief 

description will be given of the infill geometries used in this study. Gyroid geometry, 

concaving irregular curvatures that overlap, the optimal balance between material 

usage, print time, and strength, it is one of the strongest geometries that can be 

printed. Cubic geometry stacked cubic formations tilted by 45° around the X, and Y-
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axes which provides good strength in X, Y, and Z directions. However, requires more 

material than most other geometries. Tri hexagonal geometry, lines crossing and 

overlapping in X, Y by producing hexagonal patterns with triangles located in 

between and provides excellent strength in two directions. [53]

 

Figure 4 Gyroid p. 15  Figure 5 tri hexagonal   p. 15          Figure 6 cubic p. 15 

The image above illustrates the infill geometries used in this thesis. 

2.5.4 Nozzle temperature 

The nozzle temperature describes the temperature of the 3D printer’s nozzle in 

where the molten filament is extruded. The printing temperature is usually between 

180°𝐶 - 260°𝐶 (enough heat to melt the filament) it is dependent on the makeup of 

the polymer filament; the temperature usually lies above the glass transition 

temperature but below the melting point. The glass transition temperature is 

different for each material, it expresses the transition state where the material turns 

from a brittle state into a rubber state, which usually happens with amorphous 

materials, this is a reversible transition [54]. Furthermore, nozzle temperature can 

affect the mechanical strength depending on the molecular state of the material. A 

study by Morteza describes how the nozzle temperature affects polylactic acid (PLA) 

a semi-crystalline material. His research showed that the higher processing 

temperature of PLA (260 C°) gave a higher tensile modulus [55]. This could be due 

to the high processing temperature of the polymer. The longer the polymer has time 

to cool, the higher the crystallinity hence, increasing its mechanical strength [56]. 

The printing temperature is important, if too high temperature, there is a higher risk 
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of damaging the material due to thermal degradation. Moreover, high temperatures 

of above or equal to its melting point, can produce difficulties when printing due to 

the viscosity of the polymer. PETG has a printing range between 220°𝐶 - 250°𝐶, with 

a print bed temperature of 50°𝐶 - 80°𝐶. The print bed temperature is the 

temperature of the plate on which the 3D part will be printed. The print bed allows 

slower cooling rates and is important for restricting shrinkage and warpage of the 

part during the duration of the print. [57] 

2.6 Creep 

Creep is the irreversible deformation of a material over a length of time, in the 

presence of a constant load. Creep is affected by variables: stress, strain and time. 

Creep can be noticed in all crystalline materials including metals and glass [58]. The 

analysis of creep is essential for determining the possible long-term failures caused 

by high stresses and constant loads, for example, bolts loosening due to relaxation 

and pre-stressing or jet engine turbine motors failing due to increased temperatures 

and rotational stresses. [59] [60] 

2.6.1 Stages of Creep 

Creep is divided into three separate stages: primary creep, secondary creep, and 

tertiary creep. Primary creep is associated with the instantaneous deformation of 

the material, in this stage, the creep rate (𝜖̇) is infinite where  −1𝑠 < 𝑚 < 0𝑠  in 

which 𝑚 is the time index, meaning the time under a tensile load. Following primary 

creep, is secondary creep, where 𝑚 = 0𝑠, this stage normally lasts the longest and is 

where the strain rate remains constant. The last stage of creep, tertiary creep, is 

where the strain rate starts to grow rapidly due to internal stress and increased 

strain rates. In the final stage, the strain rate continues to increase rapidly until a 

fracture occurs. [60] 
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Figure 7 Standard plot displaying Primary, Secondary and Tertiary creep [61] 

Normal (linear) strain: The instantaneous deformation 

𝜀 =
∆𝐿

𝐿0
         1 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛 =
𝑓𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ −𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔ℎ𝑡 

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
    2 

Strain rate: The change in strain with respect to time 

ϵ̇ Strain rate 

dε Change in strain 

dt Change in time 

ϵ̇ =
dϵ

dt
  [62] 
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2.6.2 Creep Modulus 

In material creep, small deformation under time is usually desired. Creep Modulus 

(MOC) unite is represented by MPa, and a higher value is equivalent to a tougher 

material and less deformation over time. Thus, a low MOC is equal to a weaker 

material, and not sought after for good creep behaviour.  Creep modulus is taken 

from an individual time point or interval depending on what is being studied.  

 

𝑀𝑂𝐶 =
𝜎

𝜖𝑐
         3 

 

Creep modulus is equivalent to the value of stress divided by the value of strain after 

a given time [63]. Creep modulus is a good way to represent the creep of a material 

numerically and can be plotted against time to see how the creep changes under a 

period.  

2.7 The Taguchi method 

Dr. Genichi Taguchi, a statistician and engineer in the early 1950s, developed a 

methodology for improving quality control of manufactured goods whilst reducing 

costs [64]. The method known as “The Taguchi method” [65]involves reducing the 

variation of a process. Through a robust design of experiment (DOE) approach, Dr. 

Genichi developed a system that investigates how different parameters of a process 

effect the variance and mean of the performance variables that define how well a 

process is functioning. Taguchi’s DOE provides an accurate and efficient method of 

understanding the relationship between process parameters and optimization. D. 

Lestari applied the Taguchi method for the optimization of printing time and socket 

weight of 3D printed socket prosthetic manufacturing. Following the DOE, Lestari 

concluded that the factors which contributed to a better signal-to-noise ratio were, 

layer height of 0.2 mm, print speed of 80  mm/s, infill density of 100 %,  and 

thickness of 3 mm with nozzle temperature of 180 °𝐶  [66]. In addition, Wicaksono 

applied the Taguchi method to improve the dimensional precision of 3D-printed PLA 
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ring-shaped specimens. Wicaksono concluded that the best printing parameters that 

result in optimal dimensional accuracy are layer height of 0.25mm, printing speed 

20 mm/s, ambient temperature of 34 °𝐶, infill percentage of 40 %, bed temperature 

of 62 °𝐶 and nozzle temperature of 200 °𝐶 [67]. 

The method of Taguchi’s DOE involves the creation of an orthogonal array, the size 

of the array is defined by the number of parameters and factors being analysed. Each 

element in the array represents a level of a factor, each level represents a variable of 

a process for example, factor: infill density (Level: 20%, 50%, 80%), factor: infill 

geometry (Level: Zigzag, Cubic, Gyroid, Tri hexagonal). Unlike a full factorial design, 

where there is need to test every variable independently. The Taguchi approach tests 

pairs of combinations with other sets of pairs and determines the number of 

interactions between each set of pairs, thus measuring the fewer the interactions 

between pairs and groups of pairs, the less significant the variable has on its factor.  

The design of experiment is made by creating an orthogonal array and give each 

factor and their level a position in the array, afterwards the experimental testing can 

be carried out. After the experiments have been conducted, analyses of the data to 

determine the effect that each level has on its output is calculated. The signal-to-

noise ratio is calculated for every experimental run [68]. Signal-to-noise ratio (SNR) 

is a quality criteria and  is defined as the relationship between the desired output of 

a signal and the undesired output of the signal, for example background noise e.g. 

factors that affect the results of an analysis that are not part of the experiment [69]. 

Furthermore, optimization of the parameters can be done with the data collected 

from the Taguchi DOE through analysis of variance (ANOVA) and further plotted, for 

better visual analysis.  

SN number: 

𝑆𝑁𝑖 = 10 𝑙𝑜𝑔
𝑦̅𝑖

2

𝑠𝑖
2         4 

Mean value: 
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𝑦̅𝑖 =
1

𝑁𝑖
∑ 𝑦𝑖 , 𝑢

𝑁𝑖
𝑢=0          5 

Variance: 

𝑠𝑖
2 =

1

𝑁𝑖−1
∑ (𝑦𝑖 , 𝑢 − 𝑦̅𝑖)𝑁𝑖

𝑢=0       6 

were 

𝒊 Experimental Number 

𝒖 Trial number 

𝑵𝒊 Number of trials for the experiment 𝒊 

The data analyses conducted in this thesis are the output responses of multiple creep 

experiments. In most creep experiments, the desired outcome is low creep 

behaviour. Thus, in the case of minimizing the output response, the following 

definition of the SN ratio should be utilized. [68] 

Minimizing SN ratio/the smaller the better: 

𝑆𝑁𝑖 = −10𝑙𝑜𝑔 (∑
𝑦𝑢

2

𝑁𝑖

𝑁𝑖

𝑢=1

) 

After calculating each SN ratio, the average SN ratio is calculated for every factor and 

level to find the ranking of most to least significant [68]. A significant ranking of e.g., 

1 is considered to be the strongest of the 9 samples, meaning harder to deform.  
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Table 1 Example of SN ratios and their groups p. 21 

Experimental number P1 P2 P3 P4 SN 

Run 1 1 1 1 1 SN1 

Run 2 1 2 2 2 SN2 

Run 3 1 3 3 3 SN3 

Run 4 2 1 2 3 SN4 

Run 5 2 2 3 1 SN5 

Run 6 2 3 1 2 SN6 

Run 7 3 1 3 2 SN7 

Run 8 3 2 1 3 SN8 

Run 9 3 3 2 1 SN9 
 

𝑆𝑁𝑃3,1 =
(SN1 + SN6 + SN8)

3
 

𝑆𝑁𝑃3,2 =
(SN2 + SN4 + SN9)

3
 

𝑆𝑁𝑃3,3 =
(SN3 + SN5 + SN7)

3
 

∆ = 𝑀𝑎𝑥 − 𝑀𝑖𝑛 
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Table 2 Example calculation of Delta and ranking of factors p. 22 

Level 

Factors 

P1 P2 P3 P4 

1 𝑆𝑁𝑃1,1 𝑆𝑁𝑃2,1 𝑆𝑁𝑃3,1 𝑆𝑁𝑃4,1 

2 𝑆𝑁𝑃1,2 𝑆𝑁𝑃2,2 𝑆𝑁𝑃3,2 𝑆𝑁𝑃4,2 

3 𝑆𝑁𝑃1,3 𝑆𝑁𝑃2,3 𝑆𝑁𝑃3,3 𝑆𝑁𝑃4,3 

Delta (∆) 𝑅𝑝1 𝑅𝑝2 𝑅𝑝3 𝑅𝑝4 

Rank … … … … 
 

2.8 Analysis of Variance (ANOVA) 

ANOVA tests are carried out for understanding if there exists a relationship between 

more than two groups concurrently. ANOVA categorizes a data set into 2 categories 

(systematic factors and random factors). Systematic factors are factors of a data set 

that affect the response output. Random factors are factors that don’t affect the 

response output. [70] 

The results of an ANOVA provide an F-statistic and F-ratio. If the F-ratios value is 

close to 1, the differences between the groups are very little or non-existent. When 

there are no noticeable observations between groups, this is called a null hypothesis. 

[71] A. Hassan carried out an ANOVA analysis on friction stir welding (FSW) 

parameters and found that the parameters that had the highest effect on the tensile 

strength and hardness was the transverse welding speed, and second most 

important parameter was rotational speed [72]. Furthermore, Atefeh R. applied 

Taguchi DOE and ANOVA to optimize properties for 3D printed PLA. Atefeh R. 

concluded that there were heavy correlations between groups and found the 

optimum input parameters for tensile strength and toughness were Infill density 

(60%), extrusion temperature (200 °𝐶), raster angle (-45/45°) with layer thickness 

(0.2mm) [73]. 
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2.8.1 Sum of Squares and ANOVA Table 

Total sum of squares and Correction factor 

Total sum of squares (SST) measures the total variation of the response data. SST 

shows the total observed variation of the data about the mean. The sum of square 

helps us to understand the differences between groups. [70] 

𝑆𝑆𝑇 = 𝑆𝑆𝑓 + 𝑆𝑆𝑒  

Furthermore, the SST can be given by subtracting a correction factor (CF). Correction 

factor is used for simplifying the sum of squares computation it is a constant that 

eliminates the effect of the grand mean which leads to more accurate ANOVA results 

and shows the true variation of the group and error data. 

𝐶𝐹 =
𝑌..2

𝑁
          7 

𝑆𝑆𝑇 = ∑ ∑ 𝑌𝑖𝑗
2 − 𝐶𝐹𝑛

𝑗=1
𝑚
𝑖=1        8 

N = Total number of observations  

Y = All experimental observations 

Below is an example of computing the total sum of square of multiple factors using 

CF factor. 

𝑆𝑆𝑇 = ∑ ∑ ∑ ∑ 𝑌𝑖𝑗𝑘𝑙
2 − 𝐶𝐹𝑛

𝑙
𝑐
𝑘

𝑏
𝑗=1

𝑎
𝑖=1      9 

SS for a single factor with n levels 

𝑆𝑆𝐴 =
∑ 𝑌𝑖

2𝑎
𝑖=1

𝑏𝑐𝑛
− 𝐶𝐹       10 
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b = Number of levels of factor B 

c = Number of levels of factor C 

n = Number of experimental repetitions 

Sum of squares of error 

The sum of square of error (SSE) represents the outliers of the data, meaning the 

data that cannot be explained by the model e.g., random error, residual variation. 

The sum of square of the error is computed by subtracting the 𝑆𝑆𝑇 and the SS of each 

factor as well as the interaction between each group 𝑆𝑆𝐴𝐵𝐶 . In this research, no 

interactions are considered, only the main effect. 

Equation 11 

𝑆𝑆𝐸 = 𝑆𝑆𝑇 − 𝑆𝑆𝐴 − 𝑆𝑆𝐵 − 𝑆𝑆𝐶 − (𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑏𝑒𝑡𝑤𝑒𝑛 𝑔𝑟𝑜𝑢𝑝𝑠) 
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3. Method  

3.1 Specimen design and printing parameters 

3.1.1 Dimensions  

The specimens are designed as tensile test specimens and follows the standard ISO 

527-2 [1A]. The specimens are constructed by 3D computer aided design software 

(CAD). CAD software is used in all areas of engineering and architecture for 

designing of tools and equipment outdoor and indoor installations, optimization of 

products and the CAD software is very versatile [74]. The software-SolidWorks 3D -

CAD was utilized for modelling of the samples [75]. 

 

Figure 8. Tensile dog bone STANDARD ISO 527-2 [1A]/[1B] p. 25 

Table 3 Dimensions of dog bone specimen p. 25 

 Specimen type 1A (mm) 

𝑙3 Overall length 170 

𝑙1 Length of narrow parallel-sided portion 80±2 

𝑟 Radius 24±1 
𝑙2 Distance between broad parallel-sided portions 109.3±3.2 
𝑏2 Width at ends 20±0.2 
𝑏1 Width at narrow part 10±0.2 
ℎ Preferred thickness 4±0.2 
𝐿0 Gauge length 75±0.5 
𝐿 Initial distance between clamping grips 115±0.5 
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3.1.2 Slicing  

After modelling the tensile test specimens, the SolidWorks file (.STL) is exported and 

then imported into a 3D slicing software called Ultimakers Cura, which is the same 

slicing software used for defining the print settings. Once the 3D model has been 

uploaded into Cura, Cura slices the part, meaning it translates the model into G-code 

which the 3D printer can later compute.  

 

Figure 9. UltiMaker Cura slicing software p. 26 

3.1.3 Printing 

Ender-3 S1 Pro printer was utilized for the printing of the samples. In total, the print 

time for 14 samples took roughly 15 hours. Furthermore, 12-24 grams of PETG 

material was used for each pair of samples, depending on the infill density and a 

geometry equivalent to 3-7.5 meters of filament. Approximately 1-2g of material 

waste for every printed part. The waste is due to the added brim layer on the surface 

of the print bed. The brim layers, also known as skirts, are additional printed 

outlines around your modelled part. The skirt helps hold edges of the modelled part 

down, helps with print bed adhesion, and can prevent warping of the specimen [76].   
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3.2 Experimental method 

The design of experiment applied in this research follows Taguchi’s 𝐿9 orthogonal 

array consisting of four three-level factors, each given a position in the array (table 

5.). The factors are infill density, orientation, geometry, and nozzle temperature. The 

factor levels are represented by integers between 1-3 (table 4.). 

Table 4 Level notation for factors p.27 

  
Factors 

      
level notation Infill geometry Infill orientation ֯ Infill Density % Nozzle temperature C ֯ 

1 Tri-hexagonal → 1 90 → 1 80 → 1 250 → 1 
2 Gyroid → 2 45 → 2 50 → 2 235 → 2 

3 Cubic → 3 0 → 3 20 → 3 220 → 3 

 

Table 5 L_9 orthogonal array including factors and experimental runs p.27 

 Factors      
Experimental 
run Infill geometry Infill orientation Infill density Nozzle temperature 
  L9 orthogonal array  

1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 1 

The 𝐿9 array is based on a 3 𝑥 4  factor level. Hence, a 3-level fractional factorial 

design is used. In this experimental approach, we are concerned only with the 

impact of each factor, for this reason, only the main effects are considered, resulting 

in 8 degrees of freedom (DOF). The DOF is done in statistical analysis calculations 

like a one-way ANOVA. For clarification, DOF is equivalent to the number of factor 

levels observed minus the number of constraints observed [77], for each 𝐷𝑜𝐹 =

 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑒𝑣𝑒𝑙𝑠 − 1 = 3 − 1 = 2; 𝑡𝑜𝑡 𝐷𝑜𝐹 = 2 𝑥 4 = 8. 
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3.3 Material and sample testing 

The PETG acquired for the experimental analyses and sampling was ordered from a 

Polish fused feedstock deposition (FFD) manufacturing company known as Devils 

Design Products. The package contained artificial PETG filament, vacuum-packed on 

a reel which included a humidity absorber to not absorb any excess water during 

transport and storage [78]. The same PETG was used for both creep testing and 

tensile benchmarking. To start the experimental testing, the correct factorial design 

must be chosen. Once the design of experiment has been decided on, sample 

manufacturing can proceed. The printing of the samples was carried out utilizing an 

Ultimaker S3 FFF 3D printer [79]. Following sample manufacturing, a quasi-static 

tensile test was conducted. A total of 13 samples were tested, 4 of which were used 

for benchmarking and no additional repetitions were carried out. As mentioned, 

samples are designed per the ISO 527-2 [1A]:2012 standard. To summarize DOE 

selection, sample manufacturing, testing and analyses approach can be seen below.  

 

Figure 10. Summarization of DOE, sample manufacturing/Testing and Analyses p.28 



30 
 

3.3.1 Benchmarking 

Considering that a creep test is a slow static tension test, we don’t want 

instantaneous fracture to occur for the specimen. Thus, a standard tensile 

benchmark test was conducted for a frame of reference, and for defining the desired 

force required to produce deformation but yield before any fracture or breakage. 

Fracture of the tensile specimen occurred just after 3 % strain at a stress of 37 MPa. 

Moreover, the tensile specimen tested was sample 1, which was hypothesized to be 

one of the strongest of the samples, due to its high infill density, infill orientation (in 

load direction) and strong geometry (table 5.). From the results we can derive a 

stress value that is suitable for conducting creep analysis.  

 

Figure 11. Tensile benchmark test: Sample 1 p.29 

A stress value of 15 MPa is considered a good force for conducting the creep tests 

which is situated at about halfway point to rupture. However, after consideration, it 

was decided upon to be certain that the force chosen is suitable for most specimens, 

before testing begins, to test the 15 MPa on the presumed strongest and weakest 

test specimens; sample 1 and sample 3. Sample 3 is one of the weakest samples due 

to low infill density of 20 % and infill orientation of 0° (perpendicular to load 

direction.). 
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Figure 12 Tensile tes test on strongest and weakest samples.  p.30 

Studying the strain response of samples 1 and 3, notice how the Initial 

(instantaneous) strain response differs from sample 1 to sample 3. Sample 1 

experiences an initial strain of 0.011 (1.1 %) and sample 3 an initial strain of 0.0152 

(1.52 %). There are noticeable differences between the instantaneous strains of 

both samples. However, no fracture occurred. Studying both samples, the strain rate 

in stage II creep for sample 1 remains more constant than that of sample 2. This 

indicates that the applied force of 15 MPa for studying the creep behaviour is too 

low of a force for some stronger samples that will be tested. To extract more valuable 

and relevant data from our experiments, another 5 MPa was added to the applied 

load. Meaning a 20 MPa load will be used for the creep testing. 

3.3.2 Creep testing 

Determination of creep behaviour follows ISO 899-1:2017, each experimental run 

was conducted by applying a load of 20 MPa force acquired from the tensile 

benchmark. Furthermore, time-dependent deformation was studied during each 

test run. The time for every experimental run was approximately 10 800 seconds (3 

hours) held at a 20 MPa with a test speed of 5 mm/min. In the last 5 minutes of each 

Data removed 

Stage II creep 

Instantaneous strain 

Tensile test 15 MPa 
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experimental run, the force decreased from 20 MPa to 0 MPa. We are only interested 

in the creep data. Hence, the last 5 minutes of data will be subtracted from the data 

set. The last 5 minutes is the distressing state of the tensile test machine (figure 9.) 

in which, the tensile machine removes the load and finds an equilibrium state to 

further remove the specimen from the machine safely.  
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4. Results  

4.2 Visual analysis after testing 

After testing, visual analysis is done and the samples are studied for deformations 

cause by the mechanical testing. Figure 10 illustrates the 9 samples after they have 

been tested. Each sample exhibited no fracture under the entirety of the tensile test 

(excluding benchmark samples). Visually it is difficult to see the longitudinal 

deformation of the specimens, however, the surface properties, such as, surface 

roughness and the quality that lay near the surface, can be seen to have experienced 

damage during the testing.  

 

Figure 13. Tensile specimens after creep tests    p.31  Figure 14. Samples 1,5 & 3, Infill orientation and 
deformations p.31 

 

Figure. 11 include samples 1, 5, and 3, infill orientations (90°, -45/45° and 0°), infill 

density (80%, 50% and 20%) respectively, ordered from left to right. The figure is 

provided for representing the deformation that can occur for different infill 

orientations and densities. Ignoring the clamping damage done near the ends of the 

tensile test specimens, sample 1 has experience very little damage due to its high 

density and infill orientation (90 degrees) that lay along the narrow centre (gauge). 
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The surface quality remains intact, with no visual marks of elongation or breakage. 

Moreover, sample 5, with 50% density, with infill orientated at -45/45° shows 

slightly more regarding surface damage. Below the centre point of sample 5, it is a 

slightly brighter colour from the lower clamping section, it starts off blue then turns 

slightly brighter at the centre, and near the top, it returns its colour. 

The gauge of the dog bone is meant for studying the material properties while it 

undergoes mechanical testing it is in this section, if fracture occurs it is most likely 

to be, if not desired to be. The bright blue is due to stress concentration points near 

the centre. At the stress centres, there is noticeable surface damage, however, the 

damage overall is very localized. Sample 3, with infill orientation perpendicular to 

the load direction (0°) has experienced much of the damage. Sample 3 has 

deformation from the lower clamping area to the upper clamping area. The damage, 

like sample 5, begins near the lower section (shoulder) of the specimen and travels 

upwards along the length of the gauge. Most of the damage is localized near the 

lower shoulder of the specimen. Localized deformation near the shoulders of the 

specimen often indicates a poor stress distribution this can be due to localized 

defects (high porosity or voids), dimensional errors, or human error when installing 

the specimen for analysis. 

4.3 Creep response 

The figure below represents the creep response for samples 1, 7 and 4. Each sample 

with an infill orientation of 90 °. Furthermore, sample 1 printed with 80 % infill 

density, tri hexagonal infill geometry and with nozzle temperature of 250 °𝐶. Sample 

4 printed with 50 % infill density, gyroid infill geometry and with nozzle 

temperature of 220 °𝐶. Lastly, sample 7 printed with 20 % infill density, cubic infill 

geometry with nozzle temperature of 235 °𝐶. 
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Figure 15 Creep response for samples 1, 7, and 4 all with 90 degrees infill orientation p.33 

Figure 12 represents the creep response for samples 6, 9 and 3. Each sample with 

infill orientation of 0 °.  Sample 6 printed with 80% infill density, gyroid infill 

geometry, and with nozzle temperature of 235 °𝐶. Sample 9 printed with 50% infill 

density, cubic infill geometry, and with nozzle temperature 250 °𝐶. Lastly, sample 3 

printed with 20% infill density, tri-hexagonal infill pattern and with nozzle 

temperature of 220 °𝐶. 

 

Figure 16 Creep response for samples 6, 9 and 3 all with 0 degrees infill orientation p.33 
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The final graph below displays the creep response for samples 8, 2 and 5. Each 

sample with print orientation of -45/45 °.  Sample 8— printed with 80% infill 

density, cubic infill geometry, with nozzle temperature of 220 °𝐶. Sample 2 printed 

with 50% infill density, tri-hexagonal infill geometry, and with nozzle temperature 

235 °𝐶. Sample 5 printed with 20% infill density, gyroid infill geometry and with 

nozzle temperature of 250 °𝐶. 

 

Figure 17 Creep response for samples 8, 2 and 5each with infill orientation -45/45 p.34 

4.4 Creep modulus 

Another way of graphically representing creep, is by plotting the creep modulus over 

time. Figure 14-15 shows the MOC of all the samples with MOC on the y-axis and 

time represented on the x-axis. When analysing MOC a higher value describes 

stronger resistance to deformation.   
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Figure 14 MOC of samples 4, 5, 7 and 9 p.35 

 

Figure 15 MOC of samples 3,1,8,6 and 2 p.35 
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5. Discussion 

Table 6 shows the comparison of creep modules for all samples. The samples are 

ranked as strongest to weakest, with the factor level included for seeing the 

relationship between factor, factor level and experimental outcome. Furthermore, 

the average of the creep modulus is presented below.  

Table 6 Creep modulus ranked p.36 

 
Sample 

 
MOC (MPa) 

Infill 
Density % 

Infill 
Geometry 

Nozzle 
Temperature 

°𝑪 

Infill 
Orientation 

° 

 
Rank Order 

8 1270,89 80 Cubic 220 45/-45 1 

6 1160,91 80 Gyroid 235 0 2 

1 1096,44 80 Tri-
Hexagonal 

250 90 3 

9 898,46 50 Cubic 250 0 4 

2 883,77 50 Gyroid 235 45/-45 5 

7 853,03 20 Cubic 235 90 6 

4 812,25 50 Tri-
Hexagonal 

220 90 7 

3 711,54 20 Tri-
Hexagonal 

220 0 8 

5 693,64 20 Gyroid 250 45/-45 9 
       

It is clearly noticeable from the above table that the creep modulus increases with 

infill density. The three samples with the highest creep modulus are samples 8, 6, 

and 1 all with 80% infill densities. Furthermore, the three samples with the lowest 

creep modules are samples 4, 3, and 5 with infill densities of 50%, 20% and 20% 

respectively. The creep modulus strengths are not only dependent on the infill 

density. The data above displays a picture of increasing creep modulus with 

increasing density. However, samples 7 and 4 are outliers in the data. Sample 7 has 

a 20% infill density with a creep modulus of 853,03 MPa, sample 4 has an infill 

density of 50% with a lower modulus of 812,25. This small difference is the cause of 

other leading factors, mainly infill geometry.  
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Infill geometry may not be the main factor determining the material's creep 

response, but it is secondary to infill density. By looking at the creep modulus and 

its equivalent sample geometry. There is a trend of cubic being the stronger pattern 

followed by gyroid and tri hexagonal.  

The first three samples presented in the table, all with 80% infill density and have 

the infill geometry ordered as 1st cubic, 2nd gyroid, and 3rd tri hexagonal. The middle 

three samples are sample 9 with 50% infill density, sample 2 with 50% infill density, 

and sample 7 with 20% infill density. Samples 9, 2, and 7 have infill geometries 

ranking 1st cubic, 2nd gyroid, and 3rd cubic, respectively Just below sample 7 is 

sample 4 with 50% infill density with only a difference of 40.70 MPa.  

Samples with infill density of 80% have a creep modulus between 1100-1300 MPa. 

Samples with infill density of 50% have a creep modulus between 800-900 MPa. 

Samples with infill density of 20% have a creep modulus between 700-850MPa. 

Infill density and infill geometry have relatively noticeable effects on the creep 

modulus. Moreover, the infill orientation and nozzle temperature have an almost 

random ordering, suggesting that factors, nozzle temperature and infill orientation 

do not have a significant effect on the creep response relative to the infill density 

and infill geometry.  

Table 7 The SN ratios Smaller-the-better following creep modulus response 

Test Factors SN ratio 

Infill geometry Infill orientation Infill density Nozzle temperature  Creep  

1 1 1 1 1 -6.7418 

2 1 2 2 2 -8.6032 

3 1 3 3 3 -10.438 

4 2 1 2 3 -9.3083 

5 2 2 3 1 -10.672 

6 2 3 1 2 -6.2621 

7 3 1 3 2 -8.9037 

8 3 2 1 3 -5.4663 

9 3 3 2 1 -8.4096 
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The Taguchi method, involved firstly, computing the signal-to-noise ratio (S/N) 

smaller-is-better seen in table 7. The analysis was done with the data from the creep 

experiments, starting from where the force was constant and excluding the last 5 

minutes of the experiment. Figure 19 displays the four factors and levels with SN 

ratio presented on the y-axis displaying the optimum factor levels. 

 

Figure 16 Optimum SN ratios for factor levels p.38 

From Figure 19. The infill geometry shows an SN ratio of -8.55 for the tri hexagonal 

geometry, -8.75 for the gyroid geometry and a value of -7.55 for the cubic geometry. 

Considering the smaller signal is desired in this analysis (smaller, meaning closest 

value to 0) the cubic geometry shows slightly more desirable results than the others. 

However, the difference between the least significant infill pattern (gyroid) and the 

more significant infill pattern (cubic) is -1.2 which is a small variance. Gyroid and tri-

hexagonal patterns lay roughly at the same SN ratio with a difference of about -0.2. 

Therefore, the gyroid and tri-hexagonal pattern can be considered as equal in 

significance. 
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The infill orientation denoted with a green line appears strongest with -45/45° 

degrees in the print direction with an SN ratio of -8.25. Print orientation of 90 

degrees is second with an SN ratio of -8.3. This is surprising considering the direction 

of 90 degrees is along the force direction. Moreover, 0 degrees infill orientation is 

the lowest with an SN ratio of -8.34 this, however, is expected due to the fibers 

oriented perpendicular to the force vector. Infill orientation is the least significant 

factor, this could be due to the type of manufacturing. In 3D printing, the specimens 

are built layer-by-layer hence, increasing the chance for a weaker internal structure 

due to voids, and uneven layer adhesion especially in lower densities.  

Table 8 SN Ratio response table for each factor level with corresponding factor rank p.39 

Level Factor 

Infill 
geometry 

Infill 
orientation 

Infill density Nozzle temperature 

1 -8.594 -8.317 -6.156 -8.507 

2 -8.747 -8.247 -8.773 -7.923 

3 -7.593 -8.369 -10.004 -8.404 

Delta (Δ) 1.154 0.122 3.847 0.584 

Rank 2 4 1 3 

From the data on creep modulus strength in table 6 the infill density was the leading 

factor for a better creep response. This is also proven by SN ratios (Table 8.). The SN 

ratio of infill density has the highest and lowest ratios showing that this factor has 

the highest variance, thus having the highest impact on the creep response. The infill 

density displays a better SN ratio of -6.15 with a density of 80%. The second-best 

infill density is 50% with an SN ratio of -8.77. The lowest SN ratio is -10 with 20% 

infill density these results were expected due to the previously mentioned studies 

[45] [46] showing that a higher infill density results in tougher more rigid material.  

The last factor studied nozzle temperature shows an SN ratio of -7.9 with a 

temperature of 235 degrees. Temperatures of 250 degrees and 220 degrees are 

relatively similar, with a difference of only -0.1 like infill geometry but overall, 
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slightly less significant and can be seen by less variation between the highest and 

lowest SN values.  

Figure 20 displays the % contribution that each factor has to the creep response. 

Figure 17 shows graphically and denotes with the same colors as figure 19 how 

much of an effect each factor has on the creep response of the material. 

% 𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =
𝑆𝑆𝐹𝑎𝑐𝑡𝑜𝑟

𝑆𝑆𝑇𝑜𝑡𝑜𝑎𝑙
∗ 100% 

[80] 

 

Figure 17 Percent contribution of each factor on the creep response p.40 

The factor with the highest impact is highlighted in blue, infill density shows a 

percentage contribution of 85.69% this correlates with the creep modulus data as 

well as S/N ratios. An 85.69% contribution shows that the infill density has the 

highest impact on the creep response. 
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The second factor with a significant impact on the creep response is infill geometry 

highlighted in red infill geometry has a percent contribution of 9.73% with an 

almost ten times less of an impact than infill density. 

The third significant factor is the nozzle temperature highlighted in pink with a % 

contribution of 4,47%. Such a low impact on the creep response can be considered 

as insignificant. However, it is largely the cooling rate of the material that 

determines the percent crystallinity which can cause the material to be either more 

elastic or more rigid [81]. Furthermore, the print bed temperature remained at a 

constant temperature of 80 degrees for all samples under printing. This 

temperature is quite high for a print bed. The difference between the lowest and 

highest nozzle temperatures does not create a big enough variation in cooling rate 

to notice any significant changes in the elasticity or rigidity of the material. 

The factor with the least significant impact on the creep response is infill 

orientation. A contribution of 0.1% is insignificant and has little to no effect on the 

creep of the material. From previous studies  [15]  [49] infill orientation has always 

been the first or second contributing factor to the tensile strength of the material. 

However, those studies did not include such large % variation in densities, nor 

used such complex geometrical patterns for infill geometry. These two reasons 

alone can help explain the lack of an impact the infill orientation had. Furthermore, 

the sprinting of the specimens was done with almost max print speed of around 

150 mm/s. Such high print speeds coupled with complex geometries could 

increase the number of structural defects and voids in between the layers and 

within the samples. 

The ANOVA calculations require an error to term, the error term is used to account 

for the variation (noise) in the data it is needed for the calculation of the f-statistic 

and p-value. In the Taguchi design of experiment, there can be a lack of pure error 

due to DOE minimizing the number of experimental runs. The number of 

experimental runs in this thesis is 9 (with zero repetitions) thus leaving no room 

for error. In such cases, where the error term is infinitely small or zero, the least 

significant factor can be used as error if indeed the factor has a negligible effect on 
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the response output. Considering that the % contribution of the infill orientation is 

0.1%, it can be considered to have a negligible effect on the creep response and will 

be used as the error term for the ANOVA.  

The results from the four-way ANOVA studying only the main effects are displayed 

below.  

Table 9 ANOVA table for Creep p.42 

 

The results from the four-way ANOVA indicate that infill geometry (factor A), infill 

density (factor C) and nozzle temperature (factor D) are all statistically significant 

with 𝛼 = 0.05 thus, the null hypothesis is rejected for all factors. Factor C has a 

ranking order of 1st with a % contribution of 85,69 % and p-value of 0.011. A low 

p-value indicates a larger impact on the creep response. Infill density has an f-value 

of 862.258 which is incredibly high for an f-value. A high f-value is due to the infill 

orientation which was used as the error term. Factor B (error) had very low SS and 

MS values. To get an f-value for an individual factor the Sum of Squares of a factor 

(SSF) is divided by the Sum of Squares of the error (SSE).  Considering SSC has the 

largest value, it was expected to get a high value when dividing it by the small error 

term. Factor A and D are 2nd and 3rd in ranking order. Both Factors are much lower 

than Factor A, however they are still much higher than the critical f-value of 19 

found from the critical f-value table (Figure 18. Appendix). 

A 2 1,54623E-05 7,73116E-06 97,978 0.0101 9,737 2

C 2 0,000136075 6,80377E-05 862,258 0.0011 85,69 1

D 2 7,10345E-06 3,55173E-06 45,011 0.0217 4,473 3

Error (B) 2 1,57813E-07 7,89063E-08

Total 8 0,000158799

P-Value

Parameters

Source of 
variation

Degrees of 
freedom 

(DF)

Sum of 
Squares (SS)

Mean square 
(MS)

F-Value
% 

Contribution
Rank
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6. Conclusion  

This thesis examines the creep response of Fused Filament Fabricated Polyethylene 

Terephthalate Glycol specimens by applying Taguchi’s design of experiment 

method of optimization. The tensile specimens were designed according to 

standard ISO 527-2 [1A] printed using an Ender-3 S1 Pro and mechanically tested 

utilizing a X350-20 tensile machine. 

The four printing parameters that were analysed: infill density (80%, 50% and 

20%), infill orientation (90°, -45/45° and 0°), infill geometry (tri hexagonal, gyroid 

and cubic) with nozzle temperatures (220°C, 235°C and 250°C). The data from the 

tensile test was analysed by calculating the Signal-to-Noise ratio (smaller-is-

better), creep modulus (MOC), instantaneous strain and Analysis of Variance 

(ANOVA). 

The analysis concluded that the three samples with the highest creep modulus (8, 6 

and 1) all had infill densities of 80 % with infill geometries of 1st cubic, 2nd gyroid 

and 3rd tri hexagonal. The weakest samples (3 and 5) have infill densities of 20% 

with the lowest modulus of creep. Sample 7, with 20% infill, had a higher modulus 

of creep than sample 4 with 50% infill. This is likely due to sample 4 having the 

weakest geometry (tri hexagonal) and sample 7 having the strongest geometry 

(cubic). A difference of 577.25 MPa strength between the strongest and the 

weakest samples. 

The Signal-to-Noise ratio showed that an infill density of 80%, infill geometry 

cubic, infill orientation of -45/45° and with nozzle temperature 235 degrees 

Celsius are the optimal parameters for the best creep behavior. Furthermore, the 

parameters that yielded the worst SNR (poor creep behavior) were infill density of 

20%, infill geometry gyroid, infill orientation of 0° and with nozzle temperature 

250 degrees Celsius. 
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Finally, ANOVA provided insight into the % contribution that each factor had on the 

creep response. Factor A contributed 9.7% with an f-value of 97.97. Factor C 

contributed 85.6% with an f-value of 862.24. Factor D contributed 4.47% with an f-

value of 45. Factor B was used as an error term due to lack of pure error and less 

than 0.1% overall contribution. Furthermore, factors A, C and D were all significant 

with α=0.05, meaning each factor rejects the null hypothesis and are statistically 

significant.  

This thesis has provided further insight into the creep behavior of 3D printed 

PETG, and the applications of utilizing the Taguchi method for design and 

optimization of 3D printed parts.  

This research has given headway for further analysis of FFF PETG and the future 

applications for Tugushi’s Design of Experiment. However, the accuracy of these 

results can be improved on. For example, adding more experimental repetition 

would create an error term that would substitute for factor B for improving overall 

accuracy of the ANOVA. 

Future research should focus on larger factorial designs, and conformation studies. 

Simple and complex optimization research is essential for development and 

growth within businesses, manufacturing industries and institutes. 
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