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FFF 3D printing is a growing and well researched manufacturing method, which aims to 

reduce the ecological footprint of plastic products. Filament materials are seeing a shift 

towards biofriendly materials, which includes polymer matrix composite materials. One of 

the most popular polymers used in the creation of composites is PLA, which is a plant sugar 

derived thermoplastic. Filament is manufactured with filament extruders, which are used in 

creating novel composites. 

This study aims to create filament spools that have a stable diameter using the Taguchi 

methods. Filament is manufactured with a benchtop filament extruder system. The control 

parameters considered are extrusion temperature, extrusion speed, cooling speed, filament 

pulling speed. Filament quality is assessed with flexural testing. 

Results show that temperature has the greatest impact on filament consistency regardless of 

the extruded material. Extrusion speed is second most important for harder materials like PA 

and PLA, while softer materials are not affected as much. Filament pulling speed is crucial 

for softer materials like TPU, while harder materials are not as affected. Cooling rate has the 

lowest impact of all control parameters regardless of the polymer. Taguchi methods are 

deemed insufficient for proposing parameter combinations that give consistent filament 

results. 
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FFF 3D-tulostaminen on kasvava ja kattavasti tutkittu valmistusmenetelmä, joka pyrkii 

vähentämään muovituotteiden ekologista jalanjälkeä, sekä helpottamaan prototyyppien 

luomista. Tulostusmateriaaleissa siirrytään aktiivisesti bioystävällisempien materiaalien 

suuntaan, joihin kuuluvat kuitukomposiittimateriaalit. Yksi suosituimmista muoveista, josta 

valmistetaan komposiitteja, on PLA, joka valmistetaan kasvisokereista. Tulostusmateriaalia 

valmistetaan filamenttiekstruudereilla, joita käytetään kustomoitavien komposiittien 

valmistamiseen. 

Tutkielmassa tutkitaan ekstruusioparametrien vaikutusta 3D-tulostus filamentin paksuuden 

tasaisuuteen Taguchi menetelmien avulla. Filamenttia valmistetaan työpöydällä 

käytettävällä filamenttiekstuuderilla. Filamentin tasaisuuteen vaikuttavat hallintaparametrit 

ovat ekstruusiolämpötila, ekstruusioruuvin nopeus, jäähdytyksen nopeus, sekä filamentin 

vetonopeus. Filamentin laatua arvioidaan kolmen pisteen taivutuskokeiden avulla. 

Tuloksista nähdään lämpötilalla olevan suurin vaikutus filamentin tasaisuuteen riippumatta 

materiaalista. Ekstruusioruuvin nopeudella on suuri vaikutus kovempiin materiaaleihin, 

kuten PA- tai PLA-muoveilla, pehmeämmillä muoveilla ekstruusioruuvin nopeus ei ollut 

yhtä tärkeä. Filamentin vetonopeus on todella tärkeä pehmeille materiaaleille, kuten TPU:lle, 

mutta sen vaikutukset ovat vähäiset koville materiaaleille. Jäähdytysnopeudella on pienin 

vaikutus filamentin tasaisuuteen riippumatta materiaalista. Taguchi menetelmät eivät ole 

riittävät tehokkaiden parametriparien määrittämiseen. 
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SYMBOLS AND ABBREVIAT 

Roman characters 

d diameter  mm 

E Modulus of elasticity MPa 

V voltage  V 

  

Greek characters 

σ Stress  MPa 

ε Strain 

 

Dimensionless quantities 

c straight line curve tuning parameter 

i digital input value 

k straight line curve slope 

S signal function 

S/N ratio Signal-to-Noise ratio 

N noise function 

 

Subscripts 

1 minimum 

2 maxima 

f flexural test 

fB break 

fC conventional deflection 



fM maximum strength 

 

Superscripts 

' Sensor 

" ESP32 

 

Abbreviations 

ABS Acrylonitrile Butadiene Styrene 

ADC Analog to Digital Converter 

AM Additive Manufacturing 

CSV Comma Separated Values 

FFF Fused Filament Fabrication 

LCD Liquid-Crystal Display 

PMC Polymer Matrix Composite 

PLA Polylactic acid 

PA+CF  Polyamide + Carbonfibre 

RPM Revolutions per minute 

TPU Thermoplastic Polyurethane 

 

Constants 

dig   Resolution of the ESP32 converter  4096 

Vesp  Maximum voltage of the ESP32 converter 3.3 
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1  Introduction 

Additive manufacturing (AM) is an ever-growing production method which produces three-

dimensional objects by adding material in successive layers. In contrast to subtractive 

manufacturing, which removes material from a piece of stock, leading to significant amounts 

of waste. AM is divided into seven categories according to the ASTM F42 committee 

(Doddamani, 2023, 12-13).  

Table 1: AM process classifications (Doddamani, M. 2023, 12-13) 

Process type Short Description Materials 

Binder Jetting 
Powder material is joined with a liquid 

bonding agent. 

Polymer, foundry 

sand, metal 

Direct energy deposition 
Focused thermal energy is used to fuse 

material by melting as it is deposited. 
Metals 

Material extrusion 
Material is selectively dispensed through a 

nozzle. 
Polymers 

Material jetting 
Droplets of material are selectively 

deposited. 
Polymers, waxes 

Powder bed fusion 
Thermal energy selectively fuses parts of a 

powder bed. 
Metals, polymers 

Sheet lamination 
Sheets of material are bonded to form an 

object. 

Paper, metal, 

fibers 

Vat photo polymerisation 
Liquid photopolymer in a vat is selectively 

cured. 

Photopolymers, 

e.g. resins 

 

Table 1 shows all methods of AM in industry. The only four process types relevant to 

composite manufacturing are material extrusion, vat photopolymerisation, powder bed 

fusion, and material jetting. Polymers are used as the construction material in all of them, 

which is a requirement for composites. 

Materials used in additive manufacturing are often limited by their mechanical properties, 

such as tensile or impact strength, which can be improved with filler materials. This material 

addition makes a polymer matrix composite (PMC), which shows promise in many fields 

due to its ease of manufacturing and improved mechanical properties (Doddamani, 2023, 1-

2). They also show promise in reducing the environmental impact of plastic products by 
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using biodegradable, plant-derived plastics, such as polylactic acid (PLA) (Taib et al., 2023). 

Most PMC production is done in highly controlled industrial processes. 

Some PMC use cases require only a small amount of custom composite, making benchtop 

filament extruders very compelling. Most studies on the extrusion parameters of benchtop 

filament extruders have focused on composite outcomes rather than on filament 

manufacturability, an area which remains misunderstood. 

1.1  Background 

Fused Filament Fabrication is the most adopted additive manufacturing technology, which 

uses thermoplastic filament as its construction material. A gantry system moves a hotend in 

the layer shape, while simultaneously melting controlled amounts of plastic. This method 

creates parts quickly and repeatably.  

Filament extruders produce filament spools that act as the build material for FFF 3D printers. 

A filament extrusion production line consists of an extruder, a cooling unit, and a filament 

winder. The cooling unit is able to use air or water cooling, depending on the polymer 

extruded. 

Options for filament thickness include 1.75 mm and 2.85 mm, where 1.75 mm is the most 

widely used consumer-grade FFF filament size. 2.85 mm is almost exclusively used in high-

volume industrial 3D printers. The standard tolerance for filament is ±0.05 mm, while for 

lower quality filament, ±0.10 mm is still acceptable. Thickness tolerances are very tight, 

since below 1.70 mm the final print can have issues with interlayer adhesion, thin print walls, 

and lowered mechanical strength. Whereas above 1.80mm the print can exhibit blobbing, 

rounded corners, and worsened dimensional accuracy. 

One of the great shifts in the FFF 3D-printing space is the move towards PMC materials, 

which aim to improve on the properties of traditional thermoplastic filaments, like PLA. The 

inclusion of bio-based fillers in a PLA PMC aims to improve PLA to the level of other 

plastics, such as ABS, while retaining PLA's biodegradability and lower environmental 

footprint (Dey et al., 2021). Use of custom-tailored composites will probably increase as 

extruders capable of manufacturing them mature. 
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Benchtop extruders have gained traction in consumer AM due to their ability to produce 

custom filaments quickly and at a low cost. The majority of benchtop filament extruders are 

single-screw extruders due to lower costs. While this decreases performance with custom 

composites, differences between single- and twin-screw extruders are not noticeable in most 

use cases. Benchtop extruders operate with less control than industrial processes, making 

consistent filament difficult to achieve. 

1.2  Previous Research 

Very few studies investigate the effects of extrusion parameters on filament consistency. 

Most studies utilising benchtop filament extruders focus on mechanical properties of novel 

composite materials, like PLA and wood flour or bamboo, for example (Mazzanti et al., 

2019).  

A study by Sascha Hartig et al. (2022) looks at the effects of extrusion parameters with the 

Taguchi method. on filament thickness on a desktop filament extruder, finally concluding 

that the Taguchi methods are insufficient to gain an understanding of the specific effects of 

parameters. (Hartig et al., 2022). Hartig et al. fail to acknowledge the significance of tension 

acting on the filament. Taking two temperature readings on the extruder screw leads to noise 

in values and is likely unnecessary. Prior studies have not considered the tension acting on 

the filament. 

1.3  Research Problem 

Custom-made composites are becoming increasingly accessible with benchtop filament 

extruders. These systems enable the use of various filler materials, such as wood flour, 

bamboo, flax, cellulose pulp, cork, and lignin, to produce tailored composite filaments. 

(Mazzanti et al., 2019; Zaidi et al., 2023). However, unlike industrial extrusion systems, 

benchtop extruders operate with limited process control and more variability.  

A critical challenge in this context is achieving a consistent filament diameter, which is 

essential for use in fused filament fabrication. While previous studies have primarily focused 

on the mechanical properties of polymer composites, the influence of extrusion process 
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parameters on dimensional consistency and manufacturability of filament in benchtop 

systems remains insufficiently misunderstood. 

1.4  Research Questions and Contributions 

The goal of this study is to deepen understanding on the filament extrusion process and 

present a manufacturing method for creating new filament with a consistent thickness using 

a benchtop filament extruder. 

Research questions this study aims to answer are: 

• Which extrusion parameters most strongly affect filament consistency in benchtop 

extrusion? 

• Can a Taguchi L9 design identify useful parameter combinations for PLA, PA+CF, 

and TPU? 

• Are the produced filaments dimensionally suitable for FFF use? 

• Are flexural tests capable of assessing filament quality? 

The scope of this study is limited to the production of filament and flexural tests. No other 

mechanical testing will be conducted in this study. 
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2  Methods 

Previous studies have focused on the effects of extrusion parameters on the mechanical 

properties of filament, while the effects on filament thickness and manufacturability remain 

poorly understood. This is likely due to many extruder processes being highly controlled 

industrial processes with minimised noise, reducing the need for parameter-wise 

optimisation.  

Filament span is used as the primary quality assessment parameter. Span is obtained by 

subtracting the smallest thickness from the largest thickness. Filament consistency is the 

highest when span is minimised. Average filament thickness is used as a secondary quality 

assessment parameter. Incrementing average thickness is simpler than decreasing span, 

making it a secondary concern.  

2.1  Materials 

A variety of materials are used in this study, which are listed below. They were chosen due 

to accessibility and low costs. Table 2. lists all materials used in this study. The materials 

used to develop a manufacturing methodology for consistent filament extrusion are PLA, 

PA, and TPU. The PA used is preimpregnated with short-fibre carbon, making a PMC 

material. These plastics are chosen because of widely different extrusion requirements, 

which, alongside demonstrating the methodologies' material range, highlight potential 

limitations and improvements. 
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Table 2. List of all materials used in this study 

Equipment Model Name Supplier Reference 

Extruder Felfil Evo Felfil (Felfil, n.d., a.) 

Spooler Felfil spooler+ Felfil (Felfil, n.d., b.) 

3D-printer Creality K1 Max Creality (Creality, n.d., a.) 

Measuring 

equipment 
NodeMCU ESP32-S Partco (Partco, n.d.) 

PLA pellet Pelletsmart PLA pellets SmartMaterials3D 
(SmartMaterials3D, 

n.d., a.) 

TPU pellet Pelletsmart Flex Pellet 93A SmartMaterials3D 
(SmartMaterials3D, 

n.d., b.) 

PA+CF pellet Pelletsmart PA CF SmartMaterials3D 
(SmartMaterials3D, 

n.d., c.) 

PLA control 

filament 
Creality Hyper PLA red  Creality (Creality, n.d., b.) 

TPU control 

filament 

eSun TPU-95A 1.75mm 3D 

filament 1KG  
eSun (eSun, n.d.) 

PA+CF control 

filament 

Nylon-12 Carbon Fibre (PA12-

CF) 3D printer filament 
Sunlu (Sunlu, n.d.) 

 

2.1.1  Polylactic Acid 

PLA is biodegradable since it is derived from plant sugars. Biodegradability in plastics 

lowers their ecological footprint and adverse environmental effects. PLA is the most widely 

used 3D printing filament on the market, due to its low price and predictable behaviour when 

printing. PLA typically does not suffer from print defects like stringing, which can affect 

print quality and consistency. Also, the material shrinks very little after extrusion, improving 

dimensional accuracy.  

2.1.2  Polyamide  

Polyamide is a synthetic thermoplastic made from petroleum. It is one of the most important 

engineering plastics due to its wear and impact strength characteristics. Some metal bearings, 
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bushings, and gears can be replaced with PA due to its low coefficient of friction and weight. 

(Safaei et al., 2024).  

In AM, polyamide is not widely used due to higher costs and printing difficulty, but adoption 

can be expected to increase given its desirable mechanical properties and lower cost 

compared to traditionally manufactured PA components. 

2.1.3  Thermoplastic Polyurethane 

TPU is a thermoplastic variant of polyurethane that can be repeatedly melted without 

degrading. Polyurethane refers to a group of polymers, not to any specific polymer, like 

TPU. It is flexible, making it a key engineering material. Polyurethane has wide applications 

in automotive, electrical, and medical sectors (Desai et al., 2023). Conventional rubber-

based materials are not used in additive manufacturing, making TPU the predominant 

material for flexible components.  

Manufacturing TPU filament is difficult since it is flexible. Rollers that are used to draw out 

other filaments, like PLA, to size have less noticeable effects on TPU. Cooling rate and 

extrusion temperature may prove to be key parameters for achieving a consistent filament 

that does not stick. 

2.1.4  Felfil Evo Filament Extruder 

Using a single screw extruder reduces system complexity and reflects the current market of 

benchtop extruders. The limitation of this approach compared to twin-screw extruders is 

worse mixing of tailored composites. Pre-impregnated pellets will not be affected, as they 

are homogeneous from the factory, but tailored composites with higher amounts of filler 

may have issues with homogeneity. Figure 1 shows the spooler used in filament preparation. 
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Figure 1. Image of the Felfil Evo filament extruder 

The Felfil Evo Filament Extruder is used in this study to create the filament (Felfil, n.d., a.). 

Process parameters that affect the final extruded filament are extruder motor speed and 

extrusion temperature. Motor speed increases by increments of one RPM. Extrusion 

temperature can be changed in one-degree increments. Filament thickness can be fine-tuned 

with temperature changes, for it has higher resolution than motor speed. 

Lower motor speeds improve composite mixing by evening heating throughout the material. 

On the other hand, higher speeds increase chamber pressure, leading to more material being 

extruded, increasing filament diameter. 

2.1.5  Filament Spooler 

Prepared filament needs to be wound onto a spool for use in 3D printers. The spooler used 

in this study is a Felfil Spooler+ (Felfil, n.d., b.). The device can be seen in Figure 2. 
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Figure 2. Image of the Felfil Spooler+ and its cooling unit 

This device was chosen due to ease of access, and its built-in filament thickness sensor makes 

measuring filament thickness simple. The Filament can be stretched to size with pulling 

wheels that tension the filament. Automatic mode can be used for wheel speed adjustments 

with pre-sets for ‘soft’, ‘medium’ and ‘hard’ materials (Felfil, n.d., b.). Manual mode will 

be used instead. By setting the pulling wheel speed constant, any tension variance from the 

spooler is removed, further reducing noise. The speed will vary across orthogonal arrays for 

each material. 

Cooling rate is a crucial control variable for filament manufacturing. It impacts the filament 

ability to stretch correctly. Different plastics will react differently to changes in cooling. 

Flexible plastics, such as TPU, may require faster cooling than harder plastics, like PLA. 

2.1.6  3D-printer 

All test specimens are made with a Creality K1 Max 3D-printer. G-code instructions for the 

printer were made with Orca-slicer. Table 3. lists all parameter changes made inside Orca-

slicer. A nozzle size of 0.4 mm is common for consumer printers, balancing speed, and high 

accuracy. A Layer height of 0.16 mm uses more material than larger print layers because of 

the required number of layers. All specimens have 100% infill to ensure flexural testing is 

based on material properties, not infill settings. Material pre-sets in Orca-slicer were used. 

All materials had their generic variant chosen for both control and extruded filament.  

Table 3. Printing parameters used in test specimen preparation  
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Printing parameter Value Unit 

Nozzle size 0.4  mm 

Layer height 0.16  mm 

Infill percentage 100  % 

Material Generic -- - 

 

2.2  Measuring Objectives 

The spooler has an integrated thickness sensor, a linear resistive element that varies its 

resistance from 1 kiloohm to 5 kiloohm. Voltage divider circuits are used to gain variable 

voltages that are read on controllers. They are characterised as 

 
𝑉𝑜𝑢𝑡(𝑅1) =

𝑅2

𝑅2 + 𝑅1
⋅ 𝑉𝑖𝑛 

(1) 

Vout and Vin are measured in volts. Vout is an input signal to the system's controller. Vin is an 

input voltage from the controller, varied by the circuit. R1 and R2 are resistors with different 

functions, both measured in kiloohms. R1 is a variable resistance acting as an input 

argument. R2 drops the voltage to microcontroller safe levels, for example, down to 5 or 3.3 

volts. 

 

Figure 3. Voltage divider circuit schematic 

Figure 1. shows a schematic of a voltage divider. The divider goes into an Arduino Nano 

microcontroller. Factory spooler configuration outputs thickness information only onto an 
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LCD panel, requiring more precision. Human intervention is required for information 

logging over long extrusion periods.  

Using an ESP32-S microcontroller from Espressif Systems (2026), the sensor 

measurements are logged onto a computer. Codes used with the ESP32-S can be found in 

Appendix 1 (Appendix 1. Appendix 1. ESP32-S measurement code). An integrated 12-bit 

analogue-to-digital converter (ADC) circuit turns analogue voltage values digital by 

utilising a straight-line equation.  

 𝑦 = 𝑘𝑥 + 𝑐 (2) 

K is the slope of the straight-line curve, and c is an offset value obtained when the input 

value is zero. The ESP32-S ADC converts voltages in a range of 0-3.3 volts into digital 

values in the 0-4092 range. Filament diameter calculation is performed with an expanded 

version of the ideal straight-line equation. 

 
𝑑(𝑖) =

𝑥2′

𝑉2′ − 𝑉1′
⋅

𝑉𝑒𝑠𝑝,2′′

dig′′
⋅ i − 𝑉𝑐 (3) 

 

Table 4. Variables used in equation 3 and their respective values 

Symbol Description Value  State Device 

x2’ Maximum thickness the sensor can read 
3.87 

[mm] 
Constant 

Thickness 

sensor 

V1’ Sensor voltage when thickness reading is 0 
1.0924 

[V] 
Constant 

Thickness 

sensor 

V2’ Sensor voltage when thickness is at maximum 
2.63 

[V] 
Constant 

Thickness 

sensor 

Vesp,2’’ Maximum voltage readable by ESP32-S pin 3.3 [V] Constant ESP32-S 

dig’’ Maximum digital value given by ADC circuitry 4092 Constant ESP32-S 

Vc 
Tuning parameter, used to set the equation value to 0 

when the sensor is at 0 
3.0 Variable - 

i 
Output of the ESP32-S analogue-to-digital converter 

circuit 
0-4092 Variable 

ESP32-S 

ADC 

 

Descriptions of each control parameter are listed in Table 4. During production variable i is 

varied with thickness and Vc is used for equation tuning. All other values are constants. 
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Filament thickness measurements and time of measurement are output in a CSV format as 

serial data. Logging serial data is done with an open-source application called PuTTY 

(PuTTY, n.d.). Post-processing of logged data is done with a MATLAB script. Automated 

plots of filament thickness over extrusion time are created for all extrusions. 

2.3  Extrusion Parameters   

Producing filament is done with the Felfil Evo filament extruder and the Felfil Spooler+, 

both having two control parameters. Extrusion temperature, extruder motor speed, filament 

cooling fan speed and pulling speed are key control variables required to make consistent 

filament. 

Table 5: List of extrusion process control parameters. 

Device Parameter Range 

Extruder Temperature [°C] 150-220 

Extruder Motor speed [RPM] 0-9 

Spooler Fan speed 100-255 

Spooler Pulling speed [m/min] 0-9.6 

 

Values used in extrusion are chosen from ranges displayed in Table 5. Thickness testing is 

performed in three-minute intervals, with parameters set according to an orthogonal array. 

The effects of each parameter can be seen on the consistency and outer diameter of the 

filament from the S/N ratio values. If values obtained from S/N ratio calculations are not 

sufficient, tuning tests will be conducted to obtain more optimal values. This process will be 

done by adjusting the most important parameters obtained from the S/N ratio. A spool of 

filament can be made once a consistent diameter with optimised values is reached. 

2.4  Taguchi Method and Orthogonal Array 

Gaining an understanding of the effects of extrusion parameters on filament consistency is 

crucial for producing reliable and high-quality print results. The robustness of a system can 
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be improved with Taguchi methods. They aim to create processes that are resistant to noise. 

The methods are categorised by signal-to-noise functions, which for a static system is 

 𝑆

𝑁
=

𝑦
2

σ2
= 𝑚𝑎𝑥 (4) 

For a robust system, the S/N ratio should be maximised, for the noise function N is set as the 

denominator (Hartig et al, 2022). Lowering noise reduces system variance, leading to greater 

consistency. S/N ratio is characterised as 

 
𝑆/𝑁 𝑟𝑎𝑡𝑖𝑜 = 10 log (

𝑆

𝑁
) (5) 

A logarithmic ratio makes comparing larger amounts of variables easier by dampening large 

deviations (Hartig et al., 2022). The static system S/N ratio can be defined with different 

functions depending on the desired outcome. Should the target value be as large as possible 

(larger-the-better, LTB), small as possible (smaller-the-better, STB) or nominal (nominal-

the-best, NTB). For filament extrusion, the lowest possible span is desired. Due to this, the 

S/N ratio option chosen is STB (Hartig et al., 2022) 

 
𝑆𝑇𝐵 = 𝑆/𝑁 𝑟𝑎𝑡𝑖𝑜 = 10 log (

1

𝑦
2

+ σ2
𝑦0

2) (6) 

A scatter-square component is added to the logarithm to reduce noise and aim toward the 

smallest possible final value. 

The Taguchi method uses an orthogonal array to organise tests associated with calculating 

the S/N ratio. An orthogonal array is a method of parameter optimisation in a multi-variable 

system. Multiple variables can be adjusted at once vastly reducing the amount of testing 

needed to be done compared to a one factor at a time approach 

For all filament types, an L9 Taguchi method with four variables at three levels is created. 

The array has nine different experiments. All variables have three levels, which will be set 

as low, neutral, or high. Every test is repeated four times for a larger sample size, mitigating 

per-run variance. Analysis of the array is done with MATLAB using the Statistics and 

Machine Learning Toolbox (MathWorks, n.d.). From the analysis, a set of graphical plots is 

prepared to visualise the effects of all extrusion parameters on filament span. This approach 

is chosen for simplicity and high repeatability, as human error is removed from the 

calculation. Using correct parameter combinations is a major concern. If an experiment uses 
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incorrect values, it must be repeated because orthogonality is broken otherwise. Modification 

of the array is not possible in MATLAB. 

If any material cannot complete the array of tests with more than one experiment being 

nullified, then a one-factor-at-a-time approach will be used to obtain extrusion parameters. 

A key drawback of this approach is the lower accuracy of the filament span than with 

Taguchi methods.  

If any experiment completes more than one measurement but is unable to finish all four, its 

recorded values are used in the S/N ratio calculation. It is disregarded from the average 

diameter and span analysis. Completing orthogonal arrays is paramount for achieving 

consistency and aim of the study. In cases where an experiment cannot complete all 

measurements, it will naturally have high variance, balancing its S/N ratio. 

 

Table 6: Constructed orthogonal array structure used for all materials 

Experiment Temperature Extrusion speed Cooling speed Pulling speed 

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 

 

Orthogonal arrays are created using the template shown in Table 6. Depending on material 

properties, the values seen in orthogonal arrays will differ. For example, PLA requires 

distinct parameters if the filament is made from recycled plastic, contains short fibres, or is 

made from virgin plastic. 
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Table 7: Orthogonal array parameters for all materials 

Material State 
Temperature 

[°C] 

Extrusion 

speed [RPM] 

Cooling 

fan speed 

Pulling speed 

[m/min] 

PLA 

1 206 5 170 0.3 

2 210 6 200 0.37 

3 214 7 230 0.44 

PA + CF 

1 235 6 190 0.4 

2 240 7 220 0.46 

3 245 8 250 0.52 

TPU 

1 190 5 190 0.93 

2 195 6 220 1.03 

3 200 7 250 1.16 

 

Table 7. Shows values chosen for orthogonal arrays. Orthogonal array values were chosen 

from the suggested parameters given by Felfil (Felfil, n.d., a.). Values given are intended for 

use with only the extruder, using gravity to stretch filament as it is extruded onto the ground. 

Extrusion speeds are lowered for use with the spooler by one RPM on high settings, and 

temperatures are kept in the range of suggested values. Pulling speeds were selected based 

on the spooler’s automatic mode. Neutral values for pulling speed are selected based on 

automatic-mode speeds. Low and high settings are chosen to be an equal length away from 

neutral. Cooling fan speed is set in equal intervals since, by default, it is set to a constant 

255. 

2.5  Flexural Testing 

After extrusion, the filament specimen’s flexural strength is measured in a device in 

accordance with ISO 178:2019 class III. Five test pieces are prepared from each filament to 

test their flexural strength. This is done to assess the quality and consistency of the prepared 

filament. If all prepared test pieces break at widely different bending stresses, the quality of 

the filament is poor, whereas similar bending stresses indicate higher quality. Alongside 

extruded filament, a control group using a commercial filament is made to compare known 

high-quality filament with extruded filament samples. Filaments chosen for the control 

group are listed in Table 2. Five test pieces should give a confidence interval of 95%, 

depending on test piece quality (ISO 178). 
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Table 8. Required measurements in ISO 178 class III 

Symbol Parameter name Description 

σfB Flexural stress at break Flexural stress at break of test specimen 

σfM Flexural strength Maximum stress sustained during flexural testing 

σfC Flexural stress at 

conventional deflection 

Stress when deflection is 1.5 times specimen thickness 

Sc Conventional deflection Deflection equal to 1.5 times specimen thickness 

εfB Flexural strain at break Flexural strain at when test specimen breaks 

εfM Flexural strain at flexural 

strength 

Flexural strain at maximum flexural stress 

Ef Modulus of elasticity Ratio of stress difference in the elastic deformation zone 

 

Table 8. lists all measurements needed to classify experiments into class III. All test pieces 

are prepared using a Creality K1 max 3D printer (Creality, n.d., a.). Using a similar type of 

printer will reduce variance in results.  

ISO 178:2019 states that a testing machine and measuring apparatus calibrated according to 

ISO 7500-1 and ISO 9513 applies an increasing flexural load at a constant rate until a test 

piece ruptures or reaches 5% of its maximum strain. Force and deflection are measured using 

a force-measuring unit on the crosshead (ISO 7500) and an extensometer (ISO 9513) at the 

midspan. The extensometer is used to remove the testing machine compliance. A testing 

apparatus with zero tolerance cannot be created, necessitating compliance correction factors. 

For lower accuracy measurements, this factor can be used, which corrects for machine 

tolerances in the final values. 

Testing specimens must be of a rectangular cross-section with preferred dimensions in 

millimetres being a length of 80 ±2, a width of 10.0 ±0.2, and a thickness of 4.0 ±0.2. 
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3  Results 

In this chapter, the results from the testing methods introduced in Chapter Two are given. 

Results are split into orthogonal array and flexural test outcomes. Some unforeseen 

complications are listed when they become relevant in extruding. 

3.1  Orthogonal Array Outcomes 

All tested filaments are tested according to their orthogonal arrays shown in Table 7. 

Complications arose during testing, including one categorised as knotting. 

  

Figure 4. Example of knotting 

Figure 2. shows an example of knotting, where the filament is touching the table. This failure 

mechanism occurs when the filament is not pulled fast enough, leading to it folding in on 

itself. This knot is pulled through the cooling stack, leading to a blockage. Often, the block 

cannot be removed while the system is running, requiring the system to be reset.  
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3.1.1  Virgin PLA Filament 

Before extrusion, PLA pellets are dried at 50 °C for 16 hours to remove residual moisture 

from impacting extrusion. Extrusion was conducted with the extruder fully closed to 

minimise temperature variation inside its enclosure. PLA’s orthogonal array is tested, 

creating widely differing results from different parameter combinations. All experiment 

except fully completed. 

Table 9. Virgin PLA orthogonal array results 

Experiment 
Temperature 

[°C] 

Extrusion speed 

[RPM] 

Cooling 

speed 

Pulling speed 

[m/min] 

Diameter 

[mm] 

Span 

[mm] 

1 206 5 170 0.3 1.721 0.388 

2 206 6 200 0.37 1.630 0.396 

3 206 7 230 0.44 1.591 0.360 

4 210 5 200 0.44 1.565 0.322 

5 210 6 230 0.3 1.851 0.272 

6 210 7 170 0.37 1.870 0.26 

7 214 5 230 0.37 1.745 0.284 

8 214 6 170 0.44 1.547 0.260 

9 214 7 200 0.3 1.867 0.202 

 

Table 9. illustrates values obtained from PLA extrusion. Experiment six was not possible to 

fully finish due to knotting which was introduced prior. Four attempts are made in the sixth 

experiment, all of which fail before three minutes have elapsed. From these runs, the average 

diameter was 1.87 mm and an average span of 0.26 mm. This diameter is the largest in the 

array, but outside of S/N ratio calculation, it will be disregarded due to measurement 

uncertainty. 

The smallest average diameter is in experiment eight, while the largest average diameter can 

be observed in experiment nine. Average values are 1.546 mm and 1.867 mm, respectively. 

Experiment seven came closest to the desired thickness of 1.75 mm with an average of 1.738 

mm. Parameters that gave the listed thickness values are in Table 9 with their respective 

average diameters. 



30 

 

 

The lowest span was in experiment nine, and the largest was in experiment two, coming out 

to 0.202 mm and 0.396 mm, respectively. Experiment seven, which had the closest diameter 

to the nominal value, has a span of 0.264. Experiment two is the most successful in creating 

a consistent filament while having an average diameter within specifications. 

 

Figure 5. PLA filament S/N ratio results 

Extrusion temperature has the largest impact on filament consistency, as shown in Figure 

3. Stating that span improves as the temperature is increased. Extrusion speed also sees this 

same trend, but to a lesser extent. An increase in pulling speed lowers consistency. Cooling 

rate shows a local decrease in consistency at 200, resulting in a lower S/N ratio. 

According to the S/N ratio, the ideal extrusion parameters for virgin PLA are a temperature 

of 214 °C, an extrusion speed of 7 RPM, a cooling fan speed of 230, and a pulling speed of 

0.3 m/min. These settings are very similar to experiment nine of the orthogonal array.  
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Figure 6. PLA filament with orthogonal array proposed optimal parameters 

Figure 4 illustrates that PLA mean extrusion diameter is 1.72 mm, which is well within 

filament specifications, while thickness variation is outside specifications. Maximum and 

minimum values during extrusion are 1.92 mm and 1.52 mm, respectively, yielding a span 

of 0.4 mm. Large deviation is likely due to differing extrusion temperature. Low spots at 

210 °C and high spots at 217 °C could be observed. 

3.1.2  PA+CF Composite Filament 

Residual moisture in the pellet material is removed by drying at 70 °C for 16 hours in a 

filament dryer. Carbon fibres are hydrophilic making drying highly important for testing 

(Moradi et al., 2024). Experiments were run with the extruder fully closed to minimise 

temperature variations. PA+CF filament is unable to complete all tests required for S/N ratio 

calculation. 
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Table 10. PA+CF composite orthogonal array results 

Experiment 
Temperature 

[°C] 

Extrusion speed 

[RPM] 

Cooling 

speed 

Pulling speed 

[m/min] 

Diameter 

[mm] 

Span 

[mm] 

1 235 6 190 0.40 1.443 0.388 

2 235 7 220 0.46 1.478 0.518 

3 235 8 250 0.52 1.454 0.348 

4 240 6 220 0.52 1.363 0.482 

5 240 7 250 0.40 1.444 0.454 

6 240 8 190 0.46 1.439 0.444 

7 245 6 250 0.46 1.54 0.425 

8 245 7 190 0.52 - - 

9 245 8 220 0.40 - - 

 

Table 10. shows the results obtained from PA+CF extrusion. The highest filament thickness 

is observed in experiment two, and the lowest in experiment four, coming out to 1.478 mm 

and 1.363 mm, respectively. Experiments at 240 °C exhibited lower thicknesses than at 235 

°C.  

The average span is highest with experiment two and lowest with experiment three, coming 

out to 0.518 mm and 0.348 mm, respectively. As observed with thickness, the span is 

generally much lower in experiments at 235 °C than at 240 °C, except for experiment two. 

Experiments seven, eight, and nine were unable to be fully completed due to inconsistent 

filament extrusion. Extrusion rate fluctuated widely with variation in extrusion volumes 

above 240 °C. This effect leads to constant filament knotting. While disregarded due to 

knotting, three measurements can be taken from experiment seven. Due to a high number of 

unfinished experiments, the S/N ratio values cannot be calculated with confidence.  

No experiment can produce filament close to the desired values, requiring manual parameter 

tuning. By using combinations of values from the orthogonal array, a sufficiently thick 

filament can be obtained. 
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Table 11. Customised PA+CF extrusion parameters 

Parameter Value 

Extrusion speed [RPM] 7 

Extruder Temperature [°C] 235 

Pulling speed [m/min] 0.46 

Cooling rate 250 

 

Parameters used in the final extrusion are shown in Table 11. They are very similar to 

experiment two by increasing the cooling speed the filament stretches less increasing its 

average thickness. The filament used in making test pieces was created using these 

parameters.  

 

Figure 7. PA+CF filament extrusion with customised parameters 

Figure 5. shows the filament obtained with parameters set in Table 11, which gave an 

average thickness of 1.68 mm and a span of 0.36 mm. Only one large spike can be seen 

going outside the looser thickness tolerances of ±0.10 mm. Using this filament in printing 

should not have issues with feeding. 
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The PA+CF filament proved challenging to extrude. Momentary spikes in diameter caused 

measurement uncertainty. Most are likely due to a rough outer finish, caused by carbon 

inclusions. Temperature seems to have the largest impact on diameter. Going above 240 °C 

changes the filament’s rheological properties, making it much looser. Regardless of 

adjustments, the span is much larger than is required for a consistent filament. 

3.1.3  Thermoplastic Polyurethane Filament 

Before extrusion, TPU pellets are dried at 55 °C for 16 hours to remove residual moisture. 

Extrusion is done with a fully closed extruder to reduce thermal fluctuation. TPUs’ 

orthogonal array and its responses are recorded. An error of 0.2 mm is observed during 

measurement, due to the thickness sensor compressing the material. TPU is soft enough that 

the spring inside the thickness sensor can produce a deviation of 0.2 mm. Accounting for 

this error, the diameter values are compensated by adding 0.2 mm.  

Table 12. TPU orthogonal array results 

Experiment 
Temperature 

[°C] 

Extrusion speed 

[RPM] 

Cooling 

speed 

Pulling speed 

[m/min] 

Diameter 

[mm] 

Span 

[mm] 

1 190 5 190 0.93 1.341 0.17 

2 190 6 220 1.03 1.338 0.14 

3 190 7 250 1.16 1.295 0.16 

4 195 5 220 1.16 1.173 0.21 

5 195 6 250 0.93 1.394 0.22 

6 195 7 190 1.03 1.394 0.18 

7 200 5 250 1.03 1.267 0.21 

8 200 6 190 1.16 1.131 0.20 

9 200 7 220 0.93 1.10 0.23 

 

Table 12. Shows extrusion results from the TPU material. Experiment 9 has issues with 

knotting. Three measurements were logged, but none of them lasted three minutes. Material 

sticks to the cooling array at high temperatures, leading to knotting since the material cannot 

be pulled through. 
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The lowest span was observed in experiment two, and the highest in experiment five, as 0,14 

mm and 0,22 mm respectively. Both values are satisfactory for filament manufacturing with 

loose tolerances.  

The highest average thickness is observed in experiments five and six, both exhibiting a 

thickness of 1.394 mm. The lowest average thickness is in experiment eight with 1.131 mm. 

Both values are too small for 3D-printing. 

 

Figure 8. TPU orthogonal array S/N ratio results 

From Figure 6. the S/N ratio results illustrate that temperature has the largest impact on 

filament span. The lower the temperature, the smaller the noise and thus lowered span. 

Cooling rate decreases span in a similar fashion to temperature, but not as significantly. 

Pulling speed finds a momentary peak at 1.03 m/min, and span increases as pulling speed is 

changed in either direction. Extrusion speed has the least impact on span outcome, peaking 

at 6 RPM.  

According to the S/N ratio, the ideal parameters for minimising span are a temperature of 

190 °C, an extrusion speed of 6 rpm, cooling fan speed of 190, and a pulling speed of 1.03 

m/min 
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Figure 9. TPU filament with orthogonal array proposed optimal parameters 

Figure 7. shows the final thickness profile of the TPU filament is irregular, with a peak at 

1.79 mm and a minimum at 1.48 mm. The mean thickness value is at 1.65 mm, which is 

barely within specifications. This filament was used to manufacture test specimens for 

bending tests. 

3.2  Flexural Test Outcomes 

The Flexural tests are conducted in accordance with ISO 178 standards, and measurements 

are taken in accordance with Class III (ISO 178). Across all graphs, a slight downward spike 

can be observed. This error is due extensometer use. Larger pushing forces are needed as it 

resists downward motion. With such low forces, slight spring forces become observable. 

Figure 9 illustrates the testing equipment used during testing. 
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Figure 10. Image of the flexural test equipment 

Calculations according to ISO 178 class III are done on the specimen with the highest peak 

stress. Elastic modulus calculations will be conducted on sections of graphs where the 

deflectometer is used, making its error negligible, since the slope of the curve is the same. 

3.2.1  PLA Filaments 

Both PLA filaments exhibited similar bending characteristics. Maximum strength and 

breaking strength coincide in each test case. All measurements for both test cases are taken 

using the extensometer. 
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Figure 11. Control PLA filament Stress-Strain curve 

Figure 8. shows similar bending stresses throughout commercial PLA filament tests. Test 

piece 3 has the lowest maximum stress while having the largest strain of all test specimens. 

All test pieces exhibit a ductile fracture at the lower edge, characterised by a gradual decline 

in stress from maximum values. 

Table 13. Peak Stress values of PLA control filament flexural tests 

Experiment Peak Stress [MPa] 

1 85.34097 

2 85.64854 

3 61.84006 

4 85.47258 

5 85.1407 

 

As stated before, all specimens have similar stresses at break, which is further emphasised 

by Table 13. This is to be expected from commercial filament since its production is more 

controlled. Specimen two has the highest bending stress at break. Further analysis is 

conducted on that specimen. 
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Figure 12. Self-made PLA filament Stress-Strain curve 

All experiments have very similar bending stresses and strains, as shown in Figure 9. The 

deviation between specimens is greater than with control specimens. Higher bending 

stresses can be observed than in the commercial filament.  

All five test pieces exhibited brittle fracture, as evidenced by a sudden drop from 

maximum stress. This is likely from a differing crystalline structure compared to the 

control filament. 

Table 14. Peak Stress values of self-made PLA filament flexural tests 

Experiment Peak Stress [MPa] 

1 101.3551 

2 102.3216 

3 99.48969 

4 97.83173 

5 90.30628 

 

Table 14. results indicate that the self-made filament is more resistant to bending. Likely, 

this results from inclusions in the prepared filament or a different crystalline structure. 
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Table 15. Flexural test results for PLA filaments. 

Parameter  Commercial filament Self-made filament 

σfB  MPa 85.64854 102.3216 

σfM  MPa 85.64854 102.3216 

σfC  MPa 85.15501 100.4972 

Sc  Mm 6 6 

εfB - 6.391095 6.871696 

εfM - 6.391095 6.871696 

Ef MPa 30.159 36.070 

 

Table 15. illustrates that elastic modulus is much greater in the prepared filament, indicating 

higher flexural and tensile strength, though tensile strength cannot be determined with 

confidence. The extruded filament is more brittle than the control. Calculated values indicate 

a good quality of extruded filament. While deviation is higher in extruded filaments, their 

flexural strength is higher than that of the control. 

3.2.2  PA+CF Filaments 

Some properties of composite filaments can be seen in flexural testing. When test specimens 

begin yielding, they exhibit fluctuations in stress. A crack formed on the lower surface must 

propagate around filler fibres. For purely polymeric materials, this is not possible. Due to 

this nature, flexural strengths at break and flexural strength will have some deviations. The 

extensometer is used for three measurements, and two are done as raw bending. This speeds 

up testing and does not impact final stress values. 
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Figure 13. Control PA+CF filament Stress-Strain curve 

PA+CF control tests show a big deviation in the maximum stress of test specimens four and 

five, as illustrated by Figure 10. Specimens one, two, and three exhibit similar stress-strain 

curves indicating, a misalignment of fibres in relation to stress location. 

Table 16. Peak Stress values for PA+CF control filament flexural tests 

Experiment Peak Stress [MPa] 

1 119.2756 

2 117.2829 

3 118.5985 

4 125.8392 

5 127.9745 

 

Table 16 shows specimen five having the highest peak stress, with specimen four very 

close behind. Thus, specimen five will be used for future calculations 
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Figure 14. Self-made PA+CF filament Stress-Strain curve 

All specimens had very similar peak stresses as presented in Figure 11. Specimens three and 

one exhibit the previously mentioned stress fluctuations. Initial crack formation happens first 

in specimen one, and it reaches the lowest peak stress. 

Table 17. Peak Stress values for self-made PA+CF filament flexural tests 

Experiment Peak Stress [MPa] 

1 121.3045 

2 124.2895 

3 126.1916 

4 127.6751 

5 127.1176 

 

Table 17. shows deviation between specimens in extruded filament is lower than in the 

control group. Highest peak stress is found in specimen four, which will be used for future 

calculations. 
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Table 18. Flexural test results for PA+CF filaments  

Parameter  Commercial filament Self-made filament 

σfB  MPa 102.638 127.6751 

σfM  MPa 127.9745 127.6751 

σfC  MPa 122.1609 117.2156 

Sc  mm 6 6 

εfB  - 2.412225 4.911791 

εfM  - 4.481566 4.911791 

Ef  MPa 48.087 46.991 

 

Table 18. shows that elastic modulus values are very similar in both filaments. Higher 

stiffness is observed in the control group. Based on flexural testing results, extruded filament 

quality is on par with commercial filament, with a 2.27% difference in elastic modulus. 

Quality issues with filament do not seem to affect the flexural strength of PA+CF filament. 

3.2.3  TPU Filaments 

In flexural testing, a 5-kilonewton load cell is used, which introduces oscillation into both 

TPU test results. The extensometer is used on three specimens to speed up testing. Three 

measurements prove that the slope of the elastic region is correct. 
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Figure 15. Control TPU filament Stress-Strain curve 

The highest stress can be observed from Figure 12 in specimen five, and the lowest in 

specimen one. All other specimens have similar bending stresses. Specimen one has the 

highest noise in its results.  This is likely due to the maximum stress being the lowest of all 

specimens.  

Table 19. Peak Stress values for TPU control filament flexural tests 

Experiment Peak Stress [MPa] 

1 3.801823 

2 4.093647 

3 4.041672 

4 4.168034 

5 4.348278 

Table 19 Shows that specimen five has the highest peak stress. It will be used in further 

calculations. 
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Figure 16. Self-made TPU filament Stress-Strain curve 

High fluctuations are observed in Figure 13. across all test specimens due to the forces being 

extremely small for a five-kilonewton load cell. The effect of the extensometer is very 

pronounced, with stress values dropping into the negative range. All stress values are very 

close together when the extensometer effect is neglected. 

Table 20. Peak Stress values for self-made TPU filament flexural tests 

Experiment Peak Stress [MPa] 

1 0.9860993 

2 1.125336 

3 1.133442 

4 1.582146 

5 1.493454 

 

Table 20. shows that the highest peak stress is in specimen four, and it will be used in further 

analysis. Peak stress values of other specimens are very similar. 
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Table 21. Flexural test results for TPU filaments 

Parameter  Commercial filament Self-made filament 

σfB MPa 4.348278 1.493454 

σfM MPa 4.348278 1.493454 

σfC MPa 2.674103 0.8163452 

Sc Mm 6 6 

εfB - 8.972449 9.41629 

εfM - 8.972449 9.41629 

Ef MPa 0.826 0.233 

 

Table 21. shows that elastic modulus values are very different in the two filaments. This is 

more indicative of different filament hardness, not filament quality. The control filament has 

a hardness of 95A, and the extruded filament's hardness is 93A, making it considerably 

softer.  

The effectiveness of Taguchi methods cannot be extrapolated with confidence due to 

differences in material consistency. A filament of sufficient thickness was obtained by using 

Taguchi methods as a reference. 
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4  Discussion 

The study produced usable filament spools with an average thickness within specifications 

for 3D-printing filament. The filament’s consistency goals were not met, with peaks 

exceeding the maximum tolerance limit by more than double. Although flexural test 

specimen printing proved it not to be an issue. 

Taguchi L9 experiments are not conclusive in gaining an understanding of parameter effects 

on filament span. This is the same conclusion that Hartig, et al. (2022) reached in their study. 

Variance in manufacturing equipment is too large to gain meaningful values for each tested 

filament. 

4.1  Limitations 

Heating fluctuations proved detrimental to filament span. The same circuit being used for 

heating and extruder motor speed creates extra noise in the system. When heat was applied, 

extrusion speed decreased, increasing rapidly as heating was turned off. An even extrusion 

rate is not possible with the equipment used. 

When using softer filaments, like TPU, the effects of compression need to be considered. 

An error of 0.2 mm makes measurements inconsistent, while it is easy to account for, it adds 

extra uncertainty to an already uncertain system. 

Using a TPU filament with the same hardness as the extruded filament improves result 

accuracy and enables direct comparison between materials. Due to accessibility limitations, 

the TPU materials used in this study are 95A on the control filament and 93A on the extruded 

filament. 

Better consideration of extrusion parameters likely improves orthogonal array outcomes. 

Incomplete orthogonal arrays make it much harder to gauge the correlation of extrusion 

parameters. 

Homogeneity and crystalline structure assessment could explain differences seen in the 

fracture mechanics of PLA samples. PA+CF filaments could benefit from assessing filament 
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homogeneity, since some compositing effects were observed in stress figures as varying 

stresses while the material was yielding. 

Bending tests cannot validate the quality of filament on their own. More confidence in the 

results could be gained by conducting other strength testing alongside flexural tests. In TPU 

filaments, bending tests are entirely insufficient for validating quality since no rupture 

occurs. Tensile testing would validate their behaviour more reliably. 

Using bending tests as the primary quality assessment method may demonstrate the 

effectiveness of printing parameters rather than filament properties. Filament quality may be 

evaluated more effectively by printing complex geometries that exhibit errors caused by 

filament inconsistencies. 

During flexural testing, a 5-kilonewton load cell is used. The selected load cell is too large, 

sacrificing accuracy at low forces. During TPU testing, the load cell readings oscillated 

heavily. A one-kilonewton load cell would have been a much better choice.  

Benchtop filament extruders require further development to become reliable enough for 

widespread adoption. One key issue they face in market adoption is their potentially limited 

lifespan. Direct pellet extrusion is a technology that may phase out benchtop filament 

extruders. By using pellets directly as the build material, filament is no longer needed (De 

Wever et al., 2025). Especially if different tailored composites are required, careful 

consideration should be put into investing in a direct pellet extruder. 
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5  Conclusions 

This study produced filament spools with average thicknesses within specifications. While 

filament consistency requirements are not met, filament usability is not impacted. 

Extrusion temperature has the greatest impact on filament consistency, as its impact is highly 

dependent on the material extruded. Extrusion temperatures being too high can increase 

variance in extrusion speed, increasing the likelihood of knotting. 

Extrusion speed is important for stiffer materials, such as PLA and PA, whereas softer 

materials are impacted less. Careful consideration of extrusion speed reduces the likelihood 

of knotting while keeping a consistent diameter. 

Pulling speed is highly important for soft materials, ranking only second to extrusion 

temperature in importance. Harder materials are impacted less. 

Cooling rate proved to have the lowest impact on filament consistency. The prior hypothesis 

of cooling rate being crucial for softer filaments proved incorrect. 

The Taguchi L9 experiment design is not sufficient on its own to identify parameter 

combinations that provide filaments with an average thickness of 1.75 mm and tolerances of 

±0.10 mm. PLA came closest to this goal, while other filaments proved unsuccessful. 

Through further experimentation using values derived from the Taguchi method, a filament 

suitable for FFF machines can be obtained that is. 

Further research should focus on improving the stability of benchtop filament extruders. 

Lowering variation inside the system proved a key control challenge. Parameter optimisation 

methods for tailored composite materials require more research. 
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Appendix 1. ESP32-S measurement code 

 

// Bachelor’s thesis Appendix 1 

// Made by Freija Juntunen 

// Code written for the ESP32-S thickness measurements 

 

// The code takes a measurement every half a second and averages three 

// readings into one second 

 

#include <deque> 

#include <cmath> 

#include <iostream> 

 

using namespace std; 

const int buttonPin = 25; 

const int readingPin = 34;  

hw_timer_t *timer = NULL; 

volatile uint32_t isrCounter = 0; 

volatile uint32_t lastIsrAt = 0; 

volatile SemaphoreHandle_t timerSemaphore ; 

portMUX_TYPE timerMux = portMUX_INITIALIZER_UNLOCKED; 

deque<int> measurements; 

 

// takes the measurement when the semaphone is flipped 

 

void measurement(){ 

  int dig = analogRead(readingPin); 

  measurements.push_front(dig); 

} 

 

int startTime; 

float average; 

// calculating the average value  

void averaging(){ 

  int addition = 0; 

  for(int i : measurements){ 

    addition = addition + i;    

  } 

  average = addition/3; 

  measurements.clear(); 

  isrCounter = 1; 

  output(); 

} 

 

void ARDUINO_ISR_ATTR onTimer(){  
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  portENTER_CRITICAL_ISR(&timerMux); 

  isrCounter = isrCounter + 1; // increments the counter 

  portEXIT_CRITICAL_ISR(&timerMux); 

 

  xSemaphoreGiveFromISR(timerSemaphore, NULL); 

} 

 

void setup() { 

  pinMode(readingPin, INPUT); 

  pinMode(buttonPin, INPUT_PULLUP); 

  Serial.begin(115200); 

  while(!Serial); 

  timerSemaphore = xSemaphoreCreateBinary(); //creates the semaphore 

  timer = timerBegin(1000000); 

  timerAttachInterrupt(timer, &onTimer); 

  timerAlarm(timer, 500000, true, 0); 

  timerStop(timer); 

  timerWrite(timer,0); 

} 

 

// displaying values in serial monitor 

float measureTime; 

void output(){ 

  float diameter = (3.97/1.5376)*(3.3/4096*average)-2.389; 

  int measurementTime = millis(); 

  double takenTime = (measurementTime-startTime) /1000; 

  measureTime = measureTime + takenTime; 

  Serial.print(diameter); Serial.print(","); 

  Serial.println(measureTime); 

} 

 

bool lastState = HIGH; 

bool latchedState = LOW; 

void loop() { 

  bool currentState = digitalRead(buttonPin); 

  // latches the switch 

  if(currentState == LOW && lastState == HIGH){ 

      delay(500); 

    // turn on the timer here 

      latchedState = !latchedState; 

      Serial.println("thickness,time"); 

    switch(latchedState){ 

    case HIGH: 

      measurements.clear(); 

      isrCounter = 0; 

      measureTime = 0; 

      startTime = 0; 

      timerStart(timer); 
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      break; 

    case LOW: 

      timerStop(timer); 

      timerWrite(timer,0); 

       

      break; 

    } 

  }  

  lastState = currentState; 

  // changes task according to the latched switch 

   

  if(xSemaphoreTake(timerSemaphore, 0) == pdTRUE){  

      switch(isrCounter){ 

//checks the value of the isrCounter to see where in the cycle the system is 

        case 1: 

          measurement(); 

          break; 

        case 2: 

          measurement();          

          break; 

        case 3: 

          measurement(); 

          averaging(); 

          startTime = millis(); 

          measurement(); 

          break; 

        default: 

          Serial.println("Error in isrCounter"); 

          break; 

      } 

  } 

}


	1  Introduction
	1.1  Background
	1.2  Previous Research
	1.3  Research Problem
	1.4  Research Questions and Contributions

	2  Methods
	2.1  Materials
	2.1.1  Polylactic Acid
	2.1.2  Polyamide
	2.1.3  Thermoplastic Polyurethane
	2.1.4  Felfil Evo Filament Extruder
	2.1.5  Filament Spooler
	2.1.6  3D-printer

	2.2  Measuring Objectives
	2.3  Extrusion Parameters
	2.4  Taguchi Method and Orthogonal Array
	2.5  Flexural Testing

	3  Results
	3.1  Orthogonal Array Outcomes
	3.1.1  Virgin PLA Filament
	3.1.2  PA+CF Composite Filament
	3.1.3  Thermoplastic Polyurethane Filament

	3.2  Flexural Test Outcomes
	3.2.1  PLA Filaments
	3.2.2  PA+CF Filaments
	3.2.3  TPU Filaments


	4  Discussion
	4.1  Limitations

	5  Conclusions
	References

