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0.1. ABSTRACT

Name: Michael James Hebda

Title: Creation of controlled polymer extrusion prediction methods in fused

�lament fabrication.

Subtitle: An empirical model is presented for the prediction of geometric

characteristics of polymer fused �lament fabrication manufactured components.

Keywords: Additive Manufacture (AM), Fused Filament Fabrication (FFF),

Empirical Model, Die Swell.

This thesis presents a model for the procedures of manufacturing Fused Fila-

ment Fabrication (FFF) components by calculating required process parameters

using empirical equations. Such an empirical model has been required within the

FFF �eld of research for a considerable amount of time and will allow for an ex-

pansion in understanding of the fundamental mathematics of FFF. Data acquired

through experimentation has allowed for a data set of geometric characteristics

to be built up and used to validate the model presented. The research presented

draws on previous literature in the �elds of additive manufacturing, machine engi-

neering, tool-path programming, polymer science and rheology. Combining these

research �elds has allowed for an understanding of the FFF process which has

been presented in its simplest form allowing FFF users of all levels to incorporate

the empirical model into their work whilst still allowing for the complexity of the

process.

Initial literature research showed that Polylactic Acid (PLA) is now in common

use within the �eld of FFF and therefore was selected as the main working mate-

rial for this project. The FFF technique, which combines extrusion and Computer

Aided Manufacturing (CAM) techniques, has a relatively recent history with lit-

tle understood about the fundamental mathematics governing the process. This

project aims to rectify the apparent gap in understanding and create a basis upon

which to build research for understanding complex FFF techniques and/or pro-

cesses involving extruding polymer onto surfaces.
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0.4. NOMENCLATURE

Symbol Units De�nition
� - Pre-factor
� T - Cooling constant
AN mm3 Resultant cross-sectional area of deposited �lament
AP mm3 Predicted cross-sectional area of deposited �lament
Astep mm3 Area between the centre-points of two adjacently

bonded linear depositions
_
 s� 1 Shear rate
C mm Bonded adjacent polymer deposition step-over dis-

tance
Cmin mm The minimum bonded adjacent polymer deposition

step-over distance
Cmax mm The maximum bonded adjacent polymer deposition

step-over distance
d mm Nozzle or die exit diameter
D0 mm Overall build height from build surface
D - Die swell ratio
D1 mm Die swell maximum width
GN mm Nozzle set gap height above build surface
H mm Polymer deposition height
Havg mm Polymer deposition average height
hf W=(mK ) Heat transfer coef�cient for forced convection
Hmax mm Polymer deposition maximum height of entire compo-

nent
N1 N First normal force
U0 mm=s Filament feed velocity
UN mm=s Radially averaged nozzle exit velocity
UP mm=s Extruder travel velocity in relation to the build area
UT rev=min Filament pinch-wheel system rotational velocity
R0 mm Fed �lament radius
RN mm Nozzle exit radius
� 1 Pa Shear stress
Tbed °C Temperature of build surface
Text °C Extrusion temperature
Tmelt °C Material melt temperature
W mm Polymer deposition width
WI mm Polymer deposition inner width
WW mm Weld width

Table 1: List of mathematical symbols used.
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0.5. COMMON DEFINITIONS

Additive manufacture - any type of manufacturing method which applies mate-

rial to a component to achieve a desired form. This is usually a layered process.

Adjacently welded deposition - two or more adjacent polymer depositions.

These are generally deposited at a distance which allows for contacting of the

surfaces thus welding the two together during the melt phase.

Composite material - a material made from two or more constituent materials

with signi�cantly different physical or chemical properties.

Die swell - a phenomenon which occurs during extrusion which causes the ex-

truded polymer to swell to a diameter wider than the die or nozzle exit due to the

visco-elastic properties of the polymer material being processed.

Extrudate - material which has been extruded through a die (or in the case of

FFF, a nozzle).

Feed tube - the connective tube which bridges the gap between the pinch-wheel

feed system and the heated die of a �lament fed extrusion apparatus. Feed tubes

are generally made of a metal material.

Filament material - material, commonly polymer, which is prepared through the

process of extrusion to form and thread or wire. This can be fed in to a �lament

extruder.

Fused Filament Fabrication (FFF) - an additive manufacturing process involving

the layered extrusion of a polymer �lament onto a build surface.

Linear deposition - a single strand of material deposited onto a build surface.

Melt phase - when a material is at a temperature above its melt temperature.

Pinch-wheel system - a driving mechanism for polymer �lament designed to

apply pressure to material being fed into a heated die. These systems commonly

are comprised of one or more driven toothed gears and usually a free rotating

bearing with a spring mechanism to apply lateral pressure to the �lament via

friction.

Platen / bed - the common term for the surface upon which an FFF component

is extruded onto.

v



Raster pattern - a common tool-path pattern method comprised of linear passes

in alternating directions. Derived from the Latin word rastrum which is loosely

de�ned as a rake.

Stacked deposition - two or more polymer depositions layered vertically and

thus bonded through contact during the melt phase.

Stepper motor - a motor used within FFF extrusion apparatus and within axis

drives to apply highly accurate measured increments of turning force.

Thermal decay - a decrease in a material (or component) temperature due to

energy dispersion to surrounding air or materials.

A note on FFF vs FDM ® acronyms:

Fused Deposition Modelling (FDM ®) is a technology which was patented by

Stratasys, Ltd in 1989. As such, many researchers now prefer to call the technol-

ogy Fused Filament Fabrication (FFF). For the purpose of clarity this thesis will

refer to the technology as FFF unless speci�cally quoted from literature.
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1. INTRODUCTION

1.1. Fused Filament Fabrication

Fused Filament Fabrication (FFF) within this thesis refers to the application of

polymer to a surface moving laterally in relation to the extruder through use of

polymer extrusion technology (Novakova-Marcincinova and Kuric, 2012; Hamzah

et al., 2018; Goyanes et al., 2014). Many variations of FFF technology exist which

itself is part of a wide variety of Additive Manufacturing (AM) technologies.

The most common FFF set-up is a pinch wheel extrusion system in which one

or both sprung gears have a grooved or toothed surface which is used to apply

friction to a �lament and feed it into a lique�er (Agarwala et al., 1996; N. Turner

et al., 2014). The lique�er portion of the apparatus then allows for the polymer

�lament material to melt suf�ciently to �ow and be applied to the build platen,

or surface, through the use of the Cartesian axes system and left to cool until

the polymer melt solidi�es. Multiple depositions allow for the build-up of adja-

cently bonded strands and eventually layers to create a 3D polymer structure.

The bonding of these individual strands is governed by the thermal energy of the

semi-molten material which requires heat transfer to bond successfully. The poly-

mer melt holding its temperature above the glass transition temperature is the

condition which favours the development of adhesive bonds (Bellini et al., 2004).

AM processes inherently lack high productivity, favourable mechanical prop-

erties and quality surface �nishes when compared to other polymer processes

(e.g. extrusion moulding). Through the research presented here an attempt at

understanding the process itself is undertaken with the idea of optimisation kept

in mind (Bikas et al., 2016a).

1.2. Background to the thesis

In the �eld of Additive Manufacture (AM), apparatus has evolved to be controlled

through common tool-path generating software which is written through trial and

error and knowledge of speci�c machinery. As a result, the software available for

FFF machinery is exclusive to the hardware being used an overwhelming major-

ity of the time and does not make use of any data speci�c to the materials being

processed. The author of this thesis will address the need to utilise a predictive

model for use within the research and industrial �elds of Fused Filament Fabri-
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cation within this thesis. This need for a predictive model was realised through

the author's hands-on knowledge within the �eld and work with software which

is used to create tool-paths for manufacturing 3D structures both in additive and

subtractive machining. The predictive model will give the user a geometric predic-

tion of individual polymer depositions based on knowledge and quantitative data

of the material being used. Such a model is not currently present within the �eld

of AM research and would allow for software developers to create programmes

which create more reliable tool-paths and also allow researchers to have a funda-

mental starting point for studying material effects on the FFF process. This model

could then be further developed to involve more complex material science to suit

speci�c applications of research such as novel polymer utilisation or novel build

strategies.

Aim:

To understand the fundamental mathematics of FFF and create an empirical

model of FFF whilst demonstrating fundamental theories of how FFF technology

works with a view to applying the new found model to a practical application.

Objectives:

• To understand the formation of polymer geometries and how these are ef-

fected by different extrusion parameters through a variety of methods including

CT scanning, camera imaging and IR thermal imaging.

• Predict polymer geometries within multiple layers by developing a series of

empirical equations to aid in tool-path design whilst utilising G-code programming.

• Use the presented model to demonstrate how a simple FFF part can be man-

ufactured without the aid of complex predictive Computer Aided Design (CAD)

software, primarily Computational Fluid Dynamics (CFD).

1.3. Introduction to the thesis

Following this introduction, Chapter 2 presents the literature review which gives a

short history on the origins of FFF and AM, information on the different types of

polymer materials used within the �eld of FFF, an explanation of how G-code pro-

gramming works, an explanation of Die Swell within the �eld of polymer extrusion

and a summary of other notable literature on FFF research.
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Chapters 3 and 4 present a series of experiments, �rstly within the �eld of Die

Swell and Rheology and secondly in the physical deposition of polymer through

the FFF process. The experiments presented build a basis upon which an em-

pirical model is based. The experimental chapters are presented in this order

for the purpose of understanding the material characteristics through the exper-

imentation in Chapter 3 which can then allow for the experiments in Chapter 4

on FFF depositions to be performed with a knowledge and understanding of the

behaviour of the materials used.

Chapter 5 presents the model itself and explains a step by step plan on how

this would be implemented along with a proof FFF manufactured component.

Chapter 6 provides discussion and critique of the presented model and further

critique of associated models found in FFF literature.

A general conclusion of the thesis then follows Chapter 6.

3



2. LITERATURE REVIEW

Building an FFF model, a state of the art.

2.1. Introduction

Models for the prediction and tool-path generation of FFF technology have been

studied by various researchers in an attempt to provide automated methods for in-

creasing the ef�ciency of the FFF process. Many researchers such as Boschetto

and Bottini (2014) will be discussed within this literature review on the achieve-

ments and pitfalls of various FFF models which have been shared within the FFF

research community.

Figure 2.1: Close-up image of the layering commonly found in FFF taken from a
side view. Acquired using a telecentric camera lens.

Fused Filament Fabrication (FFF) was developed by Scott Crump in 1988.

Initially envisaged as a high-end prototyping method, the technology does not

require particularly high precision apparatus or costly componentry which has

caused the emergence of a large range of low-cost, consumer-grade machines

reaching the marketplace. The high quality of prints combined with the low cost

of printers and consumables has seen a rapid adoption of the technology by de-

signers and engineers alike (Chua and Leong, 2014). Open source and consumer

printers now take up a majority of the market due to this rapid expansion over the

last few years (Wittbrodt and Pearce, 2015a). An example of FFF layers can be

seen in Fig. 2.1 and a completed part can be seen in Fig. 2.2.

2.1.1. History

Rapid prototyping is the umbrella term for both additive and subtractive manu-

facturing technologies. Additive processes are performed by using physical or
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Figure 2.2: Image of a PLA, FFF manufactured part taken from a side view. Lay-
ering can be seen at the top of the polymer part.

chemical phenomena to progressively add material to an object whereas sub-

tractive processes remove material (Yan and Gu, 1996). Subtractive processes

can involve milling, routing centres, plasma and laser cutting materials, such as

wood, foam or metal, to name a few examples (Boschetto and Veniali, 2010).

Additive manufacturing is sometimes referred to as 3D printing. 3D printing as

an umbrella term has been in common use for the past 20 years among engineers

and designers alike with its origins established in the CNC machining industry and

contains the subcategory of Fused Filament Fabrication (FFF). Earlier versions

of additive manufacturing systems included such technologies as SLA printing,

invented by Chuck Hull who also created the STL �le format and paved the way for

future additive manufacturing software processes by patenting his work in 1984

(Melchels et al., 2012; Hull, 2012). Boschetto and Bottini (2014) explain STL now

stands for a translational interchange �le used within rapid prototyping named

“the standard tessellation language (STL) (Jacobs, 1992).” The origin of the term

STL is still debatable but Jacobs (1992)'s explanation is commonly referred to.

Many unsuccessful attempts have been made to move away from the STL �le

format due to the dif�culty of modifying an STL �le once outputted from a CAD

program. File sizes associated with CAD programs, such as SolidWorks �les, are

often much smaller in terms of hard disk size, however the STL �le format is still

favoured as the format which is used as an input �le for tool-path generation due
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to the mathematical simplicity of the interpolation calculation associated with the

slicing process (an example of slicing can be found in Fig. 2.3). Applying a slicing

algorithm to a CAD �le would be far more dif�cult and STL �les have always been

used in simpler forms as a bridging format between CAD programs and tool-path

generators, even in the earlier days of subtractive Computer Aided Manufacture

(CAM).

Figure 2.3: A 3D printed model delaminated in the X-Z or the Y-Z plane
(Sun et al., 2007). Reprinted by permission from Springer Nature License:
Nature/Springer/Palgrave The International Journal of Advanced Manufacturing
Technology, Adaptive direct slicing of a commercial CAD model for use in rapid
prototyping, S. H. Sun, H. W. Chiang, M. I. Lee, 2006.

In the past 30 years, additive manufacturing has moved from a unique inven-

tion, used by cutting edge industry manufacturers, to a commonplace engineering

tool. Whilst 3D printing took many years to get off the ground the past 10 years

has seen a large increase in open source machinery and software mainly due

to the RepRap movement (Schelly et al., 2015), a project set forth to create “an

open-source self-replicating rapid prototyping machine” (Jones et al., 2011), and

also the lifting of Chuck Hull's patent which allowed for more manufacturers and

researchers to move into the �eld.

Previous Numerically Controlled (NC) manufacturing technologies, such as

CNC milling and machining, have given the engineering industry an increased
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manufacturing output within the last 50 years, however, rapid prototyping can

fabricate high-level models with complex shapes within a short timeframe and

without geometric restriction (Ahn et al., 2009a). This includes features such

as internal details and complex cutaways inaccessible by subtractive machinery.

Boschetto and Veniali (2010) explain that rapid prototyping can accelerate the

process in which a product undergoes the research and product development

stage (Gebhardt, 2003; Behrendt and Shellabear, 1995). Conventional machin-

ing which requires an initial investment in mould design and tooling can be short-

ened which creates a large advantage in the initial stages of product development

without a large monetary commitment.

Each unique type of 3D printing technique is categorised by its own unique

set of printing methodologies and techniques (Köpplmayr and Mühlberger, 2016).

One such example is Stereolithography (SLA) which uses a combination of UV

technologies and mirroring techniques in order to cure liquid resin onto a refrac-

tive platform. All 3D printing technologies use a basic principle of controlling a

device with pre-programmed tool-path G-Codes to apply a material layer by layer

onto a build platen, table or bed. Nomenclature of different additive manufactur-

ing types can differ within academia and industry but a basic set of acronyms

and de�nitions is shown in Table 2.1. Table 2.2 contains short descriptions and

advantages of the main AM technologies.

Acronym De�nition
SLA Stereolithography apparatus
DLP Digital light projection
CLIP Continuous liquid interference production
SLS Selective laser sintering
SHS Selective heat sintering
BAAM Big area additive manufacturing
FFF/FDM Fused �lament fabrication / Fused deposition

modelling
LOM Laminated object manufacturing

Table 2.1: Additive manufacturing acronyms (Stansbury and Idacavage, 2016).

The background history of automated techniques can be traced all the way

back to the 1800's alongside subtractive technology which was initially controlled

using clockwork and other such mechanical methods (Hoskins, 2018). 3D print-

ing has recently been used to create intricate moulds from 3D scans commonly

used within the medical and dentistry �elds (Stansbury and Idacavage, 2016) thus
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AM Type Capabilities
FFF/FDM A high speed manufacturing process with adequate accu-

racy. Layers are usually around 0.2 mm in height but can
be as �ne as 0.1 mm. Functional parts can be dif�cult to
achieve but the process is by far the most common within
AM and suitable for people unfamiliar with AM processes.

SLA Resolution is relatively high compared to most AM types,
normally 0.01 mm layer height due to the use of UV curing
technology. The �nishing process can be dif�cult due to the
use of liquid resins and subsequent cleaning processes.

SLS One of the most expensive processes with apparatus com-
monly costing in the £100k price range. Functional proto-
types are achievable with the use of metals. This process is
common in large engineering �rms and is still very mch in
its infancy.

DLP Digital light projection is similar to SLA as it is a type of vat
polymerisation but the light source is usually an arc lamp.
Most DLP machines can reach an accuracy of 130 microns.

CLIP Continuous Liquid Interface Production also uses a vat poly-
merisation technique. Images are projected through an oxy-
gen permeable window beneath a vat of resin whilst the part
is pulled out of the vat vertically creating a cascaded curing
technique. Precision is typically down to 10 microns.

Table 2.2: Additive manufacturing capabilities.

opening up the possibility of making custom components from 3D medical scans

from a variety of materials.

FFF technology was speci�cally developed in the early 1990's as another 3D

printing approach and is carried out by depositing extruded �laments (most com-

monly Polylactic Acid or Acrylonitrile Butadiene Styrene) into a cross-sectional

shape (Stansbury and Idacavage, 2016). The paths of molten thermoplastic are

then built up layer by layer in order to create a three-dimensional model (Masood

et al., 2000; Wang et al., 2007) which may include additional features such as

support or in�ll structures which are removed after manufacture to meet require-

ments (Chua and Leong, 2014). A visual representation of basic FFF manufac-

ture is shown in Fig. 2.4. FFF is by far the most common version of 3D printing

and represents the vast majority of consumer-based low-cost devices (Stansbury

and Idacavage, 2016; Guerrero-de Mier et al., 2015) however, some industrial

engineering companies are moving in to more high-end versions of the manufac-

turing method and steps are being taken to increase accuracy and ef�ciency of

the technology.
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Figure 2.4: A diagram showing the basic schematics of the FFF process.

The quality of FFF prototypes and parts is directly determined by the pre-

set parameters de�ned by the user before production commences. However,

the ability for the machine to provide surface quality, mechanical strength and

dimensional accuracy also plays an important role in FFF production (Vasude-

varao et al., 2000). Many researchers and industry leaders have made attempts

to increase the quality of FFF production through the adjustment of process pa-

rameters to provide an increase in dimensional accuracy (Sood et al., 2010a), it

is for this reason that software updates for 3D printing machines are frequent with

new slicing algorithms and tool-path generation techniques often being used to

improve the performance of hardware. New algorithms and software types are

created through observational techniques and there is currently a large push for

research into understanding the science behind for the FFF process works mean-

ing software can be written with an element of process understanding rather than

knowledge of how a certain piece of apparatus operates.

A diagram of the Cartesian axes arrangement commonly used within FFF, and

the speci�c arrangement of the XYZ axes used within this thesis, can be found in

Fig. 2.5.

The strengths and weaknesses of FFF technology were categorised by Chua

and Leong (Chua and Leong, 2014) and are shown as follows with added brief

explanations:
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Figure 2.5: A diagram showing a render of the standard MK8 extruder of a Maker-
Bot Replicator 2 and its build platen with appropriate XYZ axis labellings.

Strengths of FFF:

1.) Fabrication of functional parts – for certain applications functional parts can

be made with ease straight from the FFF machine, often with specialist materials

which are becoming increasingly available (e.g. materials mimicking wood or

metal). Prototypes are still the mainstay of this technology, however.

2.) Minimal wastage – due to the additive nature of the technology very lit-

tle waste is produced when compared to subtractive technologies such as lathe

work or milling. In terms of time wastage FFF manufacture also has an added

advantage as the production stage requires far less tooling and set-up time and

also less �nancial expenditure on speci�c machinery. The reduction in material

waste and programming time is also a signi�cant advantage (Boschetto and Bot-

tini, 2014).

3.) Ease of support removal – most FFF machines work with polymers which

are easily �nished by hand and include breakaway supports. Breakaway supports

are loosely �lled support structures which require no post processing.

Weaknesses of FFF:

1.) Restricted accuracy – this is usually down to the nozzle diameter and
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layer thickness achievable by the FFF machine being used. Boschetto and Bottini

(2014) explain accuracy and surface roughness are poorer than other machining

types (Chua et al., 2010).

2.) Slow processing – whilst a greater variety of structures is possible with

the FFF process it can be time-consuming with batch or mass manufacture be-

ing extremely dif�cult to achieve. Some FFF machine manufacturers have en-

deavoured to create systems which can handle decreased production times and

multiple component production but these are still in an industrial setting. Man-

ufacturing speed depends greatly on the resolution or layer height of the model

produced as well as the bead width of the material being laid down (Ahn et al.,

2002).

3.) Unpredictable shrinkage – certain materials, particularly ABS, suffer from

warpage and shrinkage which can be avoided using certain parameter changes

combined with techniques such as bricking (Guerrero-de Mier et al., 2015) but still

cause major issues. The industry has seen a signi�cant increase in manufacture

of non-warping polymers which usually contain a form of additive to counteract

the unwanted characteristics within the polymer being used.

Many researchers such as (Ahn et al., 2009b) say that FFF technology is

fundamentally based on surface chemistry, thermal energy, and a layer manu-

facturing process. This thesis will focus on the importance of understanding the

polymer process of FFF and primarily the polymers characteristics and behaviour

once it has left the nozzle.

Research directly in to FFF technology is quite recent and follows user ex-

perience within the consumer market quite closely with the �rst scienti�c studies

aimed at improving the quality of the parts manufactured via the FFF process

conducted by Yardimci (1999) in the late 1990's (Balani et al., 2019).

A large majority of the AM market focuses on polymer technology. 30,000

machines were reported to be produced in 2016, however the metal AM market

is slowly increasing with many seeing metal materials as being the AM material

of the future with over 1,500 machines sold to date (Bikas et al., 2016b). It was

forecast that a double digit percentage growth of the AM market was due to occur

within the 5 years following 2016 despite global �nancial cutbacks which speci�-

cally effected the manufacturing industry. Bikas et al. (2016a) stated: “According

to (Kianian, 2017a), the industry's average annual growth (CAGR) over the past
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25 years is impressive, namely 25.4 %.”

The NIST review from 2014 (N. Turner et al., 2014) reports a $1.325 billion

industry as a 2010 estimate which is set to grow to $5 billion by 2020 (Wohlers

and Caffery, 2011). They further state that the investment within the market from

the research and private sector have grown signi�cantly (Gupta et al., 2012).

The formation of the National Additive Manufacturing Innovation Institute (NAMII,

2012) has also allowed for an increase in AM research globally.

2.1.2. Applications

The main interest in AM is the industrial applications and the reduction of cycle

times. Focus is slowly shifting from the traditional methods of production to the

development of rapid prototyping technologies (Wiedemann and Jantzen, 1999;

Upcraft, 2003; Mansour and Hague, 2003; Hopkinson et al., 2006; Bernard and

Fischer, 2002; Rayegani and Onwubolu, 2014).

Aerospace takes up a signi�cant amount of market interest having the second

largest market share of RP. This is due to the advantages of low-cost customis-

able production which could save signi�cant cost and weight from most aircraft

types (Gebler et al., 2014; Kianian, 2017b; Kerekes et al., 2019).

2.2. Die Swell

Die swell is a phenomenon whereby the polymer melt expands upon leaving the

die (or nozzle) beyond the cross-section of the die (Papanastasiou et al., 1995;

Pearson, 1972; Brydson, 1970; Graessley et al., 1970). It is believed die swell,

or the Barus Effect (Bagley and Duffey, 1970), occurs due to the elastic effect of

polymers being forced through a die. Polymer chains are aligned whilst �owing

through the nozzle and then partially return to their original structure creating an

elastic effect (Hiemenz and Lodge, 2007). This relaxation of the polymer chains

or strands could be a contributing factor to adhesion after the extrudate leaves

the nozzle. This is further discussed in Chapter 3.

This phenomenon has been evident within FFF for many years but has not

been fully addressed. It is evident that manufacturers of FFF machines are aware

that a certain level of material pushed through an FFF extruder results in a certain

volume, height and width of polymer strand. It is unclear however as to whether

or not software developers who create software for toolpath generation of FFF

components understand the unique relationship between thermoplastic extrusion
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onto a surface and the resultant outcome as a concept or whether their knowledge

is based on their knowledge of machine working parameters. What is certain is

that a signi�cant gap within the academic knowledge base exists and, as of yet,

no academic research or experimental data to this authors' knowledge shows a

relationship between die swell and tool-path parameters. This, of course, would

need to be studied in conjunction with various machine operating temperatures,

materials and operational velocities for a clear relationship to be established.

2.2.1. The importance of die swell in FFF

Altering the degree to which die swell in�uences the polymer extruded during FFF

can vastly alter the cross-sectional geometry of a deposited �lament during the

FFF process. Increasing or decreasing the velocity of both the extrusion of poly-

mer and traverse movement of the extrusion unit in relation to the build platen can

change the width and height of a polymer extrudate strand as well as the over-

all cross-sectional shape. This has been common knowledge in the �eld of FFF

since its inception in the late 1980's (Chua and Leong, 2014) but is often ignored

and has never been addressed fully and incorporated into a model for the pre-

diction of polymer lay-down characteristics within FFF. Chapter 5 discusses the

link between knowledge on die swell within common polymer extrusion and the

die swell phenomenon found in the FFF process through a series of experiments,

presented within this body of work.

2.3. Materials and rheology

2.3.1. Polymers

Polymers are often de�ned as large molecules composed of repetitions of simple

monomers. A process called polymer synthesis allows for the joining of small

monomer units, usually carried out in a high pressure environment using a form

of catalyst (Vollmert, 2012). Polymers can either be composed of long chains or

branched chains, this can change their characteristics or behaviour, something

which can be altered for the speci�ed application.

Polymers are used within FFF due to their achievable low processing tem-

peratures (typically between 180°C and 240°C), which allows for suf�ciently low

viscosity and therefore spreading during the extrusion process, and stiff material

characteristics once they return to a solid form.

The ideal behaviour of a material for FFF is to have a very speci�c melt tem-
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perature and glass transition temperature. A speci�c melt temperature allows the

material to be processed in such a way that the material is raised to just above

its melt temperature in order to let it �ow through the die and then allowing the

material to cool as soon as it is deposited. The ideal characteristic is to melt the

polymer, deposit it in the desired space and have it solidify as quickly as possi-

ble without adverse cooling effects. A semi-crystalline material is ideal for this

purpose. There is a negative effect however, caused by the repeated passes of

the extruding apparatus, due to the rastering patterns commonly associated with

FFF. Heat is transferred to polymer depositions which are adjacent or beneath

the polymer currently being deposited which raises their temperature above the

glass transition temperature causing the polymer to deform. A polymer deposi-

tion landing on another polymer deposition cools due to its heat transferring to

the polymer below. This heats the polymer which had previously cooled. The in-

terface between the two layers now has an increased temperature giving the two

depositions different non-isothermal conditions whilst the bonding process occurs

(Seppala et al., 2017). Whilst this can aid in the bonding between connecting de-

positions it also causes a type of bonding which is dif�cult to predict. This effect is

a downside of the FFF process, rather than a behavioural feature of the material.

Filament materials commonly bought off the shelf for use with FFF are advertised

in such a way as to claim stable behaviours such as not warping or having added

strength. Usually this is achieved with mixing additives into the materials, which

are often basic materials associated with FFF such as PLA or ABS, which allow

for a more predictable melting temperature or heat decay rate. Many of the poly-

mer companies which manufacture the �lament materials keep their blends and

additives a closely guarded secret often only revealing an ideal processing tem-

perature which makes research on such materials somewhat dif�cult to perform

without rigorous rheological testing.

2.3.2. Common FFF polymers

As the popularity of FFF machinery increases and gains ever more media atten-

tion, so do the variety of materials and applications (Novakova-Marcincinova and

Kuric, 2012). Comprehensive methods of verifying how a material is affected by

the FFF process are yet to be designed and published. Whilst many FFF material

vendors are experimenting with new mixes of materials, processing additives and
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colourants, no de�nitive experimental method has been created in order to show

how a material affects the process of extrusion and deposition onto the manufac-

turing bed or previous model layers. Some FFF apparatus manufacturers, such

as Stratasys, have written guides for the use of different material, (see Fischer,

2011), but are insuf�cient for an academic setting as they are aimed at the users

of speci�c commercially available apparatus and do not show the scienti�c prin-

ciples behind running an FFF machine.

Many companies exist solely for the distribution of polymers for FFF. Common

materials available to the consumer market include:

• Polylactic Acid (PLA)

• Acrylonitrile Butadiene Styrene (ABS)

• Acrylonitrile Styrene Acrylate (ASA)

• Polyvinyl Alcohol (PVA)

• High Impact Polystyrene (HIPS)

• Polyethylene terephthalate (PET)

• Polycarbonate (PC)

• Polyole�n (PE,PP)

• Thermoplastic elastomers (TPE)

• Nylon (PA)

These materials are available with many varieties of additives many of which

improve material �ow through the extrusion process and allow for differing adhe-

sion behaviours. This can cause great issues when researching the properties

of consumer-grade materials as many of the additives are unknown. Specialist

�llers are also available in addition to standard colours, such as metal particles

and wood �bres.

2.3.3. Polylactic Acid

Polylactic Acid is an aliphatic polyester favoured in FFF due to its highly stable

properties (Martin and Averous, 2001; Drummer et al., 2012) which makes it ideal

for the FFF process. They are a family of polyesters formed through the fermenta-

tion process (Dorgan et al., 1999). PLA is made from a variety of crops including

sugar cane and corn and is actively bioresorbable and biodegradable leading to a

large interest in the �elds of medicine and renewable materials, speci�cally bone

and tissue implant research. PLA does suffer from degradation, however, this
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tends not be an issue in industrial use as the nature of FFF production usually

means the prototyping of parts which, more often than not, are simply for aes-

thetic purposes and require few mechanical attributes. Research however is often

pushing to investigate the mechanical advantages of PLA despite the current lack

of use of its strength attributes. Its key advantage as a bioresorbable material

leads to a need to utilise PLA's strength or increase it through other means such

as �bre reinforcement or combining it with additives which improve the process-

ing parameters required for manufacturing. PLA is usually processed at around

200-220°C for the purposes of FFF. The actual melt temperature of PLA can vary

depending on the composition of long and short chains but usually lies between

130-180°C with the glass transition between 60-65°C. In Müller et al. (2015)'s

Chapter on ”Crystallization of PLA-based Materials” it is shown that the range of

temperatures depends on the manufacturing method with data presented show-

ing the melt and glass transition temperatures stated here but with some PLAs

tested in literature to have glass transition temperatures as low as 30°C. Logically

an FFF material would have a known melt temperature and a glass transition

temperature as high above room temperature as possible to prevent the afore-

mentioned effects of re-heating due to continuous passes of the extruder. A melt

temperature of � 170°C and Tg of 65°C would be ideal.

Any effect of cold crystallisation will disappear once PLA is melted. How-

ever, the volume may change at the point of cold crystallisation. Slower extrusion

causes a more crystalline rod within the extruder which will give a better distribu-

tion. Ideally the material needs to �uctuate in volume as little as possible due to

thermal effects. This is also an issue within the aforementioned reheating of the

polymer with subsequent passes of the extruding apparatus. A �uctuation in vol-

ume once deposited can cause expansion and contraction and therefore buckling

within the extruded structure which is ideally to be avoided. This is PLAs main

advantage over materials such as ABS as less volume �uctuation occurs. Within

the FFF community the resulting change in structure due to volume �uctuation is

often referred to as warping.

PLA has an entanglement molecular weight at around 9000 g per mole (Me �

8700 g/mol) while the molecular weight for branch entanglement is around 3500

g per mole (Me � 34 600 g/mol) (Dorgan et al., 1999). Entanglement refers to

cross-linked structures which affect the nature of the polymer with their spherical
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shape preventing the chain molecules from moving in a normal fashion. This

in turn gives the polymer a greater viscosity (Kuo and Lan, 2014). PLA itself

has good mechanical properties for a polymer in comparison to its manufacturing

cost, Leenslag and Pennings (1987) report a tensile modulus of 14 GPa (2 Mpsi)

(Dorgan et al., 1999).

Whilst PLA has been known for many years (Flory, 1953), it has never received

much attention within industry due to its high production cost. The degradability of

PLA has spiked interest with possible applications being found within the medical

industry. Recent advances in technology involving new fermentation processes

have allowed PLA to become economically viable (Datta et al., 1995; Dorgan

et al., 1999).

PLA is seen as the environmentally friendly FFF material due to its method

of production. PLA is produced from agricultural feedstocks rather than fossil

fuels which means it has a net zero contribution to CO2 emissions (Dorgan et al.,

1999).

2.3.4. Acrylonitrile Butadiene Styrene

Acrylonitrile Butadiene Styrene is an amorphous thermoplastic which can be pro-

duced by emulsion, suspension or bulk copolymerization (Odian et al., 2004).

Applications include injection moulded products, common houseware products,

such as calculators, furniture frames, telephones and storage containers, the

largest common use for ABS being Lego branded building blocks. ABS is used

within FFF for its strength applications and high melting temperature. It is usu-

ally processed within FFF at around 250°C (Rodr�́guez et al., 2001). When FFF

gained a rise in popularity from the year 2012 onwards, ABS became the most

common material to be used, however, it was soon overtaken by PLA due to its

ability to prevent warping. The warping issues associated with ABS have led to a

steady decrease in use.

2.3.5. Rheology of FFF materials

Rheology is the science of deformation and �ow with rheometry being the mea-

suring technology used to determine rheological data (Mezger, 2006). Many pa-

pers have been published upon the mechanical properties of FFF manufactured

components but little has been written to inform upon the materials that are pro-

duced with the intention of use with the FFF process, this is partially down to the
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lack of information supplied with commercially available FFF materials. A suitable

answer which addresses this need to examine various materials for FFF manu-

facture is rheometry as it allows for the measurement of viscosity and deformation

which are primary concerns within the process. It is common knowledge that FFF

machines which hold their polymers at working temperature for a length of time

can malfunction through either blockage of the extruder nozzle or progressive

partial blocking, which is to be avoided for manufacturing correctly formed FFF

components. An added complexity within FFF materials is that they tend to be

thermoplastics, a material which becomes more pliable at a certain temperature

(Baeurle et al., 2006), and present visco-elastic behaviour and thus exhibit both

viscous and elastic properties (Meyers and Chawla, 2008). Using various rhe-

ological techniques, such as amplitude and frequency sweeps with a rotational

viscometer, can show us deformation behaviour and time-dependent behaviour

of the material in question (Mezger, 2014). Capillary rheometry will also reveal

the behaviours of FFF materials and involves applying a force to a material in

order to pass it through a die of constant cross-section where the dimensions are

known, under the conditions of laminar �ow (Duda et al., 1988). Obtaining the

�ow rate and pressure drop from the capillary rheometer then allows for the cal-

culation of shear rate and shear stress. Obtaining such information on the FFF

materials will then allow for better understanding of �ow through the nozzle, which

is vital information if the relationship between polymer �ow and lay down onto a

build surface are to be fully explored and understood.

It has been mentioned by many, including Ramanath et al. (2008b), that the

Melt Flow Behaviour (MFB) of PLA signi�cantly effects the production of scaf-

folds. MFB is directly effected by pressure gradient, its velocity and temperature

gradients.

MFB can be studied using Finite Element Analysis (FEA). FEA depends on

�ow channel parameter studies via the pressure drop and velocities of the melt

�ow (Ramanath et al., 2008b) which are discussed within Chapter 6.

Branching describes a speci�c molecular structure of polymer chains, it is well

understood and can modify the �ow properties easing manufacturing needs (De-

lay and Wissbrun, 1990). Dorgan et al. (1999) explains that zero shear viscosity

decreases as short chains are added to the polymer backbone, a phenomenon

that occurs where the overall size is decreased. There is a critical value where
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branches entangle and increase the viscosity for a comparable molecular weight

thus making the viscosity of the long branched material less than the branched

material of the same molecular weight (Dorgan et al., 1999).

2.3.6. Safety of FFF materials

Many FFF machines have proprietary materials, these are usually speci�ed by the

manufacturer in order to ensure the safe operation of machines, speci�cally the

extruder components which can be damaged or blocked with incorrect use. Cer-

tain machinery such as the MakerBot series of printers are only recommended

for use with MakerBot materials. Whilst some may consider this to be for busi-

ness or monetary reasons there have been concerns over the safety of using

polymer melts which have not been tested on speci�c machine types and without

correct ventilation or extraction. A study was conducted at the Illinois Institute of

Technology and released in 2016 detailing the toxicity implications of �ve major

�lament materials that were commercially available to the consumer market, it

revealed that the use of some materials such as Nylon and ABS could lead to

adverse health effects (Azimi et al., 2016). Of the materials studied it was shown

that PLA, by far, released fewer emissions per mass of �lament than the other

materials tested (multiple brands of ABS, Nylon, HIPS, Polycarbonate, TPE), this

is believed to be due to its method of manufacture from natural sources. A sep-

arate study at the Department of Environmental Health, School of Public Health,

Seoul National University also detailed experimentation on both ABS and PLA

emissions and found that PLA released considerably fewer emissions when pro-

cessed with an FFF machine and stated:

“Our results suggest that more research and sophisticated preven-

tive control methods, including using less harmful materials, blocking

emissions, and using �lters or adsorbents, should be implemented to

protect the health of users including susceptible populations such as

the elderly, pregnant women, and children” (Kim et al., 2015).

The question of toxic emissions from FFF technology has been a concern for

many years now and has attracted the keen attention of the media. Some manu-

facturers have added HEPA �lters to enclosed build chambers on their machines,

such as the UP BOX manufactured by Tiertime (Tiertime, 2016), but have been
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described by many manufacturers as a precaution rather than a necessity. Emis-

sion related issues are expected to be prevented through the use of �lter devices

on enclosed FFF build chambers and use of less harmful materials within the

future.

2.4. The Polymer FFF Extrusion Process

The extrusion of rubber materials has been studied since the 1880's with ther-

moplastic extrusion being studied later, around the 1940's (La�eur and Vergnes,

2014). The FFF apparatus set-up is commonly based on a classical thermo-

plastic extrusion setup, whereby a thermoplastic material is forced through a die

(Rauwendaal, 2014; Taylor, 1954), it differs however in some speci�c ways.

Firstly, the thermoplastic �lament is generally used in FFF due to its ease of

use in comparison to powdered or chipped materials in a hopper setup. This

does have drawbacks, however; as the �lament is passed through a bearing and

motorised gear system, certain forces and pressures can cause damage to the

�lament. This includes curving, kinking and marks being added to the �lament

material from the gear. These inconsistent forces in turn cause uneven extrusion

of material through the die, or nozzle, and lateral movement of the polymer melt, a

portion of �lament material currently in a liquid state due to heat travelling against

the direction of �ow. It is worth mentioning that a patent was �led in conjunction

with FFF machine manufacturer Stratasys in 1996 in which a measuring system

was mentioned for the use of measuring the cross-sectional area of �exible �la-

ments whilst being fed into an extruder head (Zinniel and Batchelder, 2000). A

feedback system of this type would solve a signi�cant issue of tracking deformities

within many types of �lament material.

Secondly, FFF makes use of stepper motors to control extrusion. Whilst this

may be ideal as a low-cost option for driving �lament into a heated nozzle, it

creates a lack of control in comparison with that which can be achieved with single

or double screw extrusion systems. The direct drive of the stepper motor and gear

setup means there is a rather low limit of force which can be applied successfully

to the �lament before motor skipping or gear slippage occurs (Thurston et al.,

2004). Limited research up until this point has been carried out to demonstrate

the limitations of a stepper feed system in such an application and will need to be

done in order to relate the force of the material upon entry to the heated nozzle
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to the extrudate leaving the nozzle.

One notable work, however, is a presentation by Ning Chen (2016) at the PPS

Asia 2016 conference in which a relation was stated about the compression of the

�lament material being driven by the stepper motor into the heated nozzle within

FFF apparatus (Ning Chen, 2016). Ning Chen (2016) states that Euler's Buckling

Analysis (see Eqtn. 2.1) can be used alongside the Hagen Poiseuille equation as

follows:

“When this compression reaches a critical limit, the feedstock �lament can

buckle. An approximation of the critical pressure (� cr) can be obtained from a

Euler buckling analysis (Ning Chen, 2016):”

�cr =
4� 2E
( L

R )2
(2.1)

Euler's Buckling Equation, “where E is the elastic modulus of the �lament, R is

the �lament diameter and L is the �lament length from the rollers to the entrance

of the lique�er”.

“The pressure (� P) required to drive a �uid through a tube and out a nozzle is

theoretically expressed by the Hagen-Poiseuille equation, as:” (Ning Chen, 2016)

� P =
8� aQl
�r 4

(2.2)

Hagen Poiseuille equation (Schmid and Henningson, 1994), “where � a is the

apparent melt viscosity of melt, Q is the volume �ow rate, l is the length of the

capillary, r is the radius of capillary”. (Ning Chen, 2016)

“The criteria of �lament can be processed by FFF: �cr > � P de�ned as fol-

lows:” (Ning Chen, 2016)

E
� a

>
2Ql( L

R )2

� 3r 4
(2.3)

Equation 2.3 will assist in the calculation of the discrepancy of material being

forced into the hot nozzle and the material being extruded and has been utilised

for the purpose of the Die Swell experimentation presented in Chapter 3. This

equation assumes, however, that an instant phase change occurs and does not

cater for the transition region, which is something that will need to be addressed in

the FFF �eld of research. This, in turn, will help with understanding the difference
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between values stated in tool-path and FFF control software and actual volumes

achieved by the apparatus.

Finally, temperature logging within the FFF process is often overlooked. Most

FFF apparatus types measure temperature in the melt area by use of a thermo-

couple, often “K type”, which is read by the motherboard of the apparatus and

tracked using proprietary software. This method of temperature control causes

�uctuations, typically of +/-2°C preventing �uctuations could increase the accu-

racy and consistency of FFF extruder apparatuses.

2.4.1. Singular strands and single layer FFF

Singular strands and single layer studies are of particular importance in FFF re-

search as they can give information about polymer extrudate which has just left

the extruder nozzle. Much of the research available takes into account entire FFF

structures consisting of many layers, quite often tensile test bars or other shapes

that are associated with mechanical testing. These are performed with some

regularity as it allows the researcher to study the path layout of the extrudate.

Creating very basic polymer tracks, however, allows for research in to the funda-

mentals of the polymer �ow, as is the topic of this review. Thus few papers have

explored singular path extrusions and how parameters can affect the polymer ex-

trusion onto a simple surface. One notable work is Hebda et al. (2019)'s paper on

predicting geometric characteristics of polymer deposition during fused �lament

fabrication in which a method is presented using an FFF machine to create sin-

gular polymer path samples on glass, CT scan them and analyse the geometric

cross-sections and provide empirical equations for predicting both ABS and PLA

material. This provides a basic method on predicting the effects of parameter

changes on polymer cross-section characteristics and shows potential in being

applied to other similar materials of the process. The experiments associated

with this paper shall be expanded upon in Chapters 3 and 4 with the empirical

formulas presented as part of the model in Chapter 5.

A paper regarding the temperature and adhesion involved in multiple paths

of polymer being extruded side by side was written by Costa et al. (2017). The

paper concluded by creating a “method to assist practical operation set-up and

optimisation” of FFF apparatus (Costa et al., 2017). Whilst the paper did come

up with practical information it did not include a theory as to why adhesion occurs
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at a speci�c temperature or within other speci�c parameters which is an impor-

tant point when comparing the adhesive properties of individual sections of FFF

components. Pro�le errors within basic paths were studied by Chang and Huang

(2011) alongside what the author named as “extrusion aperture”. This paper

shows the precision of an FFF machine can be measured using an optical mi-

croscope and comparing the deposited cross-sections with the original proposed

path, however, due to lack of tool-path knowledge and various measurements in-

cluding path cross-section and widths it is dif�cult to compare the FFF part with

that of the intended structure as tool-path co-ordinates and extrusion velocities

were absent in the research.

2.4.2. Three dimensional FFF structures

The underlying physics of the FFF process has not been substantially explored,

however the importance of inter-layer bonding was realised within the early de-

velopment stages of the technology (Li, 2003; Seppala et al., 2017).

The physical phenomenon of layers bonding together once �laments are ex-

truded within close proximity is commonly referred to as coalescence. Coales-

cence was studied extensively within other processes (German, 1996) and specif-

ically applied to the FFF process by Bellehumeur et al. (2004) and Balani et al.

(2019). Balani et al. (2019) wrote on the topic of coalescence commenting; “Co-

alescence is mainly governed by the viscosity and surface tension of polymers

(Shahriar et al., 2017). Understanding the temperature in�uence on the rheolog-

ical properties of polymers is necessary to control and improve the coalescence

of deposited beads.”

Additive manufacturing techniques suffer from a range of problems unique

to the technology, the two main problems being chordal and staircase errors.

Chordal errors are caused by false representation of the STL �le format in which

vertexes are not fully represented as curved surfaces leading to a non-smooth

surface of the part (Masood et al., 2000), this is a software issue and therefore

can be easily solved through better �le formats or increased �le resolution. An

example of STL slices of varying resolutions is presented in Fig. 2.6.

Staircase errors occur when an inclined surface is created within the FFF

structure creating a stepped feature, this becomes noticeably pronounced the

more inclined a plane becomes (Garg et al., 2016; Kim and Oh, 2008), especially
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Figure 2.6: 2D views of a single STL slice. The three images show the same ring
shape with increasing accuracy from left to right. The red line represents the true
outline of the circle shapes with the black line representing the STL �le generated
outlines.

above 45° angles. This can be seen in Fig. 2.7 where stepping becomes increas-

ingly pronounced around the curved surface. Layer height determines the step

height directly (Vasudevarao et al., 2000) but designing components to use faces

with aligned (with the build surface) and parallel surfaces rather than curved sur-

faces can prevent rough textures being created on FFF components. Boschetto

and Bottini (2014) explain that by setting a maximal chordal error a de�nition

of accuracy allows for the appropriate approximation of the 3D form (Fadel and

Kirschman, 1996).

Figure 2.7: Image of a typical occurrence of stepping within an FFF manufactured
part.
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Parts made by the FFF process display anisotropic behaviour (having physi-

cal properties with different values when measured in different orientations), the

strength of a local area in the part depends on the raster direction (Ahn et al.,

2002). Due to the anisotropic properties many users may choose to align a part

in a certain orientation for added strength as explained by Garg et al. (2016): “To

obtain minimum dimensional deviation of parts, surfaces of the FFF part should

be orientated either in parallel or in perpendicular direction with respect to the

axis of a part”.

This may not be favourable in terms of surface �nish regarding the staircase

errors found in FFF. A small bead width can be used to prevent staircase errors

in conjunction with a decreased layer height (Ahn et al., 2002) but must be taken

into consideration regarding the 3D structure as a whole. Software techniques

such as the use of “negative air gaps”, a phrase coined by the online FFF com-

munity which relates to overlapping certain extruded paths in order to achieve

better adhesion between strands of polymer (Ahn et al., 2002), can also alleviate

staircase errors and also other such splitting errors where weaknesses become

apparent.

Ahn et al. (2002) also discuss a similar method of increasing strength in the

Z-direction by giving the possibility of better material adhesion between layers by

creating a slight decrease in layer height whilst keeping all other extrusion param-

eters constant, further giving way to more secondary bonds between strands and

layers and further increasing the strength. The overlap is considered a crucial

factor by Ahn et al. (2002) and many others, however, simply predicting and then

measuring overlap without a reference of extrusion path placement does not con-

vey a correct relation between two strands of material which are being bonded

together. A better solution would be to measure expected path pro�le, compare

with path outcome and then measure the overlaps discussed in Ahn et al. (2002)'s

research. This would rule out the many other factors affecting adhesion and clar-

ify if adhesion was caused by the force of the material being extruded onto, or

next to another strand, or if expansion and heat transfer are solely, or possibly

conjunctively, responsible.

Some researchers also prefer to use �nishing techniques to decrease the

stepping effect, such as the application of Acetone to deform and reform the

surface of the model, whether this is through direct application/submersion or

25



through the use of a controlled, heated chamber to encourage the vaporisation of

Acetone around the machine build area.

Staircase errors, as mentioned in Section 2.4.2, are the main factor affecting

surface roughness along with the raster paths within the surface caused by the

step over. Whilst these problems cannot be entirely resolved through the machine

parameters and slicing parameters they can be lessened to a degree. Parameters

such as raster angles, step over and “negative space” and even �ne heat control

in certain applications alter the �nal outcome of not only the entire model but also

of the surface �nish (Zein et al., 2002).

Figure 2.8: Stair-stepping effect in LM: (a) CAD model; (b) RP processed part;
(c) surface pro�le schematic. Reprinted by permission from Elsevier License:
Elsevier Journal of Materials Processing Technology, Surface roughness predic-
tion using measured data and interpolation in layered manufacturing, Ahn et al.
(2007).

Below is an equation used in Ahn et al. (2007)'s initial research on the subject

matter of surface printing angles which allows an approximate surface roughness

(accompanied by Fig. 2.8), Ra value, to be calculated;

Ra =
A
w

=
L
2

j
cos(� � � )

cos�
j; where(0° < � < 180°); (2.4)

where L is layer thickness, � is surface angle, � is the surface pro�le angle,

A is the step area and W is the step width. Increasing the number of layers

within a speci�c height especially within areas that contain slopes and curves

can drastically change the outcome of surface �nish (K öpplmayr and Mühlberger,

2016). Some software types are now available where differing layer heights can

be set for different parts of a print volume (Benedict, 2017), allowing for greater

detail where required but faster printing within sections where accuracy is not

vital. Furthermore, heated build chambers allow the atmosphere around the build
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area to remain at a consistently favourable temperature, usually partway between

ambient temperature and the operating temperature of the nozzle, allowing the

decreased occurrence of non-uniform cooling (Stansbury and Idacavage, 2016).

Many contradictions are apparent in research studies which have investigated

the optimum raster orientations of AM components. Many of these contradictions

are explained by Balani et al. (2019) to be inadequate knowledge of the poly-

mer materials used which is attributed to colour diversity (Wittbrodt and Pearce,

2015b) or supplier company variability.

A variety of effective ways to reduce surface roughness issues is mentioned

by Balani et al. (2019) including chemical post-processing treatment (Percoco

et al., 2012; Galantucci et al., 2010, 2009), modi�cation of the generated code

and slicing (Galantucci et al., 2009; Singamneni et al., 2012; Allen and Trask,

2015) and post-processing machining (Pandey et al., 2003).

2.4.3. Extrusion of corners and angled depositions

The main literature of research into producing corners and angled depositions

within FFF was written by Comminal et al. (2019) in their publication “Motion

planning and numerical simulation of material deposition at corners in extrusion

additive manufacturing”. Apart from Comminal et al. (2019)'s publication no other

literature to this authors knowledge has broached the subject of creating a math-

ematical model of corners produced using FFF extrusion. This subject is further

discussed in Chapter 6. Their opening comments within the “Experimental obser-

vations” section state:

“Parts manufactured by material extrusion AM often have undesirable features

that negatively affect the quality of the corners. Common corner defects include

corner rounding, corner swelling and corner ringing, which are very well known

in the fused �lament fabrication community, as re�ected for instance in (Halvor-

son, 2016). Those defects can be more or less pronounced, depending on the

con�guration and calibration of the 3D printer.”

Comminal et al. (2019)'s list of corning issues, shown in Fig. 2.9, are explained

as follows:

Corner rounding - a local smoothing of sharp corners caused by the high

speed turning of a corner. The issue is mainly caused by hardware which is

unable to perform turning or rapid starting and stopping movements ef�ciently
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enough to extrude the correct amount of material required for the particular tool-

path movement. In turn, this causes the deposited corner to be rounded rather

than angled. It is also possible that this is caused by a limitation in the wetting of

the molten material.

Corner swelling - an excessive build-up of material within the corner of a de-

position. This is caused by the extruder depositing more material than required.

This is usually due to incorrect tool-path coding which is usually written for the

distance travelled and does not afford for the decrease in required material when

making an angled material deposition. “Over-extrusion can also occur despite re-

ducing the feeding speed, because the compressed �lament continues to apply a

pressure on the molten plastic as it is releasing stored elastic energy.” (Comminal

et al., 2019)

Corner ringing - a deformation in the edges of contact between the poly-

mer material and the surface the material is extruded upon. This is caused by

vibrations of the machine, usually faulty or poorly designed hardware, which pre-

vents smooth motion of the extruder at high movement velocities. The change in

acceleration of the extruder head ampli�es this effect.

Figure 2.9: (a): Corner rounding, (b): Corner swelling, (c): Corner ringing.
Reprinted from Motion planning and numerical simulation of material deposition
at corners in extrusion additive manufacturing, 100753, Comminal et al. (2019),
Additive Manufacturing 29, Page 3, with permission from Elsevier.

Comminal et al. (2019) also provides a model and CFD simulations to go

alongside a theory of how to calculate acceleration and deceleration of extruder

movements to counteract under and over-extrusion whilst depositing corners be-

tween two straight lines during FFF. Whilst the paper does give a useful method

for further research, no experimental evidence is used to prove the model works
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in practise.

2.4.4. Further FFF structural qualities

A large amount of the literature available on the FFF process focuses on either

strategies to increase strength or testing methods for measuring the strength of

AM components. These types of studies on FFF focus on the “deposition orienta-

tion and the in�uence of different �lament deposition strategies and raster orien-

tations on the mechanical properties of the parts printed via FFF, such as tensile

strength (Fatimatuzahraa et al., 2011; de Ciurana et al., 2013; Tymrak et al., 2014;

Riddick et al., 2016)” (Balani et al., 2019). In addition to tensile strength porosity

and surface properties are also a concern within the research �eld.

Porosity

One application of FFF research is to create structures with an element of poros-

ity. This creates a structure with a high surface area within the component, pos-

sibly for applying a drug or coating. Zein et al. (2002) wrote about how this can

already be achieved within a regular 3D printed lattice structure by increasing the

number of layers with different raster angles and arranging the sequence of raster

directions in a multi-layered scaffold. This method creates a porous structure.

With lattice structures, a varying degree of porosity is usually achieved by

altering the thickness of the individual strands laid down in an in�ll con�guration

or by altering the distance between them. Taking this idea one step further allows

us to experiment with different patterning techniques which will be discussed later

in this text.

Surface properties

As with mechanical properties, surface properties of FFF technology are also

affected vastly by the layering techniques carried out in order to create three-

dimensional structures. The raster paths used within FFF technology cause in-

accuracies leading to bad surface quality (Wang et al., 2007). Surface defects

within FFF were broadly over-viewed as follows by Masood et al. (2000): “The

volumetric error in a rapid prototyping process in general and in the FFF process

in particular can be de�ned as the difference in the volume of material used in

building the part compared to the volume speci�ed by the CAD model.”
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2.4.5. Environmental controls

AM equipment is controlled in a similar fashion to traditional CNC machinery. The

apparatus contains a front panel interface with basic commands to set tempera-

tures within the extruder and make basic Cartesian movements such as homing

of the axes, these are controlled through either button or touch-screen interfaces.

A PC is used to write tool-path programmes and send more complex commands

such as entire build programmes for 3D models via Universal Serial Bus (USB)

connection.

2.4.6. G-code language

FFF apparatus is commonly controlled using a basic form of G-code language

which is derived from the �avour of G-code often associated with subtractive

Computer Numerical Control (CNC) machinery and software (Valentino and Gold-

enberg, 2003; Koren, 1983) which was popularised by the machinery automation

company Fanuc throughout the 1950's and 60's (FANUC, 2019). ISO standards

have been put in place, most recently ISO 6983-1:2009, which “makes recom-

mendations for a data format for positioning, line motion and contouring con-

trol systems used in the numerical control of machines” (ISO, 2015). Naturally,

G-code was adopted by all 3D printer types due to the languages popularity to

control many systems involving an XYZ Cartesian system. A list of all available

G-code commands and their respective de�nitions for use with FFF apparatus is

available in Appendix A.3.

A key absence in FFF research is quality literature with the reader having ac-

cess to the tool-path codes used to carry out the experiments discussed. Whilst

slight improvements have occurred in recent years not all researchers openly

make G-code �les available to allow the experiments to be replicated. Many jour-

nal articles, especially those involving the manufacture of tensile test bars and

their associated experiments, rely on automated slicing software usually supplied

with the apparatus to design a G-code �le, such as Tanikella et al. (2017); Bellini

and Güçeri (2003); Afrose et al. (2014); Garg and Bhattacharya (2017); Ziemian

et al. (2016). This means the experimentalist need not have an in depth under-

standing of the FFF process and how polymer spreading, solidi�cation and bond-

ing occurs and often creates research which can only be replicated and compared

on a very speci�c set of apparatus and materials. A push needs to be made in
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the FFF �eld for researchers to make their tool-paths available which would give

clarity to their research.

Balani et al. (2019) explain that many users do not use an empirical method

to �nd the optimal printing parameters and rely on proprietary software pack-

ages. Even when automated software is used it is said; “A large number of users

worldwide follow the “rule of thumb” experimental practice to determine optimum

printing parameters.” This is in reference to the fact that many so called “slicing

software” packages, pieces of software used to create tool-paths from common

CAD �le formats such as STL �les, are created through trial and error on the

speci�c pieces of apparatus which the tool-paths will be applied.

2.5. Addressed works

In this section works which have been mentioned in this chapter will be discussed

further for their value in future research.

Go et al. (2017a) present a paper on the effects of high-throughput on a typical

FFF extruder. “In this study we identi�ed that each module of FFF systems –

the material extrusion, material heating, and positioning modules — can limit the

overall build rate.” The paper found that the speci�ed pinch wheel mechanism was

limited to around 60N of force before the adverse effects of slipping and therefore

lack of extrusion accuracy were seen. This was observed at a rotational feed-

rate, U0, of s 9 mm/sec or s 54 mm/min (Go et al., 2017a). The maximum linear

feedrate, U0, tested within this thesis was 5.028 mm/sec (pinch-wheel rotation,

UT, of 9 rev/min), which was for part of the linear deposition data set, and therefore

falls comfortably under this tested limit.

Whilst the FFF machine used (Mojo by Stratasys) was a different FFF set-up to

the one used to perform the experiments within this thesis (MakerBot Replicator

2), the pinch wheel mechanism tested was of the same design and therefore

similar pressures would be required to drive the polymer �lament material into the

heated nozzle section of the apparatus. There are obviously slight differences

such as the fact that the extruder used by Go et al. (2017a) was a left handed

equivalent however this should make little difference to the overall outcome. The

main difference within the comparison is the age and wear of the equipment and

also the manufacturing standard of this MK8 design which is commonly seen in

both industry and academic applications.
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Chacón et al. (2017) points out that parameters involved in the FFF process

such as build orientation, layer thickness, raster angle, raster width, air gap, in-

�ll density and pattern, and feedrate have a substantial effect on the quality and

performance (Tymrak et al., 2014; Domingo-Espin et al., 2015; Wu et al., 2015;

Casavola et al., 2016; Sood et al., 2010b; Ning et al., 2017; Vaezi and Chua, 2011;

Pei et al., 2015; Farzadi et al., 2014; Ulu et al., 2015). This is an area which is

to be primarily focused on within the coming experimental chapters. Whilst many

journal papers and theses have been written concerning the theory and applica-

tion of polymer �ow, die swell, CNC movement and toolpath programming, little

has been written relating these areas to the study of FFF technology, and specif-

ically polymer �ow. In 2016, NIST, the National Institute of Standards and Tech-

nology, released a report; “Measurement Science Roadmap for Polymer-Based

Additive Manufacturing” (Pellegrino et al., 2016) which detailed a range of areas

which required more detailed research in the area of additive manufacturing. Re-

garding “Critical control, parameters, variables, measurements and concepts for

PB (polymer based) AM”, pg. 38, the following was identi�ed as a major barrier:

“Limited understanding of the full set of parameters and variables im-

pacting the ultimate part properties creates uncertainties in the part

performance and quality and impacts the ability to effectively control

the process.”

In addition, a series of performance targets were also given:

1. Reduction in quality deviation

2. Reliable parts quality

3. Improved in situ measurement

4. Improved active control of process

5. Standardized measurements to control the printing process

This set of guidelines shows a requirement for prediction methods unifying

the input parameters of the FFF process and the resultant manufactured compo-

nents. NIST also mentions that printer and equipment variability “...is exacerbated

by the 'black box' approach taken by equipment suppliers, i.e., there are many un-

knowns about the equipment parameters, variability, and inner workings,” (pg. 41)
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(Pellegrino et al., 2016). This touches on the common issue within the FFF con-

sumer �eld of the lack of knowledge of equipment and materials supplied. Often

manufacturers and suppliers will withhold information regarding the speci�cs of

what a �lament material contains or even the exact inner workings of a piece of

FFF apparatus, this is what NIST refers to in their report as the “black box”. This

is due to industrial competition and/or an attempt to simplify the technology in

order to make it more user friendly, however, end users may then �nd it dif�cult

to acquire the ideal working parameters for their materials and/or apparatus and

gain a deeper understanding of the process itself.

2.6. Summary

In summary of the studied literature, it is clear that a new experimental method

is needed to show the relationship between polymer �ows in the FFF extrusion

process, polymer exiting the extrusion die and the effect extruded polymer has

on adhesion with other volumes of material. In terms of materials, a wider range

needs to be studied to show how their chemical structures create a requirement

for different settings/parameters in the FFF process and how the FFF process

changes the materials. As of writing, there are no publications which succinctly

tie together all knowledge of forces and temperature effects upon the process,

this needs to be researched thoroughly and could be carried out in conjunction

with rheological studies to underpin the material science properties which are

incredibly apparent within this �eld of study.
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3. DIE SWELL AND RHEOLOGY EXPERIMENTATION

3.1. Introduction

This chapter introduces the key experiments for measuring die swell in FFF and

the associated rheology experiments. These experiments are pertinent in under-

standing how polymer �ow works within the FFF process. The chapter includes

experimental set-up, explanation of materials used and how software was used

to capture images, generate contour pro�les and acquire data. A visual render of

the die swell process is shown in Fig. 3.1.

Figure 3.1: A visual render of extrusion of polymer into air under the effect of
gravity.

3.2. Die swell

Die swell is a practical issue whilst writing tool-paths for FFF apparatus and quite

often is overlooked when calculations are made regarding the geometry of cross-

sections of polymer depositions. Many academic papers make the assumption

that polymer depositions take on the height, H, of the set nozzle height, GN, or

alternatively take on the width, W, from the diameter of the nozzle exit, 2RN.

In order to understand how die swell effects deposition in steady state material

laydown we must �rst address die swell in a free �ow steady state situation using
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the FFF apparatus. This section outlines experiments where various polymers

were extruded from a standard FFF extruder into free air under the effect of gravity

using a MakerBot MK8 extruder, and recorded using a telecentric camera set-up

in order to acquire polymer expansion measurements.

3.2.1. De�nition of die swell

Die swell is a phenomenon commonly associated with the extrusion of viscoelas-

tic polymer materials (Graessley et al., 1970) whereby the “elasticity of the poly-

mer melt is largely responsible for the swelling of the extrudate upon leaving the

die” (Pg. 352, Rauwendaal (2014)). As explained by Rauwendaal, polymer re-

covery is time dependant and has what is often referred to as a “fading memory”,

meaning, after increased time-scales of constraint within a die (or in the case of

FFF, a nozzle) a polymer will display less die swell. Die swell can be controlled

by changing the extrusion velocity or geometry of the die itself within a polymer

extrusion process. Fig. 3.2 shows the �ow of polymer during die swell. Notice the

maximum die swell diameter exceeds the diameter of the nozzle exit with the poly-

mer chains going from an orientated random phase to a deforming phase before

eventually being constrained enough that they become oriented (the chains be-

come aligned with the direction of �ow) before exiting the die where the constraint

is no longer present and a recovery is seen in the form of swelling.

Die swell ratio can be obtained by the following equation where D is the die

swell ratio, d1 is �nal extrudate diameter and d 0 represents initial diameter (or die

exit):

D =
d1

d0
(3.1)

It becomes clear that polymer �owing from a die consists of streams that travel

at differing velocities. Melted polymer on the inside of the �ow is decelerated

whilst melted polymer on the outside is accelerated. In calculating die swell ratios

we often ignore acceleration, gravity and surface tension (Jenkins, 2013). Sur-

face tension of the polymer exiting the die ori�ce, along with debris around the

die exit, can cause inaccurate initial diameter measurements when die swell is

observed through a camera. These initial measurements can often be greater

than expected. The polymer �ows partially on the surface surrounding the die

exit ori�ce due to the wetting effect before expanding due to Die Swell. In turn,
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Figure 3.2: A diagram showing free falling polymer displaying the die swell effect
from a typical FFF nozzle. Red curved lines represent the behaviour of polymer
chains as they travel through a nozzle and display typical orientation and subse-
quent die swell behaviour.

this caused a variation of the minimum diameter values in the data presented in

the results section for the polymer �ow camera work. It was observed in the fol-

lowing experiments that the initial diameter increased as overall extrusion speed

was increased, this is due to a decreased time-scale of constraint, which falls in

line with existing theories known as the elastic recovery argument (Lodge, 1989).

The feed rate is controlled so as to maintain a constant volumetric �ow rate of

material from the print nozzle, Q. For a desired road width (W) and slice thickness
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(H), the linear feed velocity of the �lament (v) can be approximated as (Agarwala

et al., 1996; Bellini et al., 2004):

v =
Q

WH
: (3.2)

The feed velocity can be most simply related to pinch roller parameters by

assuming perfect adhesion between the �lament and rollers, i.e. no slip. In this

case, the feed velocity can be expressed as

v = ! r Rr : (3.3)

where ! r is the angular velocity and Rr is the radius of the rollers, respectively

(Agarwala et al., 1996; Bellini et al., 2004).

The portion of the extruder which melts the polymer �lament has a �nite rate

at which material can be forced through the nozzle. Exceeding this limit will cause

the polymer �lament to buckle. This has been shown in a few research articles,

mainly Venkataraman et al. (2000b, 1999, 2000a)'s work (N. Turner et al., 2014).

3.3. Experimental apparatus

In order to study the �ow of polymer materials through nozzle pro�les used within

FFF, an experiment was created whereby an extruder was set up in front of a

camera with a telecentric lens. Images were then recorded for speci�ed lengths

of time. The recorded images were simultaneously analysed by a LabView script

through contour analysis functions which also helped with the positioning of the

camera and real-time visualisations of contouring values. The materials used

were a standard PLA and ABS from RS Components.

The polymer �lament was extruded at a variety of different velocities and tem-

peratures. The parameters were decided upon by testing the full range of ve-

locities with the MK8 extruder and �nding the minimum and maximum extrusion

velocities; of which would deposit suf�cient material for adhesion and also not

supply such an excess of material which may cause blockages within the ex-

truder die. Temperatures were chosen through knowledge of the minimum and

maximum temperatures which the material could be extruded. The temperature

range was high enough that blockages didn't occur through insuf�ciently melted

polymer but also low enough that adverse effects to the polymer material didn't
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Figure 3.3: A diagram showing the set-up of the Die Swell extrusion camera
experiments.

also occur which would prevent extrusion. This gave a range of 210°C to 230°C.

Each was then sequentially followed by repeats of the experiment. The ve-

locity at which the �lament was extruded was controlled using a system which

pushed the �lament using a stepper motor and pinch wheel system through a

heated nozzle (see Fig. 3.4). Below the extruder head, a signi�cant amount of

space was also left in order to prevent the extruded material touching any surfaces

below and causing a kinking effect which would create an opposing upwards force

into the nozzle moving the contour measurements and creating incorrect die swell

measurement results.

3.3.1. Drive and Heating Controller

To control the extruder, which includes the stepper motor, fan, heater block and

thermistor, a MakerBot Replicator 2 MightyBoard was installed to communicate

parameter alterations from the computer via a USB connection.

The extruder design was based on the extruder setup from a MakerBot Repli-

cator 2, a commonly used FFF machine used for prototyping amongst engineers.

The extruder uses a stepper motor drive system to feed 1.75 mm �lament through

a heater block with a 20 W cartridge heater and thermistor system before being

pushed through the 0.4 mm nozzle. The same extruder was used throughout the

experiments to ensure consistent results. A spring set-up is used to ensure an

even pressure on the �lament.
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Figure 3.4: A cross-sectional view of an MK8 extruder set-up with polymer �owing
at steady state.

3.3.2. Nozzle Design

A nozzle was manufactured with the same mechanical properties and dimensions

as a standard MK8 nozzle, a commonly used FFF nozzle, with a 0.4 mm diameter

circular pro�le in the tip. Using a nozzle manufactured in-house ensured that

the dimensions were known before carrying out the experiment and meant that

any changes in the nozzle pro�le or mechanics in the future could be directly

comparable to the results acquired during this particular series of experiments.

The nozzles supplied with some FFF machines are often sub-standard with

defects which may be adequate for the average user but would cause inconsis-

tencies whilst acquiring data for research analysis. Nozzles manufactured for use

with FFF apparatus can vary widely in terms of quality depending on the manufac-

turer. Common defects include die ori�ces which vary in shape and diameter to

the values stated by the supplier. Initial tests whereby nozzles were inspected us-

ing basic microscopy techniques revealed that nozzles needed to manufactured

to a higher speci�cation to ensure the correct bore surface �nish was created and

39



therefore no die swell effects were caused due to the nozzle containing unwanted

internal surface features and therefore being out of speci�cation.

In addition to this, it is dif�cult to ascertain with certainty the inside pro�le

dimensions of the nozzle are without either scanning the nozzles with equipment

capable of projecting images through metal or measuring with hand tools which

are impractical for such small dimensions. The nozzle was manufactured in house

at the Polymer IRC within the University of Bradford, standard machining copper

was used. In Appendix A.1 we can see an engineering drawing of the nozzle

complete with inside pro�les.

3.3.3. Material for Experimentation

Natural PLA (SN: 832-0210) and White ABS (SN: 832-0315) were both purchased

from RS Components and were used for all extrusion camera imaging which was

taken straight from a vacuum sealed packet which had been pre-dried by the

manufacturer. PLA and ABS were both used to create a comparison between a

semi-crystalline polymer and an amorphous polymer respectively. The �lament

was 1.75 mm standard material with a deviation of no more than � 0.02 mm in

diameter. All �lament was checked for diametric deviation at intervals of 10 mm

prior to use, using digital callipers, before being fed into the extruder set-up. Fre-

quency sweeps were performed on the FFF �lament prior to use with the FFF

apparatus, this can be found in Section 3.4.4.

3.3.4. Die swell experimental set-up and software

To control the extruder head and motherboard, ReplicatorG software was used for

all experimentation, this was chosen due to its simplicity and ability to send indi-

vidual G-code commands to the extruder set-up. A command line was used within

ReplicatorG software whereby code is typed, compiled and sent to the printer by

pressing the ”Execute Script” button. The process is similar to many high-level

computer programme compilers. The �rmware on the MakerBot Replicator 2

hardware then translates the G-code into stepper motor movements, thermocou-

ple settings and cartridge heater settings which are timed and monitored by the

motherboard of the printer itself. A list of G-codes used is available in Section

A.3. The software allows for various extruder velocity settings and temperature

settings with options to extrude for speci�ed lengths of time. For the die swell ex-

perimentation, to take images and correctly de�ne contouring of polymer �ow, a
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LabView script was written whereby a frame-rate and time could be set, the soft-

ware would then capture images for those speci�ed parameters and data would

then be outputted as an AVI �le and an Excel Spreadsheet representing the co-

ordinate data of the contour outlines over time. Fig. 3.5 shows a print screen of

the front end interface of the software.
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Figure 3.5: Printer nozzle contour application interface print-screen. Figure pre-
sented on its side.
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The three-dimensional graph on the lower right displays the contour outline

over time allowing the user to interpret changes in the polymer �ow contour with-

out opening up the AVI �les for each individual data acquisition. Brightness, con-

trast and gamma can be set accordingly in order to achieve optimal clarity.

Appendix A.2 shows the block diagram displaying the inner workings of the

software which shows the images are taken and analysed by the Vision Assis-

tant, compiled into readable strings before saving the information as a Delim-

ited Spreadsheet. The Vision Assistant performs a surface recognition procedure

which �nds the separation between the air and the nozzle/polymer surface within

the image. This is done using the Contour Analysis function within the NI Vision

Assistant program. The feature allows the contour co-ordinates to be extracted

for later analysis. This part of the script ensures that a measurement is taken

which is not effected by the any minute changes in light which may occur as the

built in algorithm is designed to prevent inaccuracies due to aperture and light-

ing. The seperation can be seen in the right hand image of Fig. 3.5. An AVI �le

is also compiled and saved during the process. The software displays data by

generating a three-dimensional graph of the contour changes over time.

3.4. Method

This section details the experimental methods used for the die swell and rheolog-

ical experiments.

3.4.1. Die swell parameters and procedure

A brand new nozzle was af�xed to the heater block prior to the experimentation

process after being visually checked for any abnormalities or visible debris. The

fresh �lament material was then unpackaged, to ensure the �lament was free of

moisture, and loaded into the extruder apparatus, after being measured for dia-

metric consistency. At a set loading temperature, Text, of 210°C, the nozzle was

purged of material for at least 30 seconds to ensure any debris was removed from

the inside pro�le of the nozzle. The extruded �lament was then removed from be-

low the extruder and discarded to prevent an excess build-up of material below the

print head, which could cause a kinking effect and cause incorrect measurements

to be taken of the die swelling effect. The nozzle was then wiped carefully and

inspected using the telecentric camera set-up through the Printer Nozzle Con-

tour App. A PixeLink USB3 Camera (Release 4) was used in conjunction with an
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Edmund 1.0X SilverTL™Telecentric Lens (#58-430) which is pictured in Fig. 3.6.

Figure 3.6: Camera equipment, PixeLink USB3 Camera (Release 4) with
mounted Edmund 1.0X SilverTL™Telecentric Lens (#58-430).

PixeLink proprietary Capture OEM software was used to set up the camera

initially whilst aligning and orientating the lens with the region of interest. In-house

software was then used to take the images required for data analysis.

The material was then extruded with images taken for 3.0s ensuring that noth-

ing obstructed the polymer �ow and that the �ow was consistent. Three individual

temperatures (210°C, 220°C and 230°C) were selected for the experiments along

with three different feed velocities, UT, (3 rev/min, 4 rev/min and 5 rev/min) and

the two different materials, PLA and ABS. All parameters of extrusion were set

in ReplicatorG software. These temperatures were selected due to the recom-

mended operation temperature of the PLA material supplied by the manufacturer

being 220°C. The velocities were based on the experience of using the machinery

and knowledge of adequate feed velocities. The G-code used to perform these

experiments is available in Appendix A.4.

Five repeats for each set of parameters were performed. To ensure all tests

were carried out with fair conditions all lighting was kept consistent by maintaining

the position of the light source and any backdrop to the recording area. All tests

were performed consecutively without cooling and reheating the extruder block.

The tests were also performed in the order of temperature increasing and also

extrusion velocity increasing for each temperature from 3 rev/min to 4 rev/min

and �nally 5 rev/min to maintain consistency. The diameter of the drive wheel

which contacts the �lament was measured to have a driving diameter of 10.21

mm. This gives a conversion of 1 rev/min equalling 32.079 mm/min. Table 3.1
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gives us the conversion of rev/min to mm/min for each extrusion speed.

Filament feed
velocity, UT (rev/min)

Filament feed
velocity, U0 (mm/sec)

Radially averaged exit
velocity, UN (mm/sec)

3 1.68 32.1
5 2.79 53.5
7 3.91 74.9
9 5.03 96.2

Table 3.1: Conversion table relating rotational �lament feed velocity, U T, linear
�lament feed velocity, U 0, and radially averaged exit velocity, UN. Reproduced
from (Hebda et al., 2019).

To calibrate recording equipment, images were taken and analysed through

the camera of a 0.4 mm calibrated steel plate (see Fig. 3.7) mounted head onto

�nd the minimal width of the calibrated feeler gauge. The data from this image

was then analysed and a comparison was created between the known width of

the feeler gauge and the data acquired. It was quanti�ed that 210 pixels are equal

to 1.0 mm with the system used to acquire the data by drawing a normal line and

measuring the intersection of plotted data lines.
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Figure 3.7: User interface of the Nozzle Contour App during calibration through
imaging of a calibrated 0.4 mm steel feeler gauge. Figure presented on its side.
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3.4.2. Die swell data acquisition

In order to acquire die swell data the .csv �les were outputted from the “Printer

Nozzle Contour App” shown in Section 3.4.1. These �les contain XY co-ordinate

data for the contour pro�les of the die, die exit and extruded polymer showing the

expansion of polymer due to die swell. Microsoft Excel was then used to plot the

co-ordinates and take minimum and maximum values of the width of the polymer

deposition. An example of three repeats of the same parameters of extrusion can

be seen in Fig. 3.8. Note, the polymer extrudate may differ in angle due to the

polymer twisting as it leaves the die, this is caused by a turbulent �ow at higher

extrusion velocities. This effect was taken into account by �nding the normal

to the polymer surface when acquiring width measurements from the data and

ensuring the projected normal cut the opposing surface normally.

Figure 3.8: Example of raw contour data from free �ow die swell imaging exper-
iments. The graph shows three samples over-laid with the same parameters of
extrusion, Natural PLA, Text = 210°C, UN = 53.466 mm/sec. Axes values represent
pixels.
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Once width data was acquired, a simple equation can be used to calculate

the die swell ratio (see Eqtn. 3.1). For this particular sample the minimum exit

width was measured at 0.505 mm and the maximum swell of the polymer was

measured at 0.626 mm (values were acquired from 3 individual samples and

averaged). Therefore;

D =
0:626
0:400

= 1:57;

hence, die swell ratio values can then be compared between different extru-

sion parameters.

The pro�le of width down the length of the polymer extrudate can also be

plotted in order to visually compare the rate of swell.

Figure 3.9: Die swell progression graph for Natural PLA, Text = 210°C, UN = 53.466
mm/sec
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3.4.3. Thermal surface experiments

In addition to basic rheometry a simple experiment was also set-up in order to

measure the polymer cooling rate of a single strand of PLA polymer deposition

extruded at 220°C onto a glass slide kept at a temperature of 60°C. This was

achieved by �xing a series of thermocouples atop a glass slide to measure the

temperature of polymer as it was extruded over the thermocouples. The data

acquired could then be used alongside the rheometry data to build a theory on

the cooling characteristics of the material being used. A visual representation of

the experiment can be seen in Fig. 3.10 and a photo of the experiment is shown

in Fig. 3.11. The G-code for this experiment can be found in Appendix A.6. The

thermocouples were attached to a Pico TC-08 and the proprietary Pico Software

was used to capture the data and export the readings as .csv �les.

Figure 3.10: A schematic representation of the experimental set-up of a polymer
cooling surface test as seen in the XY plane.

After performing the experiment shown in Fig. 3.10, and acquiring the data

shown in Fig. 3.33, a thermal camera was set up in order to acquire a cooling

curve with a greater accuracy and representation of the polymer melt once it left

the nozzle of the FFF extruder. The equipment used was a Flir X6540sc (see Fig.

3.12) with proprietary Flir ResearchIR Max version 4.40.9.30 64-bit software. A

sapphire window was used as a build surface due to its optical properties. The

sapphire window was paired with the lens as the wavelength which the sapphire
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Figure 3.11: A photo of the thermal surface test. Three thermocouples are ar-
ranged to contact the surface of a glass slide with polymer extruded on top.

Figure 3.12: Thermal camera apparatus, a Flir X6540sc.

window allowed to pass through its material matched that of the thermal camera.

This is a common issue when using IR camera technology and the experiment

was set up ensuring the camera was correctly reading the temperatures through

the sapphire material used. Glass could not be used as it would have given

an incorrect thermal image reading. A schematic of the experimental set up is

shown in Fig. 3.13. Fig. 3.14 shows a singular frame of the thermal image the

data was acquired from, this is a side view in the XZ plane of the FFF apparatus.

An additional underside series of images were also taken of the FFF process with

the same parameters, also shown in Fig. 3.14.

The thermal image shown in Fig. 3.14 was used to acquire a cooling curve

which is presented in Fig. 3.34. This was achieved by taking an average thermal

measurement through a vertical line through the polymer melt. It is instantly ap-

parent that the polymer melt leaves the heated nozzle at a far lower temperature
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Figure 3.13: Experimental set up of the sapphire window experiment to take un-
derside images of the FFF process.

than the apparatus is set to achieve.

By re-collecting the thermal camera data from the underside of a sapphire

window, a more accurate representation of the thermal decay curve was acquired,

see Fig. 3.33 in the results section of this chapter. Fig. 3.35 shows the thermal

decay curve collected from the image in Fig. 3.14. The FFF apparatus is set to

220°C whereas the polymer reaches a peak at 175.87°C.
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Figure 3.14: Top: Thermal imaging of a side on (XZ, as de�ned in Fig. 2.5) view
of a typical FFF process with the extruder run at 220°C, bed at 60°C, UT = 6
rev/min, UP = 1000 mm/min. Bottom: Thermal imaging of the underside (X with
inverted Y) view of a typical FFF process with the extruder run at 220°C, bed at
60°C, UT = 6 rev/min, UP = 1000 mm/min.
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3.4.4. Rheometry of PLA for use in FFF

A variety of rheological tests, a frequency sweep, a Thermogravimetric Analyser

(TGA) test and a Differential Scanning Calorimeter (DSC) test, ware performed in

order to ascertain the material characteristics of PLA.

Frequency sweeps

The frequency sweeps were performed at 200°C, 210°C, 220°C and 230°C on an

Anton Paar MCR 502 rheometer, shown in Fig. 3.15.

Figure 3.15: Anton Paar MCR 301 rheometer.

Samples were prepared by granulating the polymer �lament, heating to the

required temperature on the rheometer's melt plate and lowering the tribometer

until a stable force was measured. Each frequency sweep was then run from

100 rad/s to 0.1 rad/s in logarithmic steps, the maximum range of the apparatus

available. The apparatus was run using proprietary software.
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Glass transition and degradation temperatures

In order to gain data on glass transition and degradation temperatures a Ther-

mogravimetric Analyser (TGA) and Differential Scanning Calorimeter (DSC) were

also used. These are shown in Figs. 3.16 and 3.17 respectively. Glass transition

and degradation temperatures of FFF material are important to the user as they

are key temperatures that the running temperatures of FFF extruders are based

off. The temperature setting of the extruder die must be suf�ciently in excess of

the melt temperature but below the degradation temperature in order to prevent

any adverse effects upon material behaviour. The glass transition temperature is

often used with materials such as PLA as the set temperature of the build surface.

This is due to many polymers adhering to a glass surface with great ease when

kept above their glass transition temperatures following extrusion. The parts can

then be easily removed once the FFF process has �nished and the build surface

is cooled.

Figure 3.16: TA Instruments - Discovery Thermogravimetric Analyser.

To prepare the samples for analysis on both the TGA and DSC apparatus the
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polymer �lament material was cut using a scalpel and weighed using a scale ac-

curate to 0.0001g. The samples were then inserted in to the respective DSC and

TGA apparatuses and their mass values entered into the appropriate proprietary

software. The speci�c masses used for each sample can be found in the results

section, Section 3.5.2.

Figure 3.17: TA Instruments - Q20 Differential Scanning Calorimeter.

3.5. Results

3.5.1. Die swell

The results of the camera imaging experiment were analysed in Microsoft Excel

by taking the co-ordinate data and plotting graphs for each set of experiments.

The AVI �les were observed and a point was chosen where the image was clear,

this speci�c frame was then chosen along with its accompanying data to be com-

pared against the other samples, this was shown in Fig. 3.8.

After a correct visualisation was achieved, averages were taken of each sam-

ple group which each consisted of �ve individual readings. The distance mea-

surement between the left and right contour of each graph was then taken below
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the point of extrusion as not to take measurements of the nozzle. These calcu-

lations were carried out for natural PLA. Fig. 3.18 shows a summative graph of

all the extrusion widths from experiments performed with natural PLA. The leg-

end speci�es that temperatures are labelled as separate colours whilst extrusion

speeds are labelled as different weights of dashing within the line. In order to cre-

ate a comparative graph in Fig. 3.19 the raw data values were then normalised

by plotting (r-r0)/r against L/r0 providing a visual comparison.

Upon initial observation, we can see that although the nozzle was manufac-

tured to have an internal diameter of 0.4 mm the polymer on all samples instantly

expanded by up to 28.3% depending on the extrusion speed and temperature.

The natural PLA displayed a wider variation in initial extrusion width, ranging from

0.46 mm to 0.52 mm. This trend continues throughout the length of the extru-

sion with natural PLA still showing more variation in diameter at the maximum

swell region of the curves. The higher extrusion speed of 5 rev/min yielded the

largest extrusion diameter over both materials and all temperatures. All samples

showed signi�cant swelling which could be seen with the naked eye during ex-

perimentation. Swelling ranged anywhere from 15.5% to 28.3% depending on

the sample, extrusion speed, temperature and also initial extrusion diameter. As

extrusion speed decreased so did swelling with the 3 rev/min samples showing

least increase and rate of increase in diameter of extruded polymer.

Fig. 3.20 shows the maximum and minimum diameters for each individual

sample group which was tested. The general trend shows that as extrusion speed

increases, so does initial and �nal extrusion diameter, apart from with the 210°C

sample at 3 rev/min in the natural PLA which can be put down to the low operating

temperature and in turn causing the polymer to not be melted suf�ciently altering

its �ow behaviour. Running the extruder at this temperature can cause blockages

or the extruder motor to skip which is why most FFF machine software is usually

written to shut down the operation of the machine when it drops below a certain

temperature. The difference in initial and �nal swell diameter also decreases as

temperature increases suggesting that whilst higher temperatures may make it

easier to extrude the �lament due to less back pressure within the nozzle it may

also cause a quicker initial expansion of the �lament. This can also be seen in the

initial summative chart in Fig. 3.18 by the steeper increase in the initial quarter of

the graph within the 230°C samples.
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Die swell ratio values were created for all sample groups and can be found in

the Figs. 3.20 and 3.21. All of these results were achieved with �lament straight

out of a vacuum sealed packet to ensure that no moisture had accumulated within

the material. These tests were reproduced with results which showed no signif-

icant change with a different batch of fresh material that was also taken straight

from the vacuum sealed packet. Fig. 3.20 shows the maximum swell diame-

ter whereas Fig. 3.21 shows the change in die swell from minimum measurable

polymer width to maximum polymer width. These differ signi�cantly as change is

measured as opposed to a maximum value. It was was observed that a wetting

behaviour occurs with some extrusion velocities around the die exit giving a dif-

ferent trend in Fig. 3.20 compared with Fig. 3.21. Further investigation would be

necessary to draw conclusions on the wetting behaviour observed.
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Figure 3.18: Summative graph of polymer �ow of extrusion using natural PLA in
FFF. Presented on its side for clarity.
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Figure 3.19: Summative graph of polymer �ow of extrusion using natural PLA in
FFF, (r-r0)/r plotted against L/r0.
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Figure 3.20: Summative column chart of maximum polymer diameter of extrusion
using natural PLA in FFF.

Figure 3.21: Ratios of minimum to maximum swell of Natural PLA.
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3.5.2. Rheometry

The rheometry results show that the PLA used is certainly viscoelastic. The mate-

rial deformed during the frequency sweep test performed at 230°C as the natural

viscosity shown in Fig. 3.22 increases signi�cantly in comparison to other sam-

ples. Viscosity within the other samples decreases with temperature as expected.

This research should also be taken into account when discussing the path widths

of FFF extrusion when the polymer is applied to a surface as would be the case

in general FFF use. Most software written for FFF machines assumes a path

width of an equal size to the diameter of the nozzle and certainly keeps this value

constant even when the temperature of extrusion is altered. Furthermore, higher

throughput extrusion causes more signi�cant and rapid changes in temperature

within the nozzle and surrounding components meaning that more heat needs

to be supplied from the heater cartridge. This gives a second reason for the

temperature to be different from the optimal temperature given on most materi-

als supplied and means a �uctuation rather than a constant differing temperature

throughout the operation of the machine, this is caused by the heater cartridge

thermocouple set-up of almost all FFF machines. Due to this set-up, the heat

supplied to the nozzle is not constant but intermittent depending on whether the

nozzle is above or below the temperature targeted by the software. The results

discussed in this document could be used to create an FFF system with �uctuat-

ing target temperatures depending on the speed and or rate of extrusion.
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Figure 3.22: Top: Natural PLA frequency sweep at 200°C. Top middle: Natural
PLA frequency sweep at 210°C. Bottom middle: Natural PLA frequency sweep at
220°C. Bottom: Natural PLA frequency sweep at 230°C.
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Figure 3.23: Natural PLA frequency sweep natural viscosities from 200°C to
230°C.

Figs. 3.28 and 3.26 show the TGA and DSC results for the RS Components

Natural PLA �lament material. The results show a glass transition temperature,

Tg, of 60.08°C, a melt temperature of 145.75°C and an onset of degradation at

307.328°C. Further DSC and TGA results are available in Appendix A.5 for ABS

material.

The rheology experiments were also repeated for PLA extrudate which had

forgone the FFF process. A rotational rheometry comparison graph can be seen

in Fig. 3.25 to make the comparison between pre- and post-FFF PLA material.

The DSC results for post-DSC material can be found in Fig. 3.27.

64



Figure 3.24: Pre- (top) and Post-FFF (bottom) frequency sweeps for RS Compo-
nents Pro PLA.
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Figure 3.25: Pre- and Post-FFF frequency sweeps for RS Components Pro PLA.
Presented on its side.
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Figure 3.26: Natural PLA DSC results. Temperature run up to 300°C. Graph
displayed on its side.
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Figure 3.27: Natural PLA DSC results for PLA material which has been through
the FFF process. Temperature run up to 250°C. Graph displayed on its side.
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Figure 3.28: Natural PLA TGA results. Temperature run up to 400°C. Graph
displayed on its side.
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Fig. 3.29 shows the GPC results for both RS Pro PLA before and after going

through the FFF process and used to perform the linear extrusion experiments

presented in Chapter 4. The results are a good representation of how the FFF

extrusion process alters this speci�c material. The two curves show that a bi-

modal distribution can be seen for the material and an insigni�cant amount of

change occurs to the material due to the FFF process. The large peak in the

centre of the graph (at approximately 13 minutes) represents the PLA material

with the smaller peaks (after the 17 minute mark) showing additives. The small

shifts occur in the additive part of the material meaning that the differences which

can be observed are due to changes in the additives rather than the main PLA

structure itself. This pattern shows a material which is very advantageous to the

FFF process as it is preferable to use a material which is effected as little as pos-

sible by temperature. Such a material is easier to predict the behaviour of and

therefore easier to set processing parameters for.
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Figure 3.29: GPC results for pre- and post-FFF processed PLA material. Plots
for both samples have been normalised in Graph displayed on its side.
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3.5.3. Rheology and die swell calculations

In order to �nd a correlation between the rheological data and the die swell data

presented within this chapter the die swell ratios are compared to the normal

force which was acquired from the frequency sweeps of the PLA material at vary-

ing temperatures presented in Fig. 3.22. Normal and shear stresses can be

calculated during rotational rheometry and can be directly related to the torque

and normal forces (Franck, 2014).

Theories for the connection of die swell and �rst normal stress values have

been presented in a handful of notable works, mainly Robertson et al. (2019)'s

paper on Polymer extrudate-swell: From monodisperse melts to polydispersity

and �ow-induced reduction in monomer friction . Robertson et al. (2019) explain

that ”Commercial polydisperse, crystalline, polymer melts in nonisothermal extru-

sion exhibit swelling strongly controlled by crystallization (Konaganti et al., 2016),

as well as very complex molecular interactions.” The paper goes on to present

a Finite Element Analysis (FEA) of extrudate swell. Whilst the connection be-

tween �rst normal stress difference has been known for many decades and can

be traced back as far as Han et al. (1970)'s paper on Rheological Implications

of the Exit Pressure and Die Swell in Steady Capillary Flow of Polymer Melts, a

simple connection is still to be applied by way of empirical model. In this section

a simplistic method of proving a connection with the data collected in this body of

work is supplied.

Normal forces were measured during the frequency sweep experiments and

could be used alongside the shear rate values in the following set of equations.

In this situation the angular frequency values collected in the experimental data

were equal with the shear rate values. This is why frequency sweeps are often

performed with a 1 mm gap height between the plates as values can be directly

comparible. It was found that the following equation provided a correlation be-

tween the die swell and rheology data (Franck, 2014);

d
D

/
1
2N1

� 1
; (3.4)

where d is the diameter of the die exit, D is the maximum die swell diameter,

N1 is the �rst normal stress difference and � 1 is the shear stress. The shear rate

for the die exit can be calculated using;
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_
 =
UN

d
; (3.5)

where _
 is the shear rate, UN is the averaged polymer exit velocity from the

FFF nozzle and d is the diameter of the die or nozzle exit. This equation is

necessary to obtain the UN values from the die swell data after obtaining a �tting

curve as shown in Fig. 3.30.

Figure 3.30: Shear rate plotted against 1
2 N1/� 1 for PLA material at 220°C. Data

taken from frequency sweeps presented in Fig. 3.22. Calculated using Eqtn. 3.4.
Curve of best �t calculated using power law with equation presented on graph.

In order to calculate the 1
2 N1/� 1 values to compare the d/D values in Eqtn. 3.4,

a curve �t was applied to the frequency sweep data as presented in Fig. 3.30.

This allowed for a �tting equation, in this speci�c case for PLA material at 220°C,

y=0.0004x-0.542. 1
2 N1/� 1 and d/D were then plotted against each other in Fig. 3.31

by utilising Eqtn. 3.5 and obtaining the necessary aforementioned UN values.

Fig. 3.32 shows the 1
2 N1/� 1 and die swell data for three different tempera-

tures, 210°C, 220°C and 230°C for which curve �ts were calculated and Eqtns.

3.4 and 3.5 were utilised to gather the data values. Whilst a correlation can be

seen between the two, further research is required to fully understand the con-

nection between die swell and the increased shear forces caused by increased

extrusion velocity. Interestingly, whilst a correlation is present within Fig. 3.32 for

all temperatures, the samples for 210°C occupy a different part of the 1
2 N1/� 1 and

d/D graph than the other tested temperatures whilst still showing its own correla-

73



Figure 3.31: 1
2 N1/� 1 plotted against d/D for PLA material at 220°C. Data taken

from die swell data presented in Fig.3.18. Calculated using Eqtn. 3.5.

tion. This may be due to the temperature being at the lower end of the extrusion

temperature ranges which may in turn cause the polymer to not �ow optimally

when compared to the 220°C and 230°C samples. Con�rming this would be sub-

ject to further research. The data does however show that a link between �rst

normal stress and extrusion velocity does exist within the FFF process.
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Figure 3.32: 1
2 N1/� 1 plotted against d/D for PLA material at 220°C. Data taken

from die swell data presented in Fig.3.18. Calculated using Eqtn. 3.5. Trend lines
added in same colour as respective temperature data points.
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3.5.4. Thermal surface experiment results

This section will discuss the thermal imaging experiment data and how it was ac-

quired. The data for the thermal surface experiment introduced in Section 3.4.3

is also available in Fig. 3.33 showing the cooling of polymer after it exits the

nozzle and adheres to the glass slide. This is shown with three different meth-

ods of acquisition. Fig. 3.34 shows a thermal imaging curve, in the case from

the underside image, to represent the heating and cooling stages the speci�ed

pixel selection goes through during data acquisition. In order to process this data

for Fig. 3.33 the highest value is selected and any values before this point are

omitted.

Figure 3.33: A graph mapping the temperature decline of a single strand of poly-
mer extruded onto a glass surface of temperature 60°C. PLA at an extrusion
temperature, Text, of 220°C, shown as through three different methods of thermal
curve acquisition: thermocouple testing, thermal imaging lateral view and thermal
imaging underside view.

The three methods were analysed as follows:

Firstly, the thermocouple acquisition method shows an instant 140°C drop in

temperature, this proves the thermocouple method is unreliable. This sudden

drop is due to the method being an indirect representation of the actual tempera-

ture of the polymer. The thermal conductivity of polymer materials is not substan-

tial enough to pass on the thermal energy to the thermocouple tip and therefore
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Figure 3.34: Raw thermal camera data for underside imaging of the FFF process
through a sapphire window, image shown in Fig. 3.14 (lower). A: The area ahead
of the nozzle heats up due to the surrounding air increasing in temperature as the
nozzle emits heat. B: The peak of the curve represents the highest temperature
achieved as the polymer exits the heated nozzle, Text. C: The temperature of the
polymer decreases and begins to plateau to the surface temperature, Tbed.

the temperature of the material has decreased far before the thermocouple is

heated to the appropriate temperature for taking a reliable reading. The thermo-

couple also acts as a heat sink further drawing heat from the polymer which is

trying to be measured which in turn alters the true temperature of the polymer.

The second method is the thermal imaging taken from a lateral view as shown

in the upper image of Fig. 3.14. This gives the temperature of an exact pixel

of the surface of the polymer at the central point of the side of the polymer ex-

trudate path. This represents the average temperature of the exposed surface

of the polymer as it leaves the die. The polymer is initially at a temperature of

156.7°C which is far below the set extrusion temperature of the FFF apparatus.

This is to be expected as the set extrusion temperature, Text, is the temperature

the cartridge heater reaches within the apparatus and not the �nal temperature

at the tip of the die. Even if the polymer was to take on the highest temperature

within the extruder head the polymer would in fact cool before it reached the end

of the die. This is evident by a visual inspection of Fig. 3.14 which shows that the

highest temperature recorded on the surface of the die is approximately 187°C
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Figure 3.35: Graph showing thermal decay data presented in Fig. 3.35 along with
a curve �t using Eqtn. 5.19.

which still occurs a few millimeters above the die exit and is not representative of

the polymer temperature.

Lastly, the �nal curve shown in Fig. 3.33, data taken from the thermal image of

the underside of the polymer extrudate, shows a yet higher initial temperature of

175.9°C. This is to be expected as the pixel selection the temperature was taken

from is the interface between the polymer and the build surface and therefore

contains the part of the extrudate which has most insulation from the surrounding

open air.

It is clear that using the underside measurement curve from Fig. 3.33 shows

the most accurate representation of the polymer temperature as a whole. The

polymer takes 1.98s to drop below the PLA transition temperature (59.9°C) and

approximately 5.0s to reach the surface temperature of 42.0°C. The surface tem-

perature, Tbed, was also taken independently of the extrusion experiment through

thermal imaging and found to be 42.0°C when the software setting was set to

60.0°C. This information can be used to amend the surface temperature accord-

ingly in future FFF experiments such as those presented in Chapter 4.

Fig. 3.35 shows the �nal representative temperature curve of the underside of

the polymer extrudate along with a temperature curve �t plotted using Eqtn. 3.6;

T(t) = (( Text � Tbed)exp(� � T t)) + Tbed; (3.6)
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where � T , which is the cooling constant, will affect the time taken to reach

Tbed. The boundary condition, Text is the initial temperature of the polymer as it

leaves the nozzle and Tbed is the surface temperature of the build surface. In this

situation � = 1, which was found through �tting and happened to equal 1. In order

to �nd the temperature of decay at a speci�c time the following calculation can be

performed (assuming Tbed = 42.0°C, Text = 175.9°C, t = 0.5s:

T(t) = ((175 :9°C � 42:0°C)exp(� (1)(0:5s))) + 42 :0°C = 122:8°C

3.6. Conclusion

This chapter has presented the die swell, thermal experiments, rheological exper-

iments and associated techniques of the experimental research within this thesis.

The results con�rm that die swell within FFF behaves in a similar fashion to reg-

ular polymer extrusion techniques for processing thermoelastic polymer melts.

Swelling ranged anywhere from 15.52% to 28.34% depending on the sample, ex-

trusion speed, temperature and also initial extrusion diameter. As expected with

all processes which cause a die swelling effect, the swell was more pronounced at

higher extrusion rates and lower temperatures. These �ndings are of great impor-

tance within FFF research due to Die Swell changing the expansion of polymer

both in height and width during deposition on to a surface. Using this information

will help form a model to predict these expansions and allow users to calculate

tool-paths with the Die Swell phenomenon in mind.

The materials to be used within further experimentation, within the polymer

deposition experiments, were also characterised. It was found that the RS Com-

ponents Natural PLA had the characteristics shown in Table 7.1. For characteris-

tics of the ABS material see Appendix A.5.

Material RS Components Polylactic Acid, PLA
Glass transition temperature, Tg 60.1°C
Melt temperature 145.8°C
Degradation temperature 307.3°C
Manufacturer recommended
extrusion temperature

200.0-220.0°C

Appearance Transparent, colourless

Table 3.2: Material characteristics table for PLA �lament sourced from RS Com-
ponents.

In order for the experiments presented within this chapter to be applied to
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other materials a knowledge of the approximate processing temperature should

be acquired from the manufacturer and compared with the ability of the FFF hard-

ware being used. This will ensure that misuse of FFF equipment or material will

not occur which could lead to hardware damage. Materials such as PEEK have

extremely high melting temperatures (around 343°C) which require specially de-

signed extruders and heated chambers capable of delivering the high tempera-

tures without melting parts of the hardware such as wiring or polymer casing.

A method for establishing the thermal decay curve for a given set of parame-

ters for a linear polymer deposition on a glass surface was also presented. From

the three methods presented; through thermocouple measurements, through lat-

eral view thermal camera measurements and through underside view thermal

camera measurements with a sapphire window surface, the latter was found to

be the most accurate method of acquiring thermal decay values over time. The

parameters and materials tested show that linear polymer depositions on a typ-

ical FFF apparatus will cool to below the glass transition temperature within a 3

second time frame. The experiment also showed that Text is not the same tem-

perature as the set extrusion temperature in the FFF software. This proves that

whilst polymer will be leaving the die above its melt temperature it may only just

exceed it. In this case the polymer was meant to be extruded at 210°C but actually

was leaving the die at 175.9°C, a discrepancy of around 35°C. This goes against

many assumptions which have been made in the past regarding the temperature

of polymers within the FFF process.

The rheology data shows that the PLA material used does not have a signi�-

cant deformation in terms of polymer degradation. This is ideal for the purposes

of the FFF manufacturing process. The die swell data however, shows us that the

polymer does swell as expected when leaving the nozzle tip. This phenomenon

has a large effect on the FFF process and will have to be taken into account within

the Model Chapter. The time-frame for PLA leaving the nozzle and cooling to a

suf�cient temperature to solidify is in the region of 3 seconds. This is a useful

piece of information for writing tool-paths for FFF manufacture as raster patterns,

which are the most common deposition technique, require a knowledge of cool-

ing time in order to avoid repetitive passes over the same area thus reheating and

bonding structures further within the FFF component structure. Currently, man-

ufacturer provided software does not generally take cooling times for each layer
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into account according to this author's knowledge. Only the open source ”Slic3r”

allows for options related to cooling times of individual depositions. This would

be a logical upgrade to most tool-path generating software for the production of

FFF components with a smaller footprint and therefore a shorter layer build time.

This could also be used to signi�cant advantage as passing the nozzle over a

small area of a layer in a shorter space of time could allow for higher levels of

bonding. This could be built in to tool-paths as a signi�cant strength inducing

feature. Swelling from the nozzle will effect the width and height of linear polymer

depositions, this will be investigated further in the next chapter.

Additionally, Section 3.5.3 presents calculations for linking die swell and fre-

quency sweep data by correlating the �rst normal stress values from the fre-

quency sweeps with the die swell values from the die swell imaging experiments.

Whilst the correlation is shown within this body of work, further experimentation

and analysis is required to fully uncover equations which will allow for the cal-

culation of polymer expansion within the FFF process which is directly caused

by the die swell phenomenon. These equations could be incorporated into tool-

path generating software by implementing a simple calculation of Die Swell and

a prediction of how this would effect the outcome of spacing between bonded de-

positions. This shows that potentially die swell could be predicted from rotational

rheometry without the use of camera equipment within a lab setting. This would

be advantageous to many users and there is an opportunity to involve this within

the model presented within this body of work once additional research has been

carried out.

The Die Swell parameters used within this chapter tested the limits of the

apparatus, a MakerBot Replicator 2 with MK8 extruder. The parameters tested

went from minimal extrusion values (4.00 mm3/sec), below which the stepper mo-

tors would not turn in accurate enough steps, up to large volume outputs (12.09

mm3/sec), which had a maximum value due to the limit at which polymer can be

outputted through the die ori�ce. Whilst the parameters were selected through

experience and the maximum range of the hardware, they also are a good rep-

resentation of the range required with most machines available in this form fac-

tor within the commercial market making the experiments relevant to other FFF

equipment types.

The information and understanding gained in this chapter will be used to per-
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form the experiments in the subsequent chapter on polymer deposition experi-

ments. Further discussions on how the data presented in this chapter furthers

FFF understanding is presented in the discussions chapter, Chapter 6.
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4. POLYMER DEPOSITION EXPERIMENTS

4.1. Introduction

A method is presented for producing FFF manufactured welded depositions from

polymer materials along with a CT scanning process which allows for the mea-

surement of the cross-sectional geometry of the resultant form. This is achieved

by calculating tool-paths for multiple stacked or adjacent polymer depositions us-

ing the data shown in Chapter 3. In order to design the relevant tool-paths for

creating welded structures, information on height, width and cross-sectional area

of a linear deposition must �rst be available. In order to achieve this, experiments

were �rst performed whereby single lines of polymer were extruded onto a glass

platen in order to gain an understanding of how the FFF process works in the ini-

tial �rst layer deposition stage of the entire process. Information from this process

was then used in order to perform two further experiments on welded depositions,

�rst welded adjacently; considered a singular layer, and then stacked vertically to

form multiple layers. The three veriaties of experiments are shown in Fig. 4.1 as

a visual CAD render. These experiments are also an extension of the research

presented in Hebda et al. (2019)'s paper titled “A method for predicting geometric

characteristics of polymer deposition during fused-�lament-fabrication” in which

the linear deposition experiments were �rst introduced.
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Figure 4.1: A visual representation of A: a single line polymer deposition, B: ad-
jacently bonded polymer line depositions, C: stacked polymer line depositions.
Rendered using SolidWorks 2017-2018/2017 SP5.0
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4.1.1. Linear deposition pro�les

Hebda et al. (2019)'s paper explains how line pro�les deposited onto a glass sur-

face have a unique set of mechanical properties in terms of formation of width

and height of the polymer cross-section of an individual linear deposition. De-

tailed in the paper is how to obtain empirical equations which allow for the sim-

plistic calculation of geometric characteristics of the polymer cross-sections. This

is achieved through a CT-imaging technique of polymer depositions presented on

glass slides. The objective of this piece of research was to demonstrate that the

often assumed height and widths of polymer paths during FFF manufacture do

not equate to either the set nozzle height or nozzle exit diameters of the FFF

apparatus. The paper also proves that polymer expansion occurs mostly in the

Z-axis (in relation to the polymer cross-section of a path, see co-ordinate labelling

in Fig. 4.2) rather than the X-axis. This is of signi�cant interest as users of FFF

apparatus often follow tool-path coding, which is automatically generated for the

user by software in order to decrease work �ow time, which makes consider-

able assumptions regarding the cross-sectional characteristics described above.

Incorrect geometric assumptions of polymer cross-sections provides a rigorous

argument for balancing both extrusion and gantry velocities in order to maintain

quality within FFF manufactured components.

Fig. 4.2 shows a schematic representation of the FFF process, speci�cally

the polymer expansion which occurs during the extrusion process (see section B

of Fig. 4.2). This happens due to the die-swell effect commonly found in polymer

materials. As the polymer melt exits the die, or nozzle, it is forced onto the plate

and initially expands outwards in the direction of the positive and negative X-axis

simultaneously. Due to a wetting effect, the polymer reaches a limit of spread

and starts to expand in the positive Y-axis direction. This �nal movement is re-

stricted by the die itself. Whilst this constraint does shape the polymer deposition

and adds surface features, the polymer is still in a melted state and typically ex-

pands above the set nozzle height, GN, once the nozzle has moved away from the

deposition area thus no longer constraining the polymer deposition. The experi-

ments detailed within this chapter will show how a prediction is made of the �nal

outcome of polymer depositions which undergo this type of constraint against a

typical glass surface found in the initial polymer lay down process of FFF.
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Figure 4.2: A schematic representation of the FFF process with the nozzle moving
towards the viewer. (A): Initial deposition. (B): Steady state deposition, post-
expansion.

4.2. Apparatus and software

4.2.1. FFF apparatus and software

As stated in Chapter 3 the FFF apparatus used was the MakerBot Replicator 2

with an MK8 extruder and nozzle. This was controlled using the ReplicatorG soft-

ware. Along with the set-up used in Chapter 3, glass slides were also required as

a build surface. To create a direct comparison of a typical FFF build surface, stan-

dard glass microscope slides (Thermo Scienti�c Menzel-Gl äser, 76 mm x 26 mm

x 1 mm) were mounted on top of the heated bed of the FFF apparatus (Maker-

Bot Replicator 2). The slides were mounted using Kapton tape, a heat resistant

polyamide �lm with adhesive which is stable across a wide range of temperatures

developed by DuPont in the 1960's. This heat resistant tape is commonly used

within polymer processes and allows for items to be attached to pieces of appa-

ratus without heat affecting adhesion. This is necessary within this experiment

since the glass slides need to be attached to the moveable platen without any

movement to maintain the accuracy and precision of the FFF machine.

In order to guarantee calibration of the build surface distance to the nozzle,

GN, a laser measuring system was used by mounting a laser sensor onto the ex-
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truder mounting plate of the FFF equipment. The laser detector used was a Micro

Epsilon optoNCDT 1401 in conjunction with Tenma power supply 72-8700A run

at 12 volts. The output signal of the laser was recorded using a Pico Technology

PicoScope for Mixed Signal Processing and analysed using PicoScope 6 soft-

ware. The laser was then traversed around the build surface to the X and Y axis

extremities to assure the extruding apparatus moved in parallel with the Z-stage

and therefore did not cause the GN to vary in different areas of the build surface.

4.2.2. CT scanning apparatus and software

A Nikon XT H 225 all-purpose X-ray and CT inspection machine was used along

with the proprietary software (VGStudio MAX 2.2.4). This software allowed for

visualisation and generation of image stacks for analysis.

4.3. Method

4.3.1. Single line deposition

Molten polymer material was extruded onto the glass slide build surface using the

Cartesian set-up controlled using manually written G-code sent to the apparatus

using open source ReplicatorG software. This process represents the initial depo-

sition of polymer during the �rst layer of deposition during the FFF process. The

glass slides also allow a contrast in density between the build surface, polymer

material and air for CT scanning later on in the experimental process.

The surface temperature of the build platen was controlled using the heated

bed. For the purpose of the example in this chapter the temperature of the surface

was kept at 50°C for initial experiments with the experiments later being repeated

at a surface temperature of 60°C. The surface temperature was checked with a

thermocouple and hand-held temperature reader to ensure that the surface of

the glass slide was kept stable at the desired temperature within � 1.0°C. This

avoids any incorrect temperature anomalies which may occur with the basic ther-

mocouple measurements given by the MakerBot Replicator 2 as the heated bed

temperature sensor is mounted within the bed platen rather than the very surface

upon which polymer is extruded. The temperature set in the G-code parame-

ters was then adjusted accordingly. A standard G-code template for running this

experiment can be found in Appendix A.8. Note the G-code provided shows tem-

perature settings at 200°C extrusion temperature and bed temperature of 50°C

as an example, these would be adjusted accordingly for the speci�c piece of FFF
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apparatus, material type and desired characteristics if the experiment was to be

repeated. A visual layout can also be seen in Fig. 4.4 showing a series of tool-

paths drawn over two slides. For this layout to be achieved the G-code presented

in Appendix A.8 would have to be performed twice with the relevant extrusion and

gantry velocities changed for each slide. Using this method it is possible to place

64 samples on two standard slides which can be seen in Fig. 4.3.

Figure 4.3: The CT stage used to mount both slides of samples back to back,
PLA is the speci�c material used in this example. Reproduced from (Hebda et al.,
2019).

Extrusion velocity was controlled by testing the feed rates, UT, between 3

and 9 rev/min. It was found a UT below 3 rev/min may cause lack of accuracy

and control due to the minute stepping increments of the stepper motors used to

control the pinch wheel mechanism (see Fig. 3.4). This is due to the minute motor

turning increments required to deposit such a low volume of polymer which can

not be achieved by the stepper motors utilised in consumer grade FFF machinery

which causes them to miss-step and deposit an incorrect amount of polymer. A

�lament feed-rate in excess of 9 rev/min was found to cause what is referred to

by FFF users as “skipping”. This is where the required force which needs to be

applied to drive the �lament in to the extruder is greater than the force which can

be supplied by the extruder motor (Go et al., 2017b) causing the pinch wheel

mechanism to slip or “skip” an increment of movement. Table 3.1 in Section 3.4.1
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Figure 4.4: Visual layout in the XY axis of polymer deposition samples on two
glass slides with nozzle gap heights (GN), rotational �lament feed velocities (U T)
and build plate velocities (UP). Reproduced from (Hebda et al., 2019).

shows a conversion table for rotational �lament feed velocities, U T, to radially

averaged exit velocities, UN, for an MK8 extruder and nozzle with standard 0.4

mm diameter circular exit.

Within this piece of research four different set nozzle heights were investi-

gated. The set nozzle height, GN, is de�ned as the distance between the max-

imum surface height which forms the preceding layer and the underside surface

of the nozzle tip. This can been seen in Fig. 4.2. For these experiments, GN

was tested at 0.15 mm, 0.20 mm, 0.25 mm and 0.30 mm. This was chosen as

these are the most common GN values used in association with most FFF appara-

tuses. Additionally, four gantry velocities, UP, were also tested; 500 mm/min, 750

mm/min, 1000 mm/min and 1250 mm/min, along with the four feed velocities, UT,

at 3.0 rev/min, 5.0 rev/min, 7.0 rev/min and 9.0 rev/min, . The polymer samples

were CT scanned back to back as shown in the �xture in Fig. 4.3. All parameters

used for linear deposition experiments are broken down in Table 4.1.
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Parameter Initial linear
deposition

Polymer �lament material PLA, ABS
Extrusion temperature, Text 220°C
Nozzle exit radius, RN 0.20 mm
Fed �lament radius, R 0 1.75 mm
Set nozzle height, GN 0.15 mm, 0.20 mm, 0.25 mm, 0.30 mm
Gantry velocity, Up 500 mm/min, 750 mm/min, 1000 mm/min,

1250 mm/min
Rotational �lament feed
velocity, UT

3.0 rev/min, 5.0 rev/min, 7.0 rev/min,
9.0 rev/min

Table 4.1: Parameters for experiment of linear polymer depositions.
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4.3.2. Adjacent FFF depositions

To investigate the welding of multiple linear depositions, welded adjacently, the

experiment presented in Section 4.3.1 was modi�ed by creating a raster pattern

with suf�ciently close spacing to weld individual paths together. A breakdown

of the parameters tested can be found in Table 4.2 with the associated G-code

available in Appendix A.9.

Parameter Initial linear
deposition

Subsequent linear
depositions

Polymer �lament material PLA PLA
Nozzle exit radius, RN 0.20 mm 0.20 mm
Fed �lament radius, R 0 1.75 mm 1.75 mm
Extrusion temperature, Text 220°C 220°C
Set nozzle height, GN 0.20 mm 0.20 mm
Gantry velocity, Up 750 mm/min 750 mm/min
Rotational �lament feed
velocity, UT

3.0 rev/min,
5.0 rev/min,
7.0 rev/min,
9.0 rev/min

3.0 rev/min,
5.0 rev/min,
7.0 rev/min,
9.0 rev/min

Step-over, C 0.0 mm 1.5 mm

Table 4.2: Parameters for example experiment of stacked linear polymer deposi-
tions.

Fig. 4.5 shows a cross-sectional diagram of two linear depositions deposited

adjacently. The diagram shows deposition A and B deposited respectively with

an air gap below the bonded area. This is common within FFF depositions and

causes FFF components to never quite be 100% �lled with polymer material.

Whilst this effect has been observed during experimentation it is insigni�cant

enough not to effect the outcome of the experiments presented here. Trapped

air gaps can become an issue within FFF but due to the nature of the deposition

experiments which only involve a handful of deposited strands in a linear fashion

no trapped air gaps were observed during the micro CT stage of experimentation.
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Figure 4.5: A model representation of the cross-section of welded adjacent poly-
mer paths including width ,W, connected inner width, WI , set layer height, GN ,
and weld width, WW .
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4.3.3. Stacked FFF depositions

In order to acquire the correct parameters for stacked depositions, geometry data

of the path cross-sections presented later in this chapter were studied regarding

the initial lay-down characteristics of the polymers used. Fig. 4.6 shows the

schematic layout of basic linear polymer depositions when extruded on top of

each other as is typical in the FFF process. Table 4.3 shows the parameters used

for this example experiment. To correctly set the nozzle height for stacked paths,

GN, the outcome polymer deposition height, H, was taken for the initial layer GN

(see layer 1 in Fig. 4.6). Due to the nature of FFF polymer deposition, only the

initial layer need be predicted in terms of GN. This means that subsequent layers

can be assumed to adhere to the rule H=GN (and are so proven to at the end of

this chapter). As such, for the purpose of this example sample, all GN values are

assumed to be 0.3 mm with the exception of the Z-axis movement between the

deposition of the initial and second layer, which is 0.334 mm for the given sample.

Figure 4.6: A model representation of the cross-section of stacked welded poly-
mer paths including width ,W, connected inner width, WI and set layer height,
GN . i: A series of four stacked layers (1, 2, 3 and 4). ii: a singular repetition with
appropriate width and height markers (N).
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Parameter Initial layer Subsequent layers
Polymer �lament material PLA PLA
Nozzle exit radius, RN 0.20 mm 0.20 mm
Fed �lament radius, R 0 1.75 mm 1.75 mm
Extrusion temperature, Text 220°C 220°C
Set nozzle height, GN 0.20 mm 0.30 mm (0.334 mm for initial

stacked layer)
Gantry velocity, Up 750 mm/min 750 mm/min
Rotational �lament feed
velocity, UT

3.0 rev/min 3.0 rev/min

Table 4.3: Parameters for example experiment of of stacked linear polymer depo-
sitions.

4.3.4. CT data acquisition

Image stacks were taken from the CT scan slices at 0.1 mm intervals orientated

through the cross-sectional plane of the linear deposition of each sample. The

process of exporting image stacks and acquiring LabVIEW data is as follows:

1. After the CT imaging and compiling process, the CT scans are opened in

VGStudio MAX 2.2.4 and orientated to ensure the glass slide surfaces are

aligned with the XYZ axes within the software.

2. The colour settings are optimised to ensure the correct level of density is

displayed and that all solid surfaces are clear. Fig. 4.7 shows a cross-

sectional image within the VGStudio MAX 2.2.4 software with the “Opacity

manipulation area” graph displayed on the right hand side. The colour map

has been switched to blue and the opacity line has been manipulated to

almost vertical between the peaks signifying polymer material and glass

surface. The cross-sectional image is blue as a result with a crisp outline of

the polymer and surface which is easily detectable using Vision Assistant in

the custom written LabVIEW script.

3. The orientated images are then exported as an image stack with consec-

utive image numbers, this can be seen in the “Path” �eld of the LabVIEW

script front end in Fig. 4.8.

4. The initial image of the image stack is then loaded into the custom LabVIEW

script shown in Fig. 4.8, a full list of interface options and functions can be

found in Table 4.4.
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5. The LabVIEW script is then run after setting the interface options.

6. The script detects the glass slide and polymer extremities and adjusts the

co-ordinate system accordingly centring the polymer deposition about 0 on

the X axis and placing the glass surface about 0 on the Y axis, see graph

top right of Fig. 4.8.

7. The LabVIEW contour algorithm is applied by the Vision Assistant software

and the co-ordinates are made available in strings.

8. The co-ordinate data is exported as a .csv �le for analysis with Microsoft

Excel software.
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Interface option Function
Path This �eld selects the �rst �le of the image stack. All

images must be numbered sequentially starting at
100000.

Width (mm) This value inputs the width of the image in millimetres.
Adjusting this will change the pixel to distance ratio in
the X-axis.

Height (mm) This value inputs the height of the image in millimetres.
Adjusting this will change the pixel to distance ratio in
the Y-axis.

Angle (degrees)
(Geometry 1)

A value of 0° or 180° is to be entered in this �eld and
inverts the image. This allows the user to measure
image stacks that were produced upside-down.

Images processed This displays the current number of images which
have been processed.

X resolution The value of pixels in the X-axis as calculated by the
software.

Y resolution The value of pixels in the Y-axis as calculated by the
software.

Image This displays the current original image which is to be
processed.

Image 2 This displays the current image in the processing
chain with the polymer volume coloured white. The
red line de�nes the contour separation between the
surface of the polymer deposition and the surrounding
air volume. The blue rake areas are adjustable by the
user through holding and dragging the cursor to the
relevant location and signify the areas measured for
the interface between the polymer and the glass slide
surface which is measured by the software as a datum
point.

XY Graph 2 A graph showing a visual display of the output data.
The oval polymer deposition is displayed on the graph
centralised in the X-axis and placed on the line Y=0.

Table 4.4: Interface options of Height and Width Measurement LabView software.
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Figure 4.7: Print-screen of VGStudio MAX 2.2.4 software displaying pixel infor-
mation for an outputted image stack of single path deposition data (under image
size, central within image) along with caliper tool measurements of the height and
width of the outputted images (far right within image under tree menu). Presented
on its side.
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Figure 4.8: Print-screen of the user interface of data acquisition software created
through LabView for capturing contour co-ordinates from image stacks generated
by VGStudio MAX 2.2.4 software. Presented on its side.
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This process gave a pixel accuracy of 10� m. An example of an image pro-

cessed using this LabVIEW script can be found in Fig. 4.9 with an example of

5 raw data contours shown in Fig. 4.10 which shows the similarity between raw

data contours before they are combined.

Figure 4.9: A polymer deposition cross-section taken from Micro-CT imaging (left)
alongside its respective contour graph (right, measurements in millimetres), sam-
ple “500 mm/min – 3 rev/min – 0.30 mm”. Figure reproduced from (Hebda et al.,
2019).

Figure 4.10: Contour map of cross-sections of polymer depositions, PLA extruded
at 220°C, platen temperature 50°C, GN = 0.15 mm, UT = 9 rev/min, UP = 750
mm/min. UT = 5 rev/min, and gantry velocity, UP = 750 mm/min. Each colour
represents a different different raw data sample of the same parameters.

4.4. Results

This section presents the results for linear polymer depositions, adjacent polymer

welded depositions and stacked polymer depositions.
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4.4.1. Single line deposition

For singular line depositions, an Excel Macro template was created to obtain

average contour measurements, this macro is available upon request from the

author. In summation, the Macro compiles �ve central contour maps from each

sample, checks for anomalies (e.g. stack images which were outputted as blanks

or incorrectly outputted data strings) and central positioning, averages the �ve

chosen contours and outputs height, width and cross-sectional area data from

the sample. A breakdown of all the parameters used is available in Table 4.1.

As well as contour maps presented for PLA data sets (see Fig. 4.12), what

follows are the graphed data for height, width and cross-sectional area (Fig. 4.11).

Additional ABS data is available in Appendix A.11.

The upper graph for Ath/AP in Fig. 4.11 was calculated using the following

equation by Hebda et al. (2019):

“We �nd that the cross-sectional area of a deposited �lament can be predicted

by a simple conservation of mass argument. That is;

AP UP = AN UN ; (4.1)

where AP denotes the cross-sectional area of the deposited �lament.”

AN and UN denote the cross-sectional area and velocity of the material exiting

the die and UP denotes the velocity of the material entering the extrusion appa-

ratus. Fig. 4.11 shows a graph comparing acquired data of cross-sectional area

with predicted cross-sectional area from set parameters using Eqtn. 4.1.
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Figure 4.11: Top: Theoretical area, AP, compared to actual cross-sectional area,
Ath. GN = 0.2 mm, PLA, 220°C extrusion temp, 50°C platen temp. The lines
are given by Eqtn. 5.1. Middle: UN/UP plotted against H/GN for PLA material at
220°C extrusion temperature and 50°C platen temperature at GN=0.15 - 0.3 mm.
Trend lines are shown in the respective series plot colour. Bottom: UN/UP plotted
against W/2RN for PLA material at 220°C extrusion temperature and 50°C platen
temperature at GN=0.15 - 0.3 mm. The lines are given by Eqtn. 5.6. Figures
reproduced from (Hebda et al., 2019). 101



Figure 4.12: Contour maps of cross-sections of polymer depositions, PLA ex-
truded at 220°C, platen temperature 50°C, grouped by rotational �lament feed
velocity, UT, and gantry velocity, UP. Each colour represents a different nozzle
gap height, GN. Reproduced from (Hebda et al., 2019). Presented on its side.
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Figure 4.13: Contour map of cross-sections of polymer depositions, PLA extruded
at 220°C, platen temperature 50°C, UT = 5 rev/min, and gantry velocity, UP = 750
mm/min. Each colour represents a different nozzle gap height, GN.

Presented in Fig. 4.12 is the contour outline diagrams for PLA material with a

platen temperature of 50°C and an extrusion temperature of 220°C. These sam-

ples are displayed by extrusion velocity, UN, and travel velocity, UP, but with dif-

fering set nozzle gap heights, GN, in each graph. For ease of reading one of the

graphs, where UT = 5 rev/min, and gantry velocity, UP = 750 mm/min, is presented

individually in Fig. 4.13.

Fig.4.12 is taken from Hebda et al. (2019) with the following comments:

“For all samples we can see that the height of each �lament deposition

is greater than the nozzle gap height prescribed by the apparatus (i.e.

H> GN). This is due to the effect of the build plate and surrounding

extrudate restricting the �ow of material and con�ning the extruded

�lament to a �nite space (La�eur and Vergnes, 2014; Griskey, 2012),

which occurs due to the downward force required to extrude the ma-

terial exceeding the force which can be delivered by the feed system.”
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4.4.2. Adjacent FFF deposition

After acquiring CT scans of adjacent FFF polymer depositions, measurements

were manually collected within the VGStudio MAX 2.2.4 environment using the

calliper tool which can be seen in both Figs. 4.15, 4.16, 4.17 and 4.18.

Measurement points were selected by taking the inner widths, WI. The inner

widths are relevant as points of measurement alongside the full width measure-

ments as they are used to calculate bonding in Section 5.3. The points at which

the polymer touches the surface on both sides of the linear polymer extrusion,

and �nding the mid-point between two adjacent outer W I points on adjacent lin-

ear deposition paths (see Fig. 4.14 for a visual representation of WI points). The

snapping tool was used within the VGStudio MAX 2.2.4 environment in order to

gain the most accurate measurement points for each midpoint of the WI values.

Width measurements were then taken from the midpoint of one adjacent adhe-

sion to the next adjacent adhesion.

Figure 4.14: Schematic of two adjacent overlapping linear polymer extrusions
with their respective WI points labelled.

Looking at Figs. 4.15, 4.16, 4.17 and 4.18 it is apparent that the maximum

height, Hmax, of the samples provided may not be representative of the samples

average height. In order to acquire Havg each polymer linear deposition with con-

nective adjacent depositions either side of it was cropped and a surface deter-

mination function was applied within the VGStudio MAX 2.2.4 environment and

exported to the LabView contour application discussed in Section 4.3.4 (LabView

script available in Fig. A.2). The contour values were then extracted and the

average height for each polymer linear deposition was acquired between their

respective adhesion points.

Figs. 4.15, 4.16, 4.17 and 4.18 also have some surface characteristics caused

by the order of deposition. Tag like structures are formed due to polymer be-

ing extruded into a space where solidi�ed polymer already occupies said space.
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This can create asymmetric extrusions but does not effect the �nal heights or

width spacings of the depositions shown here. These surface characteristics are

subject to further study and insuf�cient data has been acquired to pass further

comment at this stage.

Figure 4.15: A cross-section of adjacent polymer FFF CT sample prepared in
VGStudio MAX 2.2.4 for a stacked sample of PLA material at extrusion tempera-
ture, Text, = 220°C, set nozzle height, GN = 0.20 mm, gantry velocity, Up, = 1000
mm/sec and extrusion velocity, UT, 3.0 rev/min.

Figure 4.16: A cross-section of adjacent polymer FFF CT sample prepared in
VGStudio MAX 2.2.4 for a stacked sample of PLA material at extrusion tempera-
ture, Text, = 220°C, set nozzle height, GN = 0.20 mm, gantry velocity, Up, = 1000
mm/sec and extrusion velocity, UT, 5.0 rev/min.
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Figure 4.17: A cross-section of adjacent polymer FFF CT sample prepared in
VGStudio MAX 2.2.4 for a stacked sample of PLA material at extrusion tempera-
ture, Text, = 220°C, set nozzle height, GN = 0.20 mm, gantry velocity, Up, = 1000
mm/sec and extrusion velocity, UT, 7.0 rev/min.

Figure 4.18: A cross-section of adjacent polymer FFF CT sample prepared in
VGStudio MAX 2.2.4 for a stacked sample of PLA material at extrusion tempera-
ture, Text, = 220°C, set nozzle height, GN = 0.20 mm, gantry velocity, Up, = 1000
mm/sec and extrusion velocity, UT, 9.0 rev/min.
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Figure 4.19: Widths, W, of adjacent linear polymer depositions measured by
WI midpoints of cross-sections of adjacent polymer FFF CT sample prepared
in VGStudio MAX 2.2.4 for a stacked sample of PLA material at extrusion tem-
perature, Text, of 220°C, set nozzle height, GN = 0.20 mm, gantry velocity, Up, =
1000 mm/sec.

Figure 4.20: Maximum heights, Hmax, of adjacent linear polymer depositions mea-
sured by WI midpoints of cross-sections of adjacent polymer FFF CT sample pre-
pared in VGStudio MAX 2.2.4 for a stacked sample of PLA material at extrusion
temperature, Text, of 220°C, set nozzle height, GN = 0.20 mm, gantry velocity, Up,
= 1000 mm/sec.
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Data for average height, Havg, was collected and then plotted in Fig. 4.22

which shows that Havg is signi�cantly lower than H max, as is to be expected.

Figure 4.21: Print screen of contour extraction using the LabView script presented
in Section 4.3.4, and shown in Fig. 4.8, to extract the upper surface of an ad-
jacently bonded singular polymer deposition for the purpose of average height,
Havg, determination. Arrows show the two outer W points from between which the
contour algorithm is applied.

Figure 4.22: Average heights, Havg, of adjacent linear polymer depositions mea-
sured by WI midpoints of cross-sections of adjacent polymer FFF CT sample
prepared in VGStudio MAX 2.2.4 for a stacked sample of PLA material at extru-
sion temperature, Text, of 220°C, set nozzle height, GN = 0.20 mm, gantry velocity,
Up, = 1000 mm/min.

Experiments measuring W, Hmax and Havg values were repeated 5 times for
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each set of parameters to ensure good statistical reliability. The data presented

in Figs. 4.19 and 4.22 shows that the W values for the parameters selected are

not affected by U0 but the Havg values are. An increase in U0 creates an increase

in Havg as shown in Fig. 4.22. This effect is due to the higher volume of polymer for

the available cross-sectional space, this causes the polymer to expand upwards

as also shown by the individual single line deposition experiments in Section 4.4

and Hebda et al. (2019)'s paper meaning adjacently bonded polymer depositions

display the same upwards expansion as singular depositions when extruded onto

a glass surface. In turn, the larger the volume deposited for a given area the

larger the H value will be. The difference between Hmax and Havg is 79.8%.

Further observations of Figs. 4.15, 4.16, 4.17 and 4.18 show that the extrusion

of adjacent polymer paths causes a rippling effect across the top surface of the

entire deposition which becomes more apparent as the U0 value increases. In

order to quantify the symmetry (or lack there of) of each adjacent deposition in a

sample set statistical characterisation of the samples was performed in the form

of a Skewness measurement. The following equation was taken from page 177

of “The development of methods for the characterisation of roughness in three

dimensions” (Stout, 1993) in order to characterise the asymmetry of the individual

depositions, where the probability density function is denoted by p(z)( �1 < z <

1 );


 1 =
1
� 3

Z 1

�1
(z � � )3p(z)dz: (4.2)

Kurtosis, a measurement of peakedness can also be measured. The following

equation is also taken from the same series of equations for an individual sample

from page 177 of Stout (1993)'s book;


 2 =
1
� 4

Z 1

�1
(z � � )4p(z)dz: (4.3)

These two equations were used to calculate Skewness and Kurtosis values

for the adjacent deposition samples. The boundaries for each sample were taken

between the aforementioned W1 and W2 points as shown in Fig. 4.21.

Fig. 4.23 shows a graph for Skewness in relation to UN and demonstrates that

the samples collected display an increase in Skewness towards the previous lin-
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ear polymer deposition as shown by the negative values plotted. Ssk values can

be either positive or negative depending on the direction of the skew within the

particular sample. This shows a wetting effect of the molten polymer against the

already solidi�ed polymer of the previous line of deposition. This effect increases

with an increase in UN. There is an element of friction between the nozzle and

polymer occurring during deposition, however all experimental sample parame-

ters were set to prevent any type of spatial con�ict between the nozzle and the

previous deposition which the polymer currently being deposited is being bonded

to. Fig. 4.24 shows a visual representation of this effect.

Figure 4.23: Skewness, Ssk vs radially averaged exit velocity graph, UN, of adja-
cent linear polymer depositions measured by W1 and W2 as reference points of
cross-sections of adjacent polymer FFF CT sample prepared in VGStudio MAX
2.2.4 for a stacked sample of PLA material at extrusion temperature, Text, of
220°C, set nozzle height, GN = 0.20 mm, gantry velocity, Up, = 1000 mm/min.

Fig. 4.25 shows that Kurtosis also increases with radially averaged exit veloc-

ity, UN. This means that there is a greater variation in the peaks and troughs of

the polymer surface at higher UN values when all other parameters are kept the

same. This can be seen visually in Figs. 4.15, 4.16, 4.17 and 4.18 where score

marks are visible within the centre of each extrusion cross-section.
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Figure 4.24: A visual representation of the polymer wetting effect commonly dis-
played in adjacently adhesion of linear polymer depositions through FFF. Diagram
shown as a cross-section of the process face on.

Figure 4.25: Kurtosis, Sku vs radially averaged exit velocity graph, UN, of adjacent
linear polymer depositions measured by W1 and W2 as reference points of cross-
sections of adjacent polymer FFF CT sample prepared in VGStudio MAX 2.2.4
for a stacked sample of PLA material at extrusion temperature, Text, of 220°C, set
nozzle height, GN = 0.20 mm, gantry velocity, Up, = 1000 mm/min.
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4.4.3. Stacked FFF deposition

For stacked deposition samples all data was manually collected within the VGStu-

dio MAX 2.2.4 environment using the calliper tool which can be seen in both Figs.

4.26 and 4.27. The snapping feature was used which allowed for more accurate

measurements to �nd the thinnest connecting point in-between deposited layers

from which to take the H measurements for each respective layer. Each sample

was repeated 5 times and each sample was measured 5 times respectively.

Samples were prepared whereby a speci�c sample from the linear polymer

deposition experiments was selected as the �rst layer. The sample was selected

by looking through the sample set and �nding the appropriate sample which forms

the required height, H, and width, W, values. In order to create a stack of linear

depositions the geometry of the initial layer �rst must be correctly predicted. The

purpose of the experiments within this section is to collect data on subsequent

layers after layer 1. This does not mean that the initial layer is not important to

the experiment and should still be correctly calculated.

Figure 4.26: A cross-section of a singular linear extrusion polymer FFF CT sam-
ple prepared in VGStudio MAX 2.2.4 for a stacked sample of PLA material at
extrusion temperature, Text, 220°C, set nozzle height, GN = 0.20 mm, gantry ve-
locity, Up = 750 mm/sec and extrusion velocity, UT = 3.0 rev/min.

Fig. 4.26 shows us the individual �rst layer CT scanned on its own to con�rm

that the starting layer for the sample is the correct geometry. The single deposition

shown has H = 0.267 mm and W = 1.094 mm. This is within the acceptable limits

set down within Table 4.3. Subsequent layers shown in Fig. 4.27 show an average

H value of 0.289 mm which is within 0.3333% of the targeted layer height given in

the set parameters in Table 4.3.
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Figure 4.27: A cross-section of a stacked polymer FFF CT sample prepared in
VGStudio MAX 2.2.4 for a stacked sample of PLA material at extrusion tempera-
ture, Text, 220°C, set nozzle height, GN 0.20 mm and 0.30 mm (0.334 mm for initial
stacked layer), gantry velocity, Up, 750 mm/min and 750 mm/min and rotational
feed velocity, UT, 3.0 rev/min and 3.0 rev/min.
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The CT scan can then be imported in to SolidWorks 2017-2018/2017 SP5.0

and compared to a predicted visual render as shown in Fig. 4.28.

Figure 4.28: CT data of stacked line paths presented in STL format within Solid-
Works (grey) with predicted CAD representation (red). This sample is made up
of layers with 3rev/min extrusion velocity, 750 mm/sec gantry/build plate veloc-
ity and 0.3 mm layer increments (except the initial layer which is 0.2 mm with a
predictable expansion of 0.334 mm).

The extrusion temperature was kept at 220°C with the platen surface being

kept at 50°C. The extrusion of the test material was carried out using a MakerBot

Replicator 2 FFF machine for all samples in this experiment.

Assuming a constant volume �ux and density, the feed rate velocity is con-

verted to an extrusion velocity via (Hebda et al., 2019),

UN = U0

�
R0

RN

� 2

: (4.4)

Eqtn. 4.4 makes the assumption that no volumetric change occurs during

the melting and extrusion of the polymer which strictly isn't true. There will be a

slight volumetric change due to melt phase changes thus giving difference in the

velocity of the melt and the velocity of the extrudate. This equation is still useful
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for making basic calculations within a practical laboratory setting but does need

to be addressed within future iterations of this research.

4.5. Conclusion

This chapter has demonstrated how to acquire cross sectional geometric charac-

teristics for initial extrusion of individual polymer deposition lines, adjacent poly-

mer welded depositions and stacked polymer depositions. Through the experi-

ments demonstrated to acquire die swell values in Chapter 3, the width and height

of the linear polymer depositions were found and a data set acquired allowing for

reference of different characteristics of linear polymer deposition cross-sections.

In addition a method of predicting adjacent and stacked polymer depositions has

been presented.

The process shown can be used to measure volumes of polymer deposited

within the layering structure of an FFF manufactured part and even recognise the

volume variations in individual layers.

In this chapter the following key points were shown:

• Polymer expands vertically before expanding outwardly in singular polymer

depositions extruded onto a solid surface.

• Polymer stack depositions display a behaviour where H=GN meaning they

do not conform to the vertical expansion associated with polymer deposi-

tions extruded onto a solid build surface. This is due to the bonding which

occurs between layers during the process which causes heat to be trans-

ferred quickly between polymer rather than retained which causes the ex-

pansion effect in singular polymer depositions.

• Adjacent bonds cause ripples which increase as UN increases. This is a

product of turbulent �ow as well as wetting effects during the melt phase of

deposition within adjacently bonded depositions and is demonstrated by the

Skewness data presented within this chapter.

• Ripples formed during the process are corrected during the deposition of

subsequent layers. This is also demonstrated in the proof model shown in

Chapter 5.
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5. MODEL

5.1. Introduction

Presented within this chapter is an empirically based mathematical model for pre-

dicting the initial polymer deposition within the FFF process. This includes the

�rst layer of the FFF process followed by methods for predicting the geometry

of a deposited path extruded directly on top of a preceding layer, or a “stacked

deposition”, and also a method of predicting adjacently bonded depositions. A

visual representation of the three situations are shown in Fig. 4.1 within Sec-

tion 4.1. Chapter 5 concludes with an example of how each of the elements can

be combined to calculate the required parameters to prepare a tool-path for a

simple cuboid component in FFF. Fig. 5.1 shows a rendered representation of a

fully produced FFF component which can be achieved using the presented model

system.

Figure 5.1: A CAD rendering of the model presented in Chapter 5. Labelled in red
are the different bonding methods used to build up the modelled FFF part shown.
Image rendered using SolidWorks Education Edition 2017-2018 SP5.

5.1.1. Model scope and assumptions

In terms of scope, this model can be applied to any basic geometry within FFF

with the following conditions:

• The model assumes that a viscoelastic polymer material is being extruded
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using a �lament fed extrusion apparatus, with a heated die upon a glass surface

using an XYZ Cartesian co-ordinate system for movement.

• The model contains linear depositions, which make up the entirety of the

component, whether they be directly extruded onto the build platen or onto previ-

ous polymer depositions.

• Whilst the model may be extended and eventually applied to polymer depo-

sitions which include curves within the XY plane, subject to further research, the

presented model is not speci�cally written for such an application.

• The model assumes steady state extrusion and movement for all individual

linear polymer depositions, no change in UN, UP or GN is to occur within a single

deposition. The data supplied to build this model was acquired from samples

exhibiting steady state behaviour.

• The model is designed to provide a bonded structure and the modelled form

contains only straight polymer depositions within the XY plane as part of its inter-

nal structures with no unbonded adjacent polymer depositions, often described

as “loose in�ll density”. A technique for using corners within the scope of this

model would be to use two unconnected straight edges at 90° angles or to de-

posit material at corner areas but with the understanding that they will have an

effect on the overall outcome of the geometry.

5.2. Singular deposition extrusion model

This section introduces empirical equations from the journal article “A method for

predicting geometric characteristics of polymer deposition during fused-�lament-

fabrication” by Hebda et al. (2019). Presented is a step by step process on how

to acquire and apply the equations presented for a singular strand of polymer de-

position formed through extrusion within FFF onto a glass surface. In the interest

of context and for the ease of reading some parts have been altered and �gures

cited accordingly.

5.2.1. Acquirement of empirical formulas

All the formulas presented in this section are associated with the cross-section

diagram shown in Fig. 5.2. The diagram shows a typical cross-section of a poly-

mer path extruded onto a glass surface through the FFF process which was also

discussed in Chapter 4.

“In order to de�ne cross-sectional area we can use a simple conservation of
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Figure 5.2: Diagram showing an FFF cross-section with labelling of Height, H,
Set Nozzle Height, GN and Width, W.

(volume) argument, as follows;

AP UP = AN UN ; (5.1)

where AP is the cross-sectional area of the deposited �lament and

AN = �R N
2; (5.2)

is the cross-sectional area of the die exit, with radius RN. Thus, the cross-

sectional area can be predicted by;

AP = �R N
2 UN

UP
; (5.3)

as shown in Fig. 5.3; no material properties are required to make this predic-

tion. Fig. 5.3 shows the positive correleation of the data presented in Chapter 4

and the theoretical area predicted using Eqtn. 5.3.

Width of Filament

The cross-section of a deposited �lament is assumed to be elliptical, such that;

AP = �
WH

4
; (5.4)

where W is the width and H is the height of the �lament. Making the assump-

tion that H=GN (as in Ref. Serdeczny et al. (2018)), and equating Eqs. 5.3 and

5.4 gives a prediction for �lament width, W, based on known parameters:
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Figure 5.3: Theoretical area, AP, compared to actual cross-sectional area, Aexp.
GN=0.2 mm, PLA, 220°C extrusion temp, 50°C platen temp. The lines are given
by Eqtn. 5.3. Reproduced from Hebda et al. (2019).

Figure 5.4: UN/UP plotted against W/2RN for PLA material at 220°C extrusion
temperature and 50°C platen temperature at GN=0.15 - 0.3 mm. The lines are
given by Eqtn. 5.6. Reproduced from Hebda et al. (2019).

W = 4
RN

2

GN

UN

UP
: (5.5)
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However, Eqtn. 5.5 fails to capture both experimental measurements and

CFD simulations of the �lament geometry (Serdeczny et al., 2018), or capture the

well document phenomenon of the �lament height swelling above the nozzle gap

size (H> GN) (Bellini, 2002). Consequently, we proceed by deriving an empirical

form for the �lament width, W, based on a convective cooling argument.

Fig. 5.4 shows the width of each cross-section calculated from the CT images.

We �nd that the measured width for each nozzle gap size, G N, collapses to a

master curve. The master curve can be described by

W
2RN

= �

r
UN

UP
; (5.6)

where the pre-factor � is chosen to �t the data (via a non-linear least-squares

algorithm). This pre-factor is expected to depend on material properties, and a

comparison with the value chosen for ABS is given in table 5.1.

Material and temperatures �
platen 50°C, ABS, 220°C 1.252
platen 50°C, PLA, 220°C 1.750
platen 60°C, ABS, 220°C 1.245
platen 60°C, PLA, 220°C 1.505

Table 5.1: Table showing a list of materials with platen and extrusion temperatures
with their respective � values. Reproduced from Hebda et al. (2019).

Fig. 5.4 shows that the measured data is in quantitative agreement with Eqtn.

5.6; the width of a deposited �lament W is inversely proportional to
p

UP.

A regression analysis was performed (Draper and Smith, 2014) on the data

set shown in Fig. 5.4. An R2 value of 0.941 with an average standard error of

0.652, which is presented as error bars in Fig. 5.4, showing that 94.1% of the

variability in W/2RN can be attributed to UN/UP and change in GN. This shows

statistical viability of Eqtn. 5.6.

The choice of this functional form (Eqtn. 5.6) is motivated by the expectation

that �lament spreading is limited by convective cooling. That is W / 1 / hf, where

hf is the heat transfer coef�cient for forced convection.

For a plate moving in air, Lamberti et al. (2001) �nd that h f proportional to the

square root of the travel speed i.e. hf /
p

UP. Consequently, deposited �laments

spread wider at slower speeds due to less cooling, whereas, fast print speeds
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induce less spreading due to faster convective cooling.

Height of deposited �lament

Clearly we have seen that actual height of the deposited �lament, H, extends

above the prescribed nozzle gap size, GN. In contrast to other work that assumes

H=GN, the derivation of an empirical form for W (Eqtn. 5.6) allows us to make a

prediction of this increased height by invoking conservation of mass.

Again by assuming the �lament is elliptical and equating Eqs. 5.3 and 5.4, a

prediction can be derived for the height:

H = 4
RN

2

W
UN

UP
: (5.7)

Then, substituting in the empirical form for W (Eqtn. 5.6) yields:

H =
2RN

�

r
UN

UP
: (5.8)

(Note � is chosen by �tting to measurements of �lament width in Eqtn. 5.6,

and is expected to depend on material properties.)

It is often useful to present data in dimensionless form, particularly to highlight

the ratio of expansion above the nozzle gap size. Thus, we can write;

H
GN

/
2RN

GN

r
UN

UP
; (5.9)

where GN is the set nozzle height. Fig. 5.5 shows Eqtn. 5.8 is in quantitative

with the experimental data for a range of gap sizes. The regression analysis for

the data presented in Fig. 5.5 showed an R2 value of 0.847 in relation to Eqtn.

5.8 showing good statistical viability (84.7 %) of the model.”

Fig. 5.5 also shows that a deviation of H/GN occurs at the higher range of

UN/UP. This is due to a change in the H/W ratio of polymer depositions when GN

values are altered.

“Fig. 5.6 shows the cross-sectional pro�le measured via CT-scanning com-

pared to the model prediction. The z(x) pro�le is generated by assuming the

cross-section is a elliptical with minor axis H/2 and major axis W/2, as given by

Eqs. 5.6 and 5.8. Then to give a more realistic shape, we assume that the contact

line is pinned at (x=-W/2,z=0), (x=W/2,z=0).
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Figure 5.5: UN/UP plotted against H/GN for PLA material at 220°C extrusion tem-
perature and 50°C platen temperature at GN=0.15 - 0.3 mm. Trend lines are
shown in the respective series plot colour. Reproduced from Hebda et al. (2019).

Fig. 5.6 shows a predictive two stage expansion of a singular deposition

cross-section along with a cross-section acquired from CT data in order to make

a comparison. We can see that the theoretical model and experimental data

curves are closely matched in terms of height and width and would make for a

convenient prediction for the average FFF user.

Figure 5.6: Two stage expansion with pinned contact line: Predicted shapes com-
pared to the experimental pro�les. Experimental data taken from PLA sample of
UT=3rpm, where 1rpm is converted to 33.52 mm/s, UP=500 mm/s, GN = 0.2 mm.
The lines are given by Eqs. 5.6 and 5.8. Reproduced from Hebda et al. (2019).

Fig. 5.7 shows a 3-dimensional graph linking the width and height of a singular
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FFF extrusion to the extrusion rate represented by UN / UP. This gives a visual

representation of how the model presented will allow for predictions of under and

over extrusion using the variety of parameters available.” (Hebda et al., 2019)

The over/under-extrusion line within Fig. 5.7 represents the point at which

the polymer theoretically will extrude with suf�cient volume to occupy the space

between the build platen and the nozzle exit, and therefore H� GN. The �gure also

contains data points which are all plotted above the over-extrusion boundary line;

this is due to the practical limits of the experimental process presented whereby

achieving polymer deposition samples on a glass platen below a certain volume

becomes physically unachievable.

Figure 5.7: W/2RN plotted against H/2RN with UN/UP represented by colour scale
for all experimental data sets tested. Coloured areas are extrapolated for ex-
tended use in all dimensions with under and over-extrusion labelled by a dotted
line. Reproduced from Hebda et al. (2019).
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Thermal pre-factor

Further investigation of the thermal data presented in Section 3.5.2 shows that

the � pre-factor, which also appears in Eqtns. 5.6 and 5.8 and shown in Table

5.1, can be calculated using the following equation;

� =
Text � Tmelt

Tbed
; (5.10)

where Text is the extrusion temperature parameter of the FFF apparatus, Tmelt

is the melting temperature of the polymer material in use found through rheologi-

cal DSC experimentation and Tbed is the temperature of the build surface.

For the PLA material used within the experimental chapters of this text (sup-

plied by RS Components), with an extrusion temperature, Text, of 220°C, melt tem-

perature, Tmelt, of 145.75°C (taken from Fig. 3.26) and build surface temperature,

Tbed, of 42.4°C (parameters of the apparatus were set to 60°C but thermocouple

measurements show a lower actual Tbed value), using Eqtn. 5.10:

� = 1:751179245;

which is within 0.07% of the values found using the �tting curves which are

presented in Table 5.1.

This method of acquiring the � pre-factor requires the linear deposition experi-

ments to be repeated for each material to �nd similar data sets to those presented

in Fig. 4.12 to verify that the method works for a speci�c material. The expansion

primarily in H for viscoelastic polymers during initial polymer deposition onto a

glass build surface suggests that the process is thermally driven and therefore

using a method which relies on thermal characteristics found through rheological

methods is expected to be not only practically viable but also statistically accu-

rate. This method is subject to future research but has been proven to work within

this research for the material used.

5.3. Adjacent deposition extrusion

This section extends the research presented by Hebda et al. (2019) to include

adjacently deposited singular polymer extrusions. The model in this sub-section

can be applied to polymer paths which are bonded adjacently on the initial layer

124



of FFF on a glass surface.

Figure 5.8: Diagram showing the 2D extruder movement layout for adjacently
deposited polymer linear paths with the appropriate labelling for movements with
active extrusion and movements with no extrusion. XY axis shown in relation to
standard build orientations commonly used within FFF.

Fig. 5.8 shows the design of a basic tool-path layout for adjacently deposited

polymer extrudate paths which are extruded in opposing directions which is often

referred to as a “raster pattern”. The premise of bonding adjacent paths within

this model is to allow for differing levels of bonding as shown in the experiments

presented in Section 4.4.2. This can be achieved in two different ways; either

by altering the volume of material deposited whilst keeping the gantry movement

velocity constant or altering the gantry movement velocity whilst maintaining the

same volume of material being extruded. Both methods allow for alterations in

the bonded area but, as explained in Section 4.4.1, altering extrusion velocity

over gantry velocity, UN and UP, will cause expansions which favour height, H,

over width, W, of the resultant extrudate and therefore decrease the amount of

molten polymer exposed to the already formed polymer extrudate of the previous
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linear deposition. This adjustment and resultant effect upon the polymer also

requires a re-calculation in the predicted W and H values used to plan tool-path

spacing.

Figure 5.9: Diagram showing the cross-sectional layout for adjacently deposited
polymer linear paths with the appropriate labelling for the sequencing of the poly-
mer strands in the order they are intended to be extruded. YZ axis shown in
relation to standard build orientations used within FFF.

Fig. 5.9 demonstrates how the order in which the polymer strands are layed

down affects the wetting of the polymer melt. The strands are extruded sequen-

tially (labelled; 1, 2, 3 etc...) with the dotted lines showing where the edge of the

polymer �lament would be lain before the next consecutive polymer deposition

is extruded (and thus possibly altering its shape and/or causing the bonding to

render the two bonded edges immeasurable through currently accessible tech-

niques). Through predicting where the polymer bonds will land the width, W,

height, H, and cross-sectional area, AP, can then be calculated. This is done by

taking predictive calculations from the model presented in Section 5.2 to calculate

the distance required to form a series of bonded polymer depositions which only

just touch. Eqtns. 5.3, 5.6 and 5.8 can be used to �nd the cross-sectional area,

width and height respectively.

Using the parameters in Table 5.2 it is possible to calculate the required dis-

tance between the center points of two paths, C, when viewed in the cross-

sectional plane shown in Fig. 5.10.
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Parameter Initial linear
deposition

Polymer �lament material PLA
Extrusion temperature 220°C
Nozzle exit radius, RN 0.20 mm
Fed �lament radius, R 0 1.75 mm
Set nozzle height, GN 0.20 mm
Gantry velocity, Up 16.667 mm/sec
Rotational �lament feed
velocity, UT

5.0 rev/min

Table 5.2: Example parameters for model of adjacently bonded linear depositions.

Figure 5.10: Diagram showing the cross-sectional layout for adjacently deposited
polymer linear paths along with the measurement labellings to allow for calcu-
lating distance between deposition center points, C, of the width of deposition 1,
W1, and deposition 2, W2. YZ axis shown in relation to standard build orientations
used within FFF.
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Eqtn. 5.6 is utilised, which is as follows;

W
2RN

= �

r
UN

UP
; (5.6)

All parameters can be found in Table 5.2, � values for the speci�c material

and thermal settings can be found in Table 5.1. When UT = 5.0 rev/min, UN = 53.5

mm/min, UP = 16.7 mm/sec and � = 1.75;

W = 1:25mm:

In order to predict the height, H, Eqtn. 5.7 is then used with the W value

calculated;

H = 4
RN

2

W
UN

UP
; (5.7)

H = 0:409mm:

Finally, to calculate the cross-sectional area, Eqtn. 5.3 is utilised;

AP = �R N
2 UN

UP
; (5.3)

AP = 0:403mm2:

Given that the two strands calculated are of the same set of parameters given

in Table 5.2, in this case;

W = C; (5.11)

) C = 1:25mm:

In situations where the parameters of two bonding polymer depositions are of

different parameter settings, and therefore different geometric characteristics, C

6= W and therefore and different calculation could be made to �nd the value of C;
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C =
W1 + W2

2
; (5.12)

where C is the distance between the deposition centre points, W1 is the width

of the �rst deposition and W 2 is the width of the second deposition. This is shown

in Fig. 5.11.

Figure 5.11: Diagram showing the cross-sectional layout for adjacently deposited
polymer linear paths along with the measurement labellings to allow for calculat-
ing distance between deposition center points, C, of the width of deposition 1, W1,
and deposition 2, W2 where the polymer depositions are of different widths, W1 6=
W2. YZ axis shown in relation to standard build orientations used within FFF.

In addition to calculating C using Eqtn. 5.12 rather than Eqtn. 5.11, allowances

should also be made for height measurements which may alter due to the expan-

sion characteristics of differing parameters in deposition 1 and deposition 2. This

also causes the subsequent layer of polymer depositions to require adjustments

of heights depending on the speci�c deposition to be deposited or “stacked” upon.

This should be considered for future research and is out of the scope of this spe-

ci�c model.
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5.3.1. Altering step over distances

Step-over distances, or the center-point distance, C, can be manipulated to in-

crease or decrease bonding between two linear polymer depositions. In order to

predict the step-over distance required for adjacently bonded polymer depositions

which have an increased amount of bonding in comparison to the initial method

(maximum C values) presented in Section 5.3 a prediction of dispersion of the

initial linear polymer deposition is �rst required. This is done through predicting

the cross-sectional geometric characteristics presented in Section 5.2.

During the process of decreasing the centre point distance value, C, a number

of notable changes occur in the theoretical bonding of two adjacent depositions

assuming all other parameters are kept constant. They are described as follows

and are accompanied by the diagram in Fig. 5.12 with its appropriate labellings

for each stage:

(A) The adjacent depositions are just close enough to bond, distance C is at its

maximum for the parameters used and can be easily calculated using the

standard model for single linear depositions (Section 5.2) and using the min-

imum width, W, of a cross-section as the C value assuming the depositions

are symmetrical. W = C in this case.

(B) Decreasing the C value causes an increase in the wetting effect of the sec-

ond deposition whilst in its molten state upon the �rst deposition. The sur-

face area of the two bonded surfaces which is connected has increased as

the C value decreases. W > C in this case.

(C) C is at its lowest. The polymer �lls the available area but does not over�ow

or expand upwards above regular expansion, found in singular depositions,

increasing the height, H, of the second deposition. Decreasing the C value

beyond this point would cause undesirable effects such as expansion which

is outside the H and W values which the deposition would occupy if the

extrudate where simply extruded onto a glass surface without any bonding

to another linear deposition. A small air gap is still present.
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Figure 5.12: Diagram showing the cross-sectional layout for adjacently deposited
polymer linear paths with varying center point, C, distances with all other parame-
ters kept constant. The diagram shows the three stages of decreasing C with the
initial polymer deposition being shown on the left and the subsequent deposition
shown on the right for each of cases A, B and C. CA, CB and CC represent the
distance from the central point from one deposition to the next for each of cases
A, B and C.
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To calculate the cross-sectional area of a bonded path, where C< W, the fol-

lowing equation can be used which relates to Fig. 5.13;

Astep = HC: (5.13)

Figure 5.13: Diagram showing the cross-sectional layout for adjacently deposited
polymer linear paths with the area , Astep, (shown with a dotted red line) repre-
senting the area between the centre-points of the two depositions.

In order to �nd the maximum and minimum values of C, C min and Cmax (thus

�nding the C values for situations A and C respectively in Fig. 5.12) the following

two equations can be used;

Cmin =
Astep

H
; (5.14)

Cmax =
4AP

�H
; (5.15)

This proves that for the parameters chosen, which are shown in Table 5.2, the

C values which are physically possible to allow for bonding without over�lling are

as follows;

0:984mm � C � 1:25mm;

This method of prediction allows for the CSA of material to either be calculated

from the step-over distance or the step-over distance to be calculated from the

CSA of material being used.
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It is worth mentioning that the minimum theoretical C value would not neces-

sarily create a maximum AP value which is equal to the theoretical AP. In practi-

cality the minimum C value would look similar to the area bounded by a red dotted

line in Fig. 5.13. This is due to wetting of the polymer depositions and polymer

expansions, which are governed by mathematical theories outside of the scope

of this model, which means a minute air-gap will always be present at the top and

bottom of the crease where the two depositions bond together. This wetting ef-

fect is what prevents FFF components achieving the supposed 100% in�ll values

as incorrectly stated in many slicing software packages and causing over-�lling

of FFF components which in turn causes metaerial to bulge out of the sides of

components and cause nozzle blockages.

5.4. Stacked deposition extrusion

Predicting the area of polymer deposition cross-section for layers after the initial

layer, as shown in Fig. 5.14, layer numbers labelled as N, can be done by utilising

equations already presented for linear polymer depositions onto a glass surface.

Figure 5.14: A model representation of the cross-section of stacked polymer
paths including relevant mathematical labels; width , W, connected inner width,
WI, and set layer height, GN. The numbers in red correspond to the layer number
in order of manufacture.
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Using Eqtn. 5.4;

AP = �
WH

4
; (5.4)

and substituting Eqtn. 5.8 for the H value;

H =
2RN

�

r
UN

UP
; (5.8)

where H is height, RN is nozzle exit radius, UN is radially averaged exit velocity

and UP is the extruder travel velocity in relation to the build area, an equation for

the prediction of W within stacked linear depositions can be found;

W =
4AP

�
�

2RN
�

q
UN
UP

� : (5.16)

However, due to the nature of stacked linear depositions within FFF the height

will remain constant with the set nozzle height. It therefore becomes safe to

assume that H = GN for N> 1. As such, the following equation can be formed;

W =
4AP

�H
: (5.17)

This is possible due to the fact, given suf�cient cooling time, the polymer in-

terface between any non-initial layer and the preceding layer (including the initial

layer) takes on the height of the set nozzle height and by extension the predictable

width which can be derived from a simple ellipse equation. This effect can be seen

in Fig. 4.27 and is explained further in the thermal modelling section. Experiments

show this to be true for at least the �rst initial 10 layers when extruded directly on

top of each other with the same path orientation in the XY plane (looking down

atop of the build plate, see Section 4.4.3).

5.4.1. Calculating height

For N = 1, where N is the layer number; GN is a set parameter and H is predicted

using Eqtn. 5.8.

E.g. For the parameters set in Table 5.3 where GN = 0.2 mm, H = 0.4093 mm.

For N > 1; GN = H, GN=2 is also measured from the top of H1. A visual repre-

sentation of this is available in Fig. 5.15.
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Parameter Initial layer (N=1) Subsequent layers (N> 1)
Polymer �lament material PLA PLA
Nozzle exit radius, RN 0.20 mm 0.20 mm
Fed �lament radius, R 0 1.75 mm 1.75 mm
Extrusion temperature, Text 220°C 220°C
Set nozzle height, GN 0.40 mm 0.30 mm (0.334 mm for ini-

tial stacked layer)
Set step-over, C 1.254 mm 1.254 mm
Gantry velocity, Up 1000 mm/min 1000 mm/min
Rotational feed velocity, UT 5.0 rev/min 5.0 rev/min

Table 5.3: Parameters for �nal model proof experiment.

Therefore the distance from the overall build surface, DN, can be determined

by;

DN = H1 + ( N � 1)GN (5.18)

)

GN=1 = 0.2 mm (set parameter) , HN=1 = 0.409 mm (0 � 0.3 mm) = 0.409 mm

GN=2 = 0.3 mm , HN=2 = 0.409 mm + (1 � 0.3 mm) = 0.709 mm

GN=3 = 0.3 mm , HN=3 = 0.409 mm + (2 � 0.3 mm) = 1.01 mm

etc...

5.5. Thermal Calculations

Assuming the temperature of the contact surface between the polymer and glass

surface decays exponentially in time, Eqtn. 5.19, adapted from Eqtn. 2 of McIlroy

and Graham (2018)'s paper on Modelling �ow-enhanced crystallisation during

fused �lament fabrication of semi-crystalline polymer melts (McIlroy and Graham,

2018), can be used to calculate temperature in relation to time of an extruded

polymer in contact with a glass surface produced during the FFF process:

T(t) = (( Text � Tbed)exp(� � T t)) + Tbed; (5.19)

where � T , which is the cooling rate, will effect the time taken to reach Tg.

The �tting parameter, T ext is the initial temperature of the polymer as it leaves the

nozzle and Tbed is the surface temperature of the build surface. Fig. 5.16 shows

a graph of Eqtn. 5.19.
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Figure 5.15: Diagram showing the distances of HN and GN for each value of N in
an example model of where the maximum layers produced is N=4.

5.6. Combined model

The methods presented in this chapter can be combined in order to create the

correct tool-path parameters to build a FFF manufactured component. This sec-

tion presents a system for combining single linear deposition extrusion with stack-

ing and adjacent bonding models to create a simple cuboid shape in the interest

of model proof. A manufactured and analysed component is then presented in

Section 5.7. In order to demonstrate the presented model's accuracy a worked

example is shown whereby an FFF part's geometry is predicted and then com-

pared with a CT scanned component of the same parameters. Fig. 5.17 shows

a �ow chart of the method used to combine the previous model components pre-

sented.

5.7. Example proof component

In order to calculate the tool-paths required for the �nal proof model the parame-

ters in Table 5.4 were used.

Presented in Fig. 5.18 is a visual layout of the layer path of the sample shape

used as an example of the analytical process discussed within this report. Fig.

5.19 shows a photo of the sample which was scanned. The shape was designed
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Figure 5.16: Graph showing theoretical thermal decay using Eqtn. 5.19 with
relevent labelling for Tg, Text and Tbed.

Parameter Initial layer (N=1) Subsequent layers (N> 1)
Polymer �lament material PLA PLA
Nozzle exit radius, RN 0.20 mm 0.20 mm
Fed �lament radius, R 0 1.75 mm 1.75 mm
Extrusion temperature, Text 220°C 220°C
Set nozzle height, GN 0.40 mm 0.30 mm (0.334 mm for ini-

tial stacked layer)
Set step-over, C 1.240 mm 1.240 mm
Gantry velocity, Up 1000 mm/min 1000 mm/min
Rotational feed velocity, UT 5.0 rev/min 5.0 rev/min

Table 5.4: Parameters for �nal model proof experiment.

with simplicity in mind with no complex curves or interfaces in accordance with

the model scope in Section 5.1.1. The spacing between adjacent paths was

calculated using Eqtn. 5.6, therefore the path cross-sections will touch but not

overlap. In addition, Fig. 5.21 has a render of the CT scan acquired as a visual

comparison of how the set toolpath translates into an actual physical form through

the FFF process.
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Figure 5.17: Combined model work-�ow including required equations.
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Figure 5.18: A CAD render of the full model example with a staged exploded
assembly with arrows indicating bonding.
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Figure 5.19: A �nal proof sample photographed alongside a linear rule.
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Figure 5.20: A �nal proof sample CT scan render. Rendered using VGStudio
MAX 2.2.4. Presented sideways for clarity. From top left to bottom right: front,
side, top and isometric views. Polymer represented in blue rendered material with
black representing air.
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5.7.1. CT scan measuring process

In order to measure the �nal produced proof component from the FFF model

(pictured in Fig. 5.19), the Nikon XT H 225 all-purpose X-ray and CT inspection

machine was utilised along with the proprietary software (VGStudio MAX 2.2.4),

as was shown in Section 4.2.2. The sample component was placed in on the

stage of the CT scanner and scanned using 5000 images. Once compiled the

images were viewed in the proprietary software as shown in Fig. 5.20. The

Contour Analysis function was used in order to quantify within the software the

separation between the volume of air and the volume of polymer which had been

scanned and allowed for ever more accurate measurements.

Fig. 5.21 shows a rendered cross-sectional slice through the centre of the

component with the Contour Analysis having been performed. This is clearly dis-

tinguishable from the white line which surrounds the component and voids within

the structure itself. Using Contour Analysis functionality of the software allows

for measurement of the component using snapping functionality when using the

calliper and measure tools.

Measuring height

Fig. 5.22 shows an example print-screen of how calliper measurements were

taken within VGStudio MAX v2.2.4 speci�cally for height measurements. The

“calliper” tool was chosen over the “measurement” tool as the calliper tool con-

tains extra guidance lines which the measurement tool does not which allows for

assurance that the measurements taken are perpendicular to the build surface

whilst also snapping to the volume edges being measured.

Measuring width

Fig. 5.23 shows similar calliper measurements to the height measurements using

the calliper tool in Fig. 5.22 but for width measurements using the central point of

the bonding gap between each deposition cross-section, the width measurements

are taken at a perpendicular angle to the height measurements.
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Figure 5.21: A �nal proof sample CT scan render. Rendered using VGStudio
MAX 2.2.4. Presented sideways for clarity.
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Figure 5.22: A �nal proof sample slice CT scan render example. Rendered using
VGStudio MAX 2.2.4. Calliper measurements show an example method using
snapping features within the software to align and measure individual layer bond
lines to obtain H values.
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Figure 5.23: A �nal proof sample CT scan render. Rendered using VGStudio
MAX 2.2.4.
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Measurement results

Height and width measurements of the �nal proof part were taken and analysed

and can be found in Figs. 5.24 and 5.25. The data shows that the sample values

for both H and W were consistent to within 0.07% for W values and 0.15% for H

values. Note Fig. 5.24 shows a H value for N=1 which is signi�cantly higher than

all other H values as the GN value was altered according to the model principles

for the initial layer values.

The data shows that H values had an average standard deviation of 0.00321

for all layers except for when N=1 where the standard deviation was 0.00335. This

shows that variation within the initial layer is slightly higher than within all other

layers which is to be expected due to the decrease in predictability of polymer

extruded onto a glass surface as opposed a surface formed of the same polymer

material. For W measurements the standard deviation for deposition measure-

ments was 0.00685.

Figure 5.24: Graph showing layer height measurements, H, for the �nal proof
component. The black dotted line shows the predicted height value, H=0.3 mm,
and is representative for all measurements where N> 1. Error bars included for
standard deviation.
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Figure 5.25: Graph showing deposition width measurements, W, for the �nal proof
component. The black dotted line shows the predicted width value of W=1.24 mm.
Error bars included for standard deviation.

It becomes apparent that by looking at Figs. 5.24 and 5.25 and comparing the

data to the CT cross-sections in Figs. 5.22 and 5.23 that whilst the height at width

measurements are correct and give an accurate representation of the polymer

path cross-sections, there are still variations in the placement of each deposition

which can be put down to slackening of the belts within the FFF apparatus. This

is a common problem within FFF which can only be seen once measurements

are taken at this level and visual representations are observed from images such

as the CT scans shown. This is an area to cover in future research.

5.8. Predicted model and sample visual comparison

In addition to the measurements of height and width taken in Section 5.7.1 a

visual comparison was also made to check for alignment of layers and deposition

cross-sections between a rendered CAD representation of the modelled polymer

component and the CT scan acquired. The overlaps and overhangs present in

Figs. 5.21, 5.22 and 5.23 are not present within the model and may be a focus

for future development. Whilst these features are not present in the model, the

method for measuring height and width is still correct.
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Figure 5.26: Top: model predicted measurements drawn within CAD soft-
ware(SolidWorks 2017-2018/2017 SP5.0). Bottom: A cross-section of predicted
outlines of deposition cross-sections for the predicted model projected onto a
central cross-section slice of the CT scanned polymer model sample.
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Figure 5.27: A 3D CAD render of the �nal proof FFF component interfaced with
a model version of the planned tool-path. Render prepared using SolidWorks
2017-2018/2017 SP5.0

5.9. Conclusion

In this chapter a model was presented for the prediction of polymer depositions

using FFF along with a proof example and associated CT scanning renders. The

mathematical model allows for the prediction of simple FFF components and their
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appropriate parameters given the scope of the model is followed (Section 5.1.1).

This includes the primary rule that the component is comprised of straight singular

polymer depositions stacked and bonded adjacently in a matrix pattern when

observed through a perpendicular plane.

Height and width measurements of the �nal proof component were found to

be accurate to the predicted model to within 0.07% for W values and 0.15% for

H values. This shows a statistically proven method for predicting polymer depo-

sition cross-sections within FFF using PLA as the chosen material. It was also

mentioned that he data shows that H values had an average standard deviation

of 0.00321 for all layers except for when N=1 where the standard deviation was

0.00335. This shows that variation within the initial layer is slightly higher than

within all other layers which is to be expected due to the decrease in predictability

of polymer extruded onto a glass surface as opposed a surface formed of the

same polymer material. For W measurements the standard deviation for deposi-

tion measurements was 0.00685. However, the model was proven to not account

for lateral deposition alignment which can be attributed to the belt setup of the

apparatus, mainly backlash of the belt con�guration, which is a common prob-

lem with consumer grade FFF apparatus as the belts slacken causing part of the

movement to be missed when a belt changes direction.

Other key points from this chapter:

• The thermal equation which calculates cooling can be used to estimate

how much time should be left before a raster pass occurs. A future study

could be carried out in which the difference between quick passes and long

passes which re-heat the polymer could be compared. The two methods

could respectively alter the bonding of the polymer structure in different

ways.

• Air-gaps formed above and below the bond line mean true 100% in�ll can

never quite be achieved.

• FFF corrective nature can be used within tool-path design to alter bonding

strengths and correct surface �nishes of rough layers.

Statistical analysis of the predicted and sample set is further discussed in

Chapter 6 along with comparisons to other FFF model techniques.
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6. DISCUSSION

6.1. Introduction

A review written by N. Turner et al. (2014) comments on technology �rst devel-

oped within the 1990's for rapid prototyping and its growth in sophistication ex-

plaining that components produced using FFF have previously been made for the

purpose of prototyping or as visual aids but not necessarily for use as functioning

components. A growing number of applications are being found through the AM

and 3D printing process but must meet more stringent functional design require-

ments if the mechanical properties of these FFF manufactured parts are to be

taken advantage of. This would also require an increase in the predictable toler-

ances of the components manufactured. This shows a growing need for mathe-

matically based models, such as the model presented in Chapter 5, of prediction

within additive processes as the adoption of AM continues to move from visual to

functional prototypes.

The �rst available literature on AM process modelling was written by Yardimci

et al. (1995) who developed a range of mathematical models for the Fused Depo-

sition Ceramic (FDC) process. FDC is a process similar to FFF but instead uses

ceramic materials. This research included a model for material bonding which has

been used as a starting point for many researchers. As previously mentioned, a

lot of experimentation has been undertaken within the research �eld in terms of

strength modelling of FFF. Prediction models for AM are still lacking (Rayegani

and Onwubolu, 2014) with a full uni�ed theory of additive manufacture yet to be

explored. A full uni�ed theory would allow the user to provide material data, such

as rheological and temperature values, with the model then having the capability

provide a tool-path and predictions of the �nal outcome of the model in terms

of cross-sectional geometries and bonding. In essence, the material science and

mechanical components of FFF would be uni�ed. Research has proven that layer

thickness, raster angle and set nozzle height signi�cantly in�uence the responses

of the FFF process through the design of experiment process (Ahn et al., 2002;

Lee et al., 2005; Rayegani and Onwubolu, 2014), which is a primary focus of most

models.

Invariably, the mathematical modelling of any system usually has the �nal aim

in increasing the predictability of the process in question with the push for improv-
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ing the performance of the apparatus, AM being no exception. The technologies

often under research, and which still have predictable deformation and strength

problems yet to be solved (Manzhirov and Lychev, 2014), include stereolithogra-

phy, electrolytic deposition, thermal and laser based 3D printing and 3D-IC fab-

rication technologies alongside the more common FFF (Manzhirov and Lychev,

2014). With these issues in mind, the model presented in Chapter 5 was ini-

tially designed to �ll the gap in FFF research whereby a method was needed to

ef�ciently calculate tool-path parameters for simple FFF manufactured polymer

components from basic rheological data taken in a standard polymer laboratory

setting. The model presented allows for simple structures to be created but also

has some limitations. This chapter critiques the presented model in relation to the

experimental data and then compares the model to literature available in order to

create a comparison. The chapter is then concluded with brief suggestions of

how the model can be expanded upon in future research.

Whilst many attributes of FFF manufactured products may be seen as having

defects and unwanted features, which is due to the nature of fused �lament-based

manufacturing (Gordeev et al., 2018; Galantucci et al., 2009), it is still important

for the defects to be predicted within mathematical models which are being devel-

oped. These defects, such as porous structures and stepping which is mentioned

in Section 2.4.4, can be used as positive features in speci�c applications, for ex-

ample increasing drug availability within the pharmaceutical �eld. These features

do indeed hinder FFF specimens for structural applications. Therefore, more re-

search on eliminating the surface and internal defects is needed to use them as

structural materials (Agarwala et al., 1996; Kerekes et al., 2019), however this

discussion chapter will focus on how mathematical models help to predict rather

than prevent such defects.

Rayegani and Onwubolu (2014) state that parameters affecting the meso-

structure and bonding of a component usually do so due to the uneven heating

and cooling cycles naturally found in the FFF process resulting in stress accu-

mulation which leads to distortion and weak bonding. This strongly suggests

that the thermal characterisation of the process is far more important than many

researchers give credit for and is yet to be incorporated into a full model. Ther-

mal effects are brie�y discussed within this body of work with a small theory of

thermal decay being included in Section 5.5, however a full thermal theory is out
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of the scope of this research but is discussed within this chapter as a matter of

importance for future work.

In summation, this chapter will discuss the Model Chapter presented in (Chap-

ter 5) and its relation to previous works and how it can be utilised within the �eld

of FFF research.

6.2. Model critique

The model presented in Chapter 5 is a proven system of calculating the height,

width and cross-sectional area of both initial layer depositions and subsequent

layers and can be applied as a highly convenient method of calculating physical

dimensions during tool-path design and the general running of FFF apparatus.

This is proven in Section 5.7 with a proof component which was manufactured and

measured for statistical accuracy. The method allows for simplistic calculations

but is yet to be extended to make accurate predictions of curves, corners and non-

steady state movements such as changes in extrusion velocity, UN. The method

is advantageous in its practicality and novelty in comparison to other tool-path

generation methods in the FFF research �eld.

Methods such as these, which measure the accuracy of polymer depositions,

will bene�t from the standardisation of an in-process measurement method in

the future, in which tool-path input co-ordinates are de�ned and measurements

are taken after extrusion to determine how the FFF process altered the mate-

rial's structure and shape with the given extrusion settings and co-ordinates. This

would create a truly comparable way to assess certain extrusion settings and rule

out factors such as machine axis misalignment. The repeatability of this method

is quite convenient for comparing other materials and could be used in future

research to assess material suitability for the FFF process. Without the use of

expensive micro-CT imaging and inspection apparatus the experimental method

and equations supplied can still be carried out using simple hand measuring tools,

such as vernier callipers, to check for the calibration of a certain piece of FFF ap-

paratus, thus demonstrating its practicality further. This would be achieved by

extruding singular polymer depositions and/or bonded adjacent or stacked extru-

sions and then carefully measuring the samples using a suitable method for the

application. This would be suitable for a lab setting where ef�cient results for

setting up FFF equipment is required in order to save time and material cost.
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6.2.1. Model methodology advantages

Accuracy: The accuracy of this method is governed by the accuracy of the CT

imaging apparatus used to acquire measurements. The main advantage of the

model however is that it may be applied to the FFF process provided the mea-

surement method �ts the application.

Novelty: To this authors knowledge, a similar system to predict H, W and AP has

never been tested and veri�ed in the academic �eld. This makes the model a

good starting point to build further models and apply them to novel applications.

Representation of material: with correct rheological data, this model could the-

oretically be applied to any polymer based material for the purpose of FFF pro-

cessing, which opens up the models usability considerably.

6.2.2. Model methodology drawbacks

Even with the models practicality, there are a few improvements which could be

made to expand its functionality.

A better representation of thermal envelope properties would help the pre-

sented model signi�cantly. Envelope temperature and its associated �uctuations

of the extruded �lament have been proven by Sun et al. (2008) to vary widely

depending on convective cooling conditions within the manufactured component.

Rayegani and Onwubolu (2014) also explain that the lowest layers of the FFF

component are exposed repeatedly to excess heat as they are passed over to

form subsequent layers causing them to rise above the glass transition temper-

ature. Micrographs provided by Rayegani and Onwubolu (2014) show that this

effect is more noticeable in layers lower down in the print which have been ex-

posed more to the effect. This will be due to the heated build surface and limited

space for free air�ow to cool the material to below the glass transition tempera-

ture. As such, an incorporation of temperature �uctuations within the model would

serve as a good indicator of how a material may behave when extruded upon a

polymer layer or build surface of varying temperature. These �uctuations could

change the predicted mechanical properties and �nal cross-sectional dimensions

of a polymer deposition. Logically, the thermal pre-factor would change altering

the equations used to calculate H, W and AP (Eqtns. 5.6 and 5.8). A simple

change in the thermal pre-factor could be made by altering the Tbed value in Eqtn.

5.10, however this may prove to be inaccurate with further experimentation when
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applied to the stacked deposition calculations and therefore should be investi-

gated for best practice. This would also give an opportunity to investigate how

the �uctuation in surface temperature, whether a polymer or hard glass surface,

effects the bonding of depositions between the bonding surfaces directly.

Finally, the connection between die swell and extrusion velocity was proven in

Section 3.5.3 by linking die swell data to the �rst normal forces provided by the

rotational rheometry experiments. Whilst a correlation is shown a better method

for predicting die swell from rotational rheometry with a degree of accuracy needs

to be addressed in future work. A variety of literature is available on the die

swell phenomenon but the requirement for understanding the in�uence of die

swell upon the expansion of polymer during the deposition phase of the FFF

process would allow for a more certain method of calculating expansion from

the rheological data acquired.

6.3. Models in literature

This section will introduce some notable mathematical models and concepts from

academic literature which can be compared to the model presented within this

thesis. Due to the FFF �eld of research being relatively new in comparison to

other traditional polymer processes mathematical models of the process are not

yet fully developed and many of the models available are variations of mathemat-

ical models used for processes such as simple piston extrusion systems which

have been adapted for a new application. As such, models found in current liter-

ature are presented here with explanations of how they could be used to form a

full working model of the FFF process within the future.

Section 2.4.2 explains how coalescence is the main theory used to explain the

manufacture of polymer layers within the FFF process and also elaborates to point

out how chordal and staircase errors have been studied by various researchers to

describe the faults within the FFF process and how they can be overcome using

correctly applied mathematical models of the process. A variety of researchers

have attempted to create models which encompass predictive measurements of

entire FFF components with these chordal and staircase errors in mind. Many of

these tend to take one speci�c measurement into account, such as surface rough-

ness or component height, and use it as an indicator of quality. Whilst the primary

aim of many models is not to be used as a subsection of a larger mathematical
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model with which to predict outcomes of the FFF process, some models shown

in this section lend themselves quite easily to becoming a component of a much

larger predictive model, which are discussed within the remainder of this section.

The model presented within this thesis has the advantage of being comparable

directly to the tool-path required and doesn't suffer from comparing entire portions

or whole structures. There are however advantages to quantifying a surface or a

volume of FFF produced polymer.

One such example is the work of Boschetto and Bottini (2014) who ran a study

whereby the accuracy of an FFF part can be predicted before manufacture using

the number of layers and deposition angle, which is de�ned as the angle at which

the layer is extruded in comparison to the angle at which the surface is modelled.

This is an experiment which takes into account the FFF part to be manufactured

as a whole by measuring the layer height, angle of the top surface to be deposited

(regardless of abidance to the XY plane) and relating it to the surface roughness

to give a measurement of stepping. However, this experiment does not give any

predictions or information on the deposition of individual polymer depositions but

does allow for predictive outcomes of surface roughness. This method could be

applied alongside the predictive model in Chapter 5 in order to compare surface

characterisation with the bonding calculations presented. Boschetto and Bottini

(2014) de�ne the deposition angle, which is close but not equal to zero, which

causes the staircase effect to be more pronounced. It has the spatial periodicity,

p, de�ned as the length of a pro�le segment which recursively repeats, which in

turn depends upon the surface slope and layer thickness. It can be calculated by;

p = Lcotan�; (6.1)

where L is layer thickness and � is the deposition angle of the surface being

measured.

Whilst this is useful in terms of tolerances of entire part accuracy and the over

height dimension of a component the model does not help to make predictions

on bonding geometries. It is also apparent that the data presented will only be

applicable for the apparatus used within the research and may not necessarily

cross over into other FFF apparatus types.

Balani et al. (2019) also comment on the issue of process variables in�uenc-
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ing the quality of parts manufactured using FFF further con�rming Boschetto and

Bottini (2014)'s study; “The in�uence of process variables, such as layer thick-

ness, road width and deposition speed, on the surface quality of parts manufac-

tured via FFF (Anitha et al., 2001; Vijay et al., 2011) was observed.” These two

journal papers clearly show that FFF is a process where, similar to most poly-

mer processes, the parameters in�uence the product outcome greatly and allow

for signi�cant manipulation of the process outcome by the user. These comments

are also echoed by Abbott et al. (2018)'s earlier paper, Process-structure-property

effects on ABS bond strength in fused �lament fabrication , when discussing adhe-

sion and stating that the mechanical properties of printed parts are directly linked

to the deposited �laments adhesion.

This series of studies answers an important question about adhesion within

the FFF community and allows users to move away from “adjusting the process

parameters through practical experiences” which in turn prevents post-processing

issues (Vasudevarao et al., 2000; Ahn et al., 2007) and bonding problems de-

creasing strength (Boschetto and Bottini, 2014).

Empirical models present a much greater value to the average user of FFF

apparatus due to their practicality, the few available methods being applied by

statistical analysis. Through using heat transfer models which study the material

through the melt phase, mechanical properties and stability can be investigated

(Bikas et al., 2016a). Anitha et al. (2001) explain that many attempts have been

made whereby prototype quality and errors have attempted to be measured. They

further explain that Susila et al. (1997) studied optimisation by considering the di-

rection of orientation, something whichcould be added to the discussed model

within this work. This is a common strategy which allows for the study of a basic

parameter. The main concern with such studies is that only one factor is taken into

account and may only garner statistically valuable data on the speci�c apparatus

upon which the experiment was performed. In an ideal situation an experimental

study of this nature would take into account all the parameters commonly avail-

able within the FFF process and through the process of elimination �nd which

parameters cause general behavioural changes to the polymer material being

processed. This was the direction taken with Hebda et al. (2019)'s work, this

becomes an experimental challenge however, as many parameters need to be

accounted for which often can't be measured directly, such as polymer spreading
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velocities within the deposition but doing so will open up many research oppor-

tunities for offshoots of FFF research, for example; studying new variations of

polymer �ows and spreading. Allowances must be made for some parameters in

order to make the theory practical for use in a laboratory environment. A way to

study available parameters at once is through statistical analysis and simulation.

This shows a mixture of empirical modelling, simulation and statistical analysis is

required within the study of FFF.

One such model model is the Taguchi method. Anitha et al. (2001) writes on

critical parameters within FFF by making use of this method. The Taguchi Method

is a statistical method created by Genichi Taguchi which has been adopted by re-

searchers and applied to FFF, it is not exclusive to FFF and the primary goal is

to improve the quality of manufactured goods (Roy, 2010). It has been succes-

fully applied to other engineering processes such as Arunachalam et al. (1997)'s

super abrasive reaming research. Such a method, whilst accurate and proven

to work, is not practical for the average user. A working knowledge of statistical

mathematics is required which will be out of the scope of most users of FFF within

the consumer market. This model has also not been applied within the research

of this thesis as its complexity detracts from the simplistic workings of the model

presented within this research, this is re-enforced by the fact that the Taguchi

method also requires calculations to be performed on complex software which is

not within the thesis model's scope.

Bikas et al. (2016a) point out that the studies presented within most academic

papers present a theoretical approach with limited veri�cation or semi-empirical

approach which, whilst correlating with some speci�c experiments, can not be

directly transferred to other FFF equipment giving a need for further experiments

to verify the outcomes on other equipment. To remedy this a method of analysis,

probably involving in-process measurements could be harnessed to provide the

real-world data required for correct model veri�cation a theory the author would

like to explore in future works.

6.3.1. Bonding

FFF presents many questions regarding strength of the �nal manufactured prod-

uct. As discussed in Chapter 2, one common way of predicting strength is through

the understanding of bonding within polymers. This involves an understanding of
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how polymer chains interact with each other, speci�cally reptation (de�ned as the

thermal motion of very long linear, entangled macromolecules in polymer melts or

concentrated polymer solutions), which was a concept �rst introduced by French

physicist Pierre-Gilles de Gennes. Bellini et al. (2004) states that modelling ap-

proaches similar to polymer welding can be used to model bond formation in

which the issue of molecular diffusion dominates. In de Gennes' book, “Scaling

concepts in polymer physics”, the opening segment talks about how the great

scientists Debye, Kuhn, Kramers and Flory pioneered the physics of long �exible

chains (De Gennes and Gennes, 1979). Pierre-Gilles de Gennes built on theories

proposed by Rouse Jr (1953), who created the Rouse model for describing the

conformational dynamics of an ideal polymer chain. This research can be brought

down to mathematical models of reptation within FFF and allows for mathematical

models of bonding to be created. Theories on reptation and molecular bonding

would be of great advantage to an empirical model such as the model presented

in Chapter 5.

McIlroy and Olmsted (2017a) discuss the disentanglement effects on weld-

ing behaviour during the FFF process and how the welding effects between sin-

gle polymer depositions are controlled by the interdiffusion and entanglement

of the melt across the interface. A model is presented within their work for the

non-isothermal polymer relaxation, entanglement recovery and diffusion process

which occurs during the cooling of a polymer deposition after extrusion has oc-

curred. Whilst this involves complex polymer mathematics, which may be imprac-

tical to carry out for the average user, this provides a large insight into welding

characteristics and pushes the boundary of polymer FFF research by exploring

bond strength within polymer weld regions. This is ultimately useful for the end

user and will be incorporated into a more simpli�ed and easy to understand model

to get the full potential of the understanding gained from the paper. This could be

achieved in combination with additional experimentation. Incorporating a molec-

ular theory into the empirical model presented in this thesis would allow for the

gap to be bridged between the understanding of rheology within polymers and the

empirical models available within the �eld. This link will be addressed in future

works and would allow for a comfortable prediction of material behaviour before

FFF manufacture would occur and could also lead to creating polymer materials

with speci�c applications in mind from the outset of designing a polymer formula-
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tion.

Polymer-polymer welding was studied far before FFF became a distinct re-

search area through the study of polymer adhesion (Wool, 2006, 2008; Kline and

Wool, 1988). It was achieved within the vicinity of the glass transition temperature

under isothermal conditions. The process begins with surface wetting, followed by

chains reptating across the interface creating frictional contacts, and eventually

develops into entanglements (Awaja, 2016; Seppala et al., 2017).

Some notable remarks within McIlroy and Olmsted (2017a)'s work include the

point that deformation of polymer chains within FFF occurs mostly during the the

obstructive path formed by the polymer exiting the nozzle and �owing through the

constrained space between the nozzle and the build surface. Once the polymer

leaves the die and makes a right-angled turn, it forms an elliptically shaped depo-

sition. This is one of the �rst times within FFF literature that the polymer extrusion

has been described as elliptical in shape, something which is often ignored in the

interest of simplifying the theoretical geometry of the polymer during modelling.

McIlroy and Olmsted (2017a) then continue to describe the constraint caused by

the sharp turn and die exit in which the transition from cylindrical shape to ellipti-

cal shape causes the polymer deformation to be affected mainly by the deposition

�ow rather than the die �ow. Polymer stretch becomes signi�cant in the bottom

half of the deposition. The theory of deformation due to the change in cross-

sectional shape and the sharp angle requires further study to be fully applied to a

broader setting. Adding a method to allow differing die geometries to the Chapter

5 model would allow the model to be applied to more apparatus variants. Taking

into account �ow constraints must be an element of future works as constraints

could directly effect the characteristics of polymer materials utilised in the FFF

process.

A system for calculating �ow in a more practical way comes from the work of

Gilmer et al. (2018) who developed a model which included a Flow Identi�cation

Number (FIN), which relates to the apparatus geometries and material proper-

ties. This allows for a screening process to occur which analyses how easily the

material can be extruded by predicting extrusion failure (Gilmer et al., 2018). The

number identi�es if back�ow will occur. The equation for FIN is as follows;
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�
; (6.2)

where � P=L is the pressure drop of the polymer melt which can be calculated

using actual viscosity measurements with the equations developed by Bellini et al.

(2004), � is apparent viscosity, � is �lament feed rate in m/s, D B is the nozzle di-

ameter at the entrance to the lique�er, and D F is the �lament diameter (Gilmer

et al., 2018). Whilst easy to calculate, the FIN number is still a rather basic mea-

sure of a polymers suitability to the FFF process and still requires more research.

This is a good example of a prediction method which may be useful in creating

a ballpark quantitative measure of whether or not a material will extrude using a

speci�c FFF extruder but much more information is usually desired about a mate-

rial before it is utilised within the FFF process. This equation could still be used as

an initial step in the tool-path generation process presented in Fig. 5.17, the work-

�ow diagram, especially on materials which are unknown to the user/researcher

but where rheological data may be available.

McIlroy and Olmsted (2017a) also say that the extrusion process can signi�-

cantly deform and disentangle the polymer microstructure before welding, some-

thing which is debated heavily within the FFF community depending on which

polymer materials are in question. This is proven by their previous paper “Defor-

mation of an amorphous polymer during the fused-�lament-fabrication method for

additive manufacturing”. The conclusion also �nishes with a practical explanation

of the research presented clarifying that welds can be formed which are thicker

but more entangled by using a less entangled starting material which will reduce

reptation time. This implies that there is added strength to be gained within the

bonded portions of an FFF manufactured component from an increase in the

temperature of the material and also by selecting a material which is less entan-

gled from the outset. An application of this within a full predictive model of FFF

could allow the model to not only predict the physical geometrical outcomes of the

produced polymer part but could then allow a further predictions to be made on

bonding strength between linear depositions and layers. This could be a useful

predictive model for applications where a high level of strength is necessary such

as within prosthetic body parts.

Lamination theory is another common concept used to explain FFF bonding
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and is de�ned as the theory of forming laminar through a consecutive layering

process, this process is often associated with material composites (Daniel et al.,

1994). Properties of the FFF process can be modelled using lamination theory

(Bellini et al., 2004; Mallick, 1993). Lamination theory works on an assumption

that bonding between �laments is such that the properties at the interface are

the same as the material used to produce the �laments (that is, perfect bonding).

Studies show that the bonds created between depositions are inferior when com-

pared to components manufactured using traditional polymer processing methods

(Rodriguez Matas, 1999; Li et al., 2001, 2002). The assumption associated with

lamination theory puts into question the validity of the theory itself. Whilst it may

be possible to predict if bonding will occur there is still much research to asso-

ciate the level of bonding with the strength of the �nal product within FFF, this is

mainly due to the fact that applying the lamination theory model to FFF becomes

very complex for a variety of reasons. Firstly, lamination theory is for a layered

or laminate stack of sheet like materials. Even though FFF manufactured com-

ponents are constructed from layers those individual layers are produced strand

by strand which means allowances for deformations and errors from one part of

a layer to another must be accounted for. Secondly, FFF components contain

a variety of semi-predictable voids giving the actual structure of individual layers

a non-sheet-like characteristic. This in turn affects the �ow of thermal energy

through the structure and effects cooling in a way that can not be accounted for in

classical lamination theory. Finally, the theory is being applied to structures that

far exceed a handful of layers and which also vary away from a classical oblong

shape in cross-sectional geometry whilst varying, sometimes considerably, from

one layer to the next. It could possibly be safe to apply this theory to a limited

stacking of strands over a handful of identically shaped layers but the theory will

soon not account for the complexity of FFF parts in a fundamental sense un-

til it is expanded considerably to account for the aforementioned requirements.

The model in Chapter 5 has the advantage of taking into account each individual

deposition. Strength predictions discussed in Section 6.3.3 in relation to tensile

testing methods of the AM components.
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6.3.2. Thermal calculations

The thermal calculation presented in Section 5.5, originally from McIlroy and Gra-

ham (2018), allows for a basic representation of the thermal decay of a linear

polymer deposition as it leaves the nozzle exit and touches a solid build surface

which is heated to a temperature just below the polymers Tg. The calculation is

repeated as follows:

T(t) = (( Text � Tbed)exp(� � T t)) + Tbed; (5.19)

where � , which is the cooling constant, will affect the time taken to reach Tbed.

The boundary condition, Text is the initial temperature of the polymer as it leaves

the nozzle and Tbed is the surface temperature of the build surface. The equation

is very basic and is commonly used to measure the cooling of an object within

physical models. However, an interesting component of the equation is the use of

the � T cooling rate which could potentially have connections with the � pre-factor

used to balance the rheological component of the predictive equations presented

in Section 5.2. This has only been tested on one material however and needs to

be tested on multiple materials to con�rm this as fact.

6.3.3. Tensile testing models

Tensile testing is an area, as mentioned in Chapter 2, which has been over-

saturated with experimental research. This has been mentioned numerous times

in literature itself with quotes such as the following being quite commonplace;

“Because of limited space, we cited some representative works that investigated

effects of the in�ll density of acrylonitrile butadiene styrene (ABS) on tensile

strength (Alvarez et al., 2016); build orientation, LT (Liquidation Temperature),

and feed rate of PLA on the tensile and three-point �exural strength (Chac ón

et al., 2017); the printing temperature, LT, and layer design of PLA on tensile

strength and delamination energy (Spoerk et al., 2017); melting temperature,

LT, and raster pattern orientation on tensile strength (Bayraktar et al., 2017); LT

and orientation on tensile modulus, strength, and failure modes (Rankouhi et al.,

2016); temperature, speed, in�ll direction, relative in�ll density, LT, and perimeter

on tensile strength and fracture properties (Torres et al., 2016); and part orien-

tation, raster angles, raster width, and air gap on tensile strength (Rayegani and

Onwubolu, 2014)” (Kerekes et al., 2019). The number of available references
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shows the oversaturation of tensile research, most of which can not be replicated

due to the vast amount of apparatus variations, types of material, slicer software

packages and variations in tool-path design. A method for predicting the tensile

strength of the structure produced through the FFF process as a whole is a large

requirement which needs to be added to the model within this thesis. In theory

a method for predicting the bonds between individual polymer depositions would

aid in the prediction of the strength of an entire structure. Using the calculations

for the C values initially presented in Section 5.3, a method could further be de-

veloped for predicting the bonding behaviour through an entire structure. This

could possibly be down to the wetting characteristics of the polymer in question

and the thermal conditions allowing the polymer chains to intertwine and bond

across the boundary between two depositions. It is probable that the strength of

an entire FFF structure is reliant on the weakest point of the structure which may

be the true strength measured in many of the tensile testing studies mentioned

within this section. This theory is subject to further investigation.

6.3.4. Rheology

Rheology within FFF has two primary uses; to study the materials applied to the

process, a characterisation tool, and to study the geometry and �ow the appara-

tus in question creates. The rheology performed within this body of research is

primarily for the characterisation and �nding the � value for use within the model

which may in the future allow for the model to be applied to a variety of different

polymer materials.

Conversely, Balani et al. (2019) comment on the use of rheology to study

the FFF process and apparatus explaining that the shear rates of the material

used were calculated in order to �nd the maximum inlet velocity which should be

programmed into the software. They also mentioned a shark skinning effect, or

ripples, which form when inlet velocity is set too high giving the melt a turbulent

�ow as it exits the nozzle and preventing the process from creating predictable

extruded depositions. This approach allows the user to de�ne the maximum run-

ning speed and the optimum velocity of the polymer exiting the die. This research

could be built upon with the information presented in the Model Chapter with this

current piece of work to accurately describe how high-speed throughputs effect

the FFF process of a speci�c apparatus type. Within industry settings, many man-
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ufacturers boast the speed at which a machine can operate and manufacture a

component. These calculations, along with additional research, could help design

an FFF machine with much faster output and decreased production time than is

currently available.

Many research papers have discussed the behaviour of the extruding appa-

ratus being governed by the viscous behaviour of the material. Material for AM

processes are typically shear thinning for this reason and follow the power-law

viscosity model (Bellini et al., 2004; Mostafa et al., 2009; Ramanath et al., 2008a;

AtifYardimci et al., 1997);

� = K ( _
 )n� 1; (6.3)

where � is the viscosity, _
 is the shear rate and K and n are power-law �t

parameters.

Computer simulation models

Melt properties are a non-linear function of temperature and shear rate and as

so cause the dynamics of the FFF extrusion lique�er to be very dif�cult to model.

Extrusion rate is ultimately hampered by the pressure drop through the nozzle

(N. Turner et al., 2014). For this reason many researchers turn to complex simula-

tions of polymer systems to address the challenge presented. In order to achieve

apropriate mathematical modelling and Finite Element Analysis (FEA), the cor-

rect geometries and conditions must be considered (Ramanath et al., 2008b).

A handful of models which require signi�cant computing power to calculate are

available for FFF. Naturally they can be very time consuming and are impractical

for everyday use but are discussed within this section as they can be useful for

the purpose of research.

Ramanath et al. (2008b) propose a generic mathematical model and a Finite

Element Analysis (FEA) simulation model to better understand the melt �ow be-

haviour (MFB) of PCL in the melt �ow channel. They comment; “The volumetric

material �ow rate determines the rate at which the solid �lament becomes �uidic

in the melt �ow channel. The volume �ow rate was measured by measuring the

feed rate of the PCL �lament into the extrusion head which also determines the

inlet velocity of the �lament.” Models such as these will eventually help to build a
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uni�ed model which will allow for complete predictions of the FFF process. Mod-

els can simulate behaviour such as shear thinning, the non-Newtonian behavior

of �uids whose viscosity decreases under shear strain, which allows for the pre-

diction of material behaviour when extruded at differing extrusion velocities and

therefore under greater pressures. Each material will have an optimum oper-

ating envelope which places it within the optimal shear thinning conditions. An

example of this type of measurement can be seen in Ramanath et al. (2008b)'s

research; “Based on the rheology experimental results for PCL, power law in-

dex, n, was found to be 0.42, clearly indicating a pseudo-plastic or shear-thinning

behaviour, which is typical of polymeric �uids and melts (Michaeli, 1984; Rauwen-

daal, 2014)”.

In regards to the practice of FEA models being run in steady state, Ramanath

et al. (2008b) explains: “Though in practice the process of extrusion in FDM is

usually intermittent, for simplicity, it was assumed to be in the steady state and

there is no change in the �ow pro�le with time”. This is a main disadvantage of

FEA models; they are mainly used for steady state simulations and with the many

intricate and high speed changes in processing parameters associated with FFF

simulations which require many hours of computing power to fully perform fall

short of giving accurate predictions of how materials behave within a process as

the conditions change. This disadvantage in terms of time is the reason empirical

calculations have a signi�cant advantage over FEA models. This was partially

the inspiration for the research presented throughout this thesis. The average

FFF user may never be able to access the software and hardware required to

run such a simulation simply for the generation of tool-paths within their speci�c

FFF apparatus. The accuracy of the FEA software models vastly outweighs the

empirical model presented but suffers greatly in terms of practicality.

In addition to understanding the melt �ow behaviour and how geometries ef-

fect the polymer �ow, work has also been shown to predict defects through FEA

modelling. This has shown to mainly be caused by stresses on the underside

surface of the part during fabrication (Rayegani and Onwubolu, 2014). Details

such as these will add to the practical modelling of the process and may allow

for empirical methods to be formed which can not be made with experimentation

alone. In an ideal research situation the FEA models could be used to aid in the

generation of more accurate empirical models.
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6.4. Requirements within the FFF �eld of research

It is well established that a primary problem which is setting back the �eld of re-

search is a limited understanding of the polymer processing science (Bourell D.L.

and , Eds; N. Turner et al., 2014). Here are listed the main requirements for future

improvements within the FFF research �eld:

• A feedback system within research equipment. Ramanath et al. (2008b)

explains that the pressure which needs to be applied within the lique�er is

rarely known during the extrusion process. By developing research equip-

ment with feedback loops and allowing for in situ measurements to alter the

parameters of a system a better understanding of how polymer bonding oc-

curs would be achieved. Combined with a model would perhaps allow a

form of machine learning where any piece of FFF apparatus could be opti-

mised through an in situ scanning process. Primarily, the force required to

extrude the correct geometry of polymer for a given moment in a tool-path

could be achieved (Bellini, 2002).

• A study regarding the effect of outside in�uences such as moisture within

the polymer �lament or ambient temperature conditions would also be use-

ful. As well as the individual apparatus of a user, the location and environ-

ment should also be studied. These factors can lead to to morphological

changes in the material, blockages (Halidi and Abdullah, 2012) of the print

nozzle and/or formation of bubbles and bulges on the surface of the printed

road of material (N. Turner et al., 2014).

• An in depth study of die swell and its predictability using rheological data

obtained through traditional methods such as rotational rheometry. Section

3.5.3 presents a method on proving correlation between die swell and rhe-

ology data but a more substantial method of prediction is still required to

move research on a predictive method of FFF forward.

6.5. Summary

Research could be carried out to extend the functionality of the measuring system

by recognising defect features, width consistencies, polymer variations in path

corners and other features of the layer. This includes but is not limited to sharp

edges, corner portions and bubbling/sputtering of polymer materials.

167



However, in addition to this, a comment on where FFF mathematical mod-

els could be going is made by (McIlroy and Olmsted, 2017b); “Understanding

the polymer behavior during extrusion in terms of the material properties, print

speed, and nozzle geometry is a key to characterizing the strength of the weld

between printed �laments. After deposition, the printed melt will rapidly cool to-

ward the glass transition. The way in which the deformation relaxes as a function

of temperature governs the diffusive behavior at the weld and is therefore the

key to understanding the ultimate welding characteristics such as weld thickness,

structure, and entanglement. The effect of this polymer deformation on welding

behavior will be discussed elsewhere.” This eludes to the fact a full FFF model

will require a knowledge of geometric, molecular and thermal properties of the

process and also die swell prediction.

The presented model allows for basic cross-sectional geometries to be cal-

culated ef�ciently. As a catch all method it does look promising for a generic

model as long as the � pre-factor is correctly calculated through correct rheologi-

cal experimentation of the materials in question or research is added which links

rheology into the process in a more succinct manner.
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7. GENERAL CONCLUSION

This chapter will act as a summary for this body of work and will include the

outcomes of each chapter followed by a recommendation of future work and sug-

gestions of expansion within the FFF �eld of research.

The Literature Review Chapter established that an experimental method and

associated predictive model was required within FFF research to solve the prob-

lem of slicing software packages being based on mathematics created through

trial and error rather than an experimentally tested set of predictive equations. It

was also established that there was a lack of literature in general which linked

the characteristics of materials used within the FFF process to the behavioural

changes imposed on the material during the process itself. The research which

needed to be carried out was suggested to involve a testing procedure which

would acquire the mechanical characteristics of extruded polymer depositions in

conjunction with rheological studies to underpin the material science properties.

Research within the �eld of polymer science within FFF is still to be substan-

tially explored. This fact was related to the foundational beginnings of the automa-

tion methods used within FFF, CNC movement and tool-path programming, which

took many years to expand and develop and, given the set backs within the FFF

industry due to patenting laws which were recently lifted, is still in development

whereas CNC subtractive machine gained traction decades before.

The chapter goes on to mention a report released by NIST, the National Insti-

tute of Standards and Technology, named “Measurement Science Roadmap for

Polymer-Based Additive Manufacturing” (Pellegrino et al., 2016) which detailed a

range of areas which required more detailed research. These were named as:

1. Reduction in quality deviation

2. Reliable parts quality

3. Improved in situ measurement

4. Improved active control of process

5. Standardized measurements to control the printing process

The research presented addressed these targets in a number of ways. The

model presented directly allows for the reduction in quality deviation, this was its

169



intent from the outset and is outlined within the scope. This in turn makes parts

produced within FFF more reliable. In situ measurement is an area which will

be a focus of future research and something which the model can be applied to

with data on a materials behaviour being collected through in situ measurements

which would help to �nd the � value. Active control and standardised measure-

ments of the FFF process are outside of the scope of this piece of research but

could be considered in the future.

This chapter created a set of targets which were to be achieved in the experi-

mental chapters which followed.

The �rst of the experimental chapters, Chapter 3, presents experiments fo-

cused on rheology and the die swell phenomenon within an FFF setting with the

primary focus being using the MK8 extruder to perform the die swell experiments

and therefore giving a direct comparison to the linear deposition experiments per-

formed with the same extruder in the subsequent chapter.

Die swell behaved as expected within a polymer process and ranged any-

where from 15.52% to 28.34% for the standard PLA material used off the shelf.

depending on the sample, extrusion speed, temperature and also initial extrusion

diameter. As expected with all processes which cause a die swelling effect, the

swell was more pronounced at higher extrusion rates and lower temperatures.

The characterisation of the RS Components PLA was found to be as follows:

Material RS Components Polylactic Acid, PLA
Glass transition temperature, Tg 60.08°C
Melt temperature 145.75°C
Degradation temperature 307.328°C
Manufacturer recommended
extrusion temperature

200.0-220.0°C

Appearance Transparent, colourless

Table 7.1: Material characteristics table for PLA �lament sourced from RS Com-
ponents.

Thermal cooling methods were also tested within this chapter with three dif-

ferent methods reviewed. It was found thermal imaging of the underside of a

transparent surface with suitable characteristics for receiving a correct thermal

image reading creates data suitable for observing the decay of thermal energy

within polymer depositions extruded as part of the initial layer of an FFF print.

A curve acquired from such an experiment can be applied to the thermal decay
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model discussed later in the model chapter. This experiment also proved that

polymer does not leave an FFF extruder at the temperature set in the proprietary

software as has been speculated and mentioned by many users in the �eld. This

stands to reason as the observed temperature was 175.9°C when the extruder

temperature was set to 210°C. Rheological tests show that the melt tempera-

ture of the material was in fact 145.75°C showing that in order to not only melt

polymer materials within the FFF process but also achieve a �ow rate which is

high enough for the application requires the parameters to be adjusted accord-

ingly for the apparatus in use. Different apparatus set-ups will therefore require

different temperature settings to suite a certain material. Furthermore, GPC re-

sults also proved that the polymer used did not change signi�cantly during the

FFF extrusion process. A correlation between die swell and �rst normal stresses

was established but requires more research within future work to become a fully

predictive method of die swell from rheology data.

The second experimental chapter, Chapter 4, presented an extension of the

research found in the paper titled “A method for predicting geometric characteris-

tics of polymer deposition during fused-�lament-fabrication” which included taking

the proven methods for predicting height, width and cross-sectional area within

initial polymer depositions within the �rst layer of FFF and expanding them to be

used in conjunction with multiple layer extrusions. The experiments presented

were then used to prove the model mathematics presented in the subsequent

chapter. The experiments also detail how to acquire initial extrusion of individ-

ual polymer deposition lines, adjacent polymer welded depositions and stacked

polymer depositions. Through the experiments demonstrated to acquire die swell

values in Chapter 3, the width and height of the linear polymer depositions were

found and a data set acquired allowing for reference of different characteristics of

linear polymer deposition cross-sections. The micro-CT imaging is also explained

and presented showing polymer behaviour can be altered by adjusting extrusion

and travel velocities along with set nozzle height.

Within Chapter 5, a mathematical model was presented for the general depo-

sition of FFF components along with detailing of model scope and assumptions,

Section 5.1.1. The main assumptions were that a steady state was assumed

for a predictive polymer deposition section, as all experiments within the previ-

ous chapters concentrated on the steady state �ow of polymer, and cornering or
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curved depositions were not part of the model scope, a detail of which is to be

worked on within future works. In addition to the mathematical model some 3D

renders were prepared in order to not only provide a visualised representation

of the mathematical modelling but also to compare the polymer CT scans with a

predicted volume created in CAD software.

Statistical analysis of the predicted and sample set is further discussed in

Chapter 6 along with comparisons to other FFF model techniques.

It was concluded in the Discussion Chapter that future work could be carried

out to extend the functionality of the measuring system by recognising defect fea-

tures, width consistencies, polymer variations in path corners and other features

of the layer. This includes but is not limited to sharp edges, corner portions and

bubbling/sputtering of polymer materials.

The presented model allows for basic cross-sectional geometries to be cal-

culated ef�ciently. The drawback being that it has only been tested for PLA and

partially for ABS. However, as a catch all method it does look promising for a

generic model as long as the � pre-factor is correctly calculated through correct

rheological experimentation of the materials in question. A bridging of the gap

between process behaviour and material rheology is crucial.

7.0.1. Summation of future developments

• Expanding the model outside of steady state and allowing for changes is

parameters such as extrusion velocity or travel velocity to account for the

common changes which occur frequently and rapidly in an average FFF

extrusion procedure.

• Exploring the implementation of corners and curves to the model.

• Testing for complex materials such as elastomers and �bre reinforced poly-

mers.

• Capturing video data of polymer expansion as material exits the nozzle.

This would allow for and understanding of how die swell and mechanical

expansion of polymer co-exist within the FFF process and which has a larger

contribution on the expansion of material as it exits the nozzle/die.

• Temperature effects on the FFF process; a model of heat transfer would

allow for the current presented model to take into account the various be-
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haviours associated with changes in temperature within the polymer mate-

rial.

• Providing a full prediction of die swell from rheology data. This could then

be expanded to other materials away from PLA and ABS opening the model

to be applied to most polymers.

7.1. Summary

I summation of the entire project, a literature review, two experimental chapters,

a model and discussion were presented in the pursuit of a model for the predic-

tion of FFF process within a academic setting. The model provided through the

experimentation process provides a veri�ed method for the prediction of tool-path

parameters for the fabrication of simple components of PLA with additional ex-

perimental data supplied for ABS material. This model provides a starting point

for a full predictive model of FFF.

The research presented here creates an empirical model which has been

needed both within the research and industrial �elds of FFF for many years and

provides users with an easy to understand solution for utilising fundamental pre-

dictions of polymer deposition within the process. The work will streamline the

process in terms of speed and reliability and build a foundation for the process

itself to be improved upon.
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A. APPENDICES

A.1. Nozzle schematic

Figure A.1: An engineering schematic of an MK8 nozzle commonly supplied by
MakerBot. Presented on its side.
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A.2. Printer nozzle contour application block diagram

Figure A.2: Printer nozzle contour application block diagram. Presented on its
side.
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A.3. G-code de�nitions

Code Explanation
G0 Rapid motion without extrusion
G1 Rapid motion with extrusion
G2 Arc movement clockwise
G3 Arc movement anti-clockwise
G4 Pause movement
G10 Create co-ordinate system offset from an absolute point
G17 Select XY plane (default)
G18 Select XZ plane
G19 Select YX plane
G20 Imperial units
G21 Metric units
G28 Home selected Axes to maximum
G30 Home via intermediate co-ordinates
G31 Single probe
G32 Probe area
G53 Set absolute coordinate system
G54 - G59 Use coordinate system with G10 command P0-5
G90 Absolute Positioning
G91 Relative Positioning
G92 De�ne current position on axes
G94 Feed rate mode
G97 Spindle speed rate
G161 Home negative
G162 Home positive
M101 Extruder on, forward
M102 Extruder on, reverse
M103 Extruder off
M104 S####, set temperature to degrees Celsius
M105 Retrieve extruder temperature
M106 Turn fan on
M107 Turn fan off
M108 Set the extruder's maximum speed (R####, = RPM, P####, =

PWM)
M109 S####, set build platen temperature to degrees Celsius
M110 S####, set chamber temperature to degrees Celsius
M120
M121
M122

S####, set the PID gain for the temperature regulator

M123
M124

S####, set iMax and iMin windup guard for the PID controller

M128 Retrieve position
M129 Retrieve range

191



M130 set range (not currently supported by ReplicatorG)
M200 reset driver
M202 clear buffer (not currently supported by ReplicatorG)
M300 Snnn set servo 1 position
M301 Snnn set servo 2 position

Table A.1: List of G-codes currently in use across a majority of FFF software
types.
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A.4. Die swell deposition G-code

M104 S220 (set extruder temperature)
M109 S0 T0 (build platen temperature)
M103 (RPM off)
M73 P0 (enable build progress)
G21 (set units to mm)
G90 (set positioning to absolute)
M6 T0 (wait for toolhead, and HBP to reach temperature)
M101
G1 R3
G4 P20000
M103
M18 ( Disable steppers )
M109 S0 T0 ( Cool down the build platen )
M104 S220 T0 ( Cool down the Left Extruder )
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A.5. ABS rheology results

Figure A.3: White ABS DSC results. Temperature run up to 300°C. Presented on
its side.
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Figure A.4: White ABS TGA results. Temperature run up to 500°C. Presented on
its side.
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Material RS Components Acrylonitrile Butadiene
Styrene, ABS

Glass transition temperature, Tg N/A
Melt temperature 109.76°C
Degradation temperature 387.317°C
Manufacturer recommended
extrusion temperature

210.0-230.0°C

Appearance Opaque, white

Table A.2: Material characteristics table for ABS �lament sourced from RS Com-
ponents.
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A.6. Surface test deposition G-code

M104 S220 ; set temperature
M109 S55 T0 ( build platen )
M103 (RPM off)
M73 P0 (enable build progress)
G21 (set units to mm)
G90 (set positioning to absolute)
G162 X Y F2500 (home XY axes maximum)
G161 Z F1100 (home Z axis minimum)
G92 Z-5 (set Z to -5)
G1 Z0.0 (move Z to “0”)
G161 Z F100 (home Z axis minimum)
M132 X Y Z A B (Recall stored home offsets for XYZAB axis)
(**** end homing ****)
G90
G1 F2000
G1 Z5
G92 Z2.54
M6 T0 (wait for toolhead, and HBP to reach temperature)
G1 Z10
G90 ; use absolute coordinates
G21 ; set units to millimeters
G1 Z50 F2000.000
G0 X-110.5 Y30 (Position Nozzle)
G0 X-100 Z10 Y-30
G0 Z0.2 (Position Height)
G0 Y0
G1 F1000 E1.00000 (***Change travel velocity***)
M108 R7.0 T0 (***Change extrusion velocity***)
M101
G1 X-55 Y5 Z1.3
G1 X-50 Y0 Z1.3
G1 F1000 E1.00000 (***Change travel velocity***)
M108 R7 T0 (***Change extrusion velocity***)
G1 X-37 Y12 Z1.3
G1 X-35 Y10 Z1.6 (*** Start Point on sample - top left***)
G1 Y-30 (***Step to next row***)
G1 X-35
G1 X35
G1 Y11
G4 P500
M103
M73 P100 ( End build progress )
M18 ( Disable steppers )
M109 S50 T0 ( Cool down the build platen )
M104 S220 T0 ( Cool down the Left Extruder )
G162 X Y F2500 ( Home XY endstops )
M18 ( Disable stepper motors )
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A.7. Cross-section retrieving LabView script block diagram
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Figure A.5: LabView block diagram for retrieval of cross-section data. Presented
on its side.
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A.8. Single line deposition G-code

M104 S220 ; set extruder temperature
M109 S50 T0 ( build platen )
M103 (Extruder rev/min off)
G21 (set units to mm)
G90 (set positioning to absolute)
G162 X Y F2500 (home XY axes maximum)
G161 Z F1100 (home Z axis minimum)
G92 Z-5 (set Z to -5)
G1 Z0.0 (move Z to “0”)
G161 Z F100 (home Z axis minimum)
M132 X Y Z A B (stored home offsets for XYZAB axis)
G90
G1 F2000
G1 Z5
G92 Z2.85 (set offset for build jig)
M6 T0 (wait temperatures to adjust)
G1 Z10
G0 X-110.5 Y0 (Position Nozzle)
G0 Z0.2 (Position Height)
G1 Z1.100 F2000.000
G1 X-54.050 Y-5.370
G1 F500 E1.00000 (Change travel velocity)
M108 R9.0 T0 (Change extrusion velocity)
G1 X-55 Y5 Z1.3
G1 X-50 Y0 Z1.3
M101 (start extrusion)
G1 Z1.3
G1 X-37 Y12 Z1
G1 X-35 Y10 Z1.3 (Start Point on sample, top left)
G1 X-15
G1 Z1.25
G1 X0
G1 Z1.2
G1 X15
G1 Z1.15
G1 X35
G1 F500 E1.00000 (Change travel velocity)
M108 R7.0 T0 (Change extrusion velocity)
G1 Y7 (Step to next row)
G1 X15
G1 Z1.2
G1 X0
G1 Z1.25
G1 X-15
G1 Z1.3
G1 X-35
G1 F500 E1.00000 (Change travel velocity)
M108 R5.0 T0 (Change extrusion velocity)
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G1 Y4 (Step to next row)
G1 X-35
G1 X-15
G1 Z1.25
G1 X0
G1 Z1.2
G1 X15
G1 Z1.15
G1 X35
G1 F500 E1.00000 (Change travel velocity)
M108 R3.0 T0 (Change extrusion velocity)
G1 Y1 (Step to next row)
G1 X15
G1 Z1.2
G1 X0
G1 Z1.25
G1 X-15
G1 Z1.3
G1 X-35
G1 F750 E1.00000 (Change travel velocity)
M108 R9.0 T0 (Change extrusion velocity)
G1 Y-2 (Step to next row)
G1 X-35
G1 X-15
G1 Z1.25
G1 X0
G1 Z1.2
G1 X15
G1 Z1.15
G1 X35
G1 F750 E1.00000 (Change travel velocity)
M108 R7.0 T0 (Change extrusion velocity)
G1 Y-5 (Step to next row)
G1 X15
G1 Z1.2
G1 X0
G1 Z1.25
G1 X-15
G1 Z1.3
G1 X-35
G1 F750 E1.00000 (Change travel velocity)
M108 R5.0 T0 (Change extrusion velocity)
G1 Y-8 (Step to next row)
G1 X-35
G1 X-15
G1 Z1.25
G1 X0
G1 Z1.2
G1 X15
G1 Z1.15
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G1 X35
G1 F750 E1.00000 (Change travel velocity)
M108 R3.0 T0 (Change extrusion velocity)
G1 Y-11 (Step to next row)
G1 X15
G1 Z1.2
G1 X0
G1 Z1.25
G1 X-15
G1 Z1.3
G1 X-35
M103
G1 X-35 Y-11 (End Point on sample, bottom right)
M103
G1 X-37 Y-12 Z1
G1 Y-35 (End Slide Movements)
M103
G0 Z50 (clear nozzle of build area)
M18 (Disable steppers)
M109 S50 T0 (Cool down the build platen)
M104 S220 T0 (Cool down the Left Extruder)
G162 X Y F2500 (Home XY endstops)
M18 (Disable stepper motors)
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A.9. Adjacent linear deposition G-code

M104 S220 ; set temperature
M109 S30 T0 ( build platen )
M103 (rev/min off)
G21 (set units to mm)
G90 (set positioning to absolute)
G162 X Y F2500 (home XY axes maximum)
G161 Z F1100 (home Z axis minimum)
G92 Z-5 (set Z to -5)
G1 Z0.0 (move Z to “0”)
G161 Z F100 (home Z axis minimum)
M132 X Y Z A B (Recall stored home offsets for XYZAB axis)
G90
G1 F2000
G1 Z5
G92 Z1.85
M6 T0 (wait for toolhead, and HBP to reach temperature)
G1 Z10
G0 X0 Y0 (Position Nozzle)
G92 X45 Y0
G0 Z10 (Position Height)
G90 ; use absolute coordinates
G21 ; set units to millimeters
G1 F2500.000
G1 X-7 Y55 Z10
G1 F500 E1.00000 (***Change travel velocity***)
M108 R5.0 T0 (***Change extrusion velocity***)
G4 P500
G1 Z1
M101
G1 X-20
G1 Y15
G1 Z0
M101
G1 F1160 E1.00000 (***Change travel velocity***)
M108 R2.5 T0 (***Change extrusion velocity***)
G1 X-3 Y2
M101
G1 X-1.5 Y0
M103
(******************TEST VALUES HERE****************)
G1 Z1.2 (**********Height value*********)
G1 F800 E1.00000 (***Change travel velocity***)
M108 R10.0 T0 (***Change extrusion velocity***)
(******************TEST VALUES HERE****************)
G1 X0
G92 X-2
M101
G1 X2
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M103
G1 Y-5
M101
G1 Y-30
G1 X3.5
G1 Y-10
G1 X5
G1 Y-30
G1 X6.5
G1 Y-10
G1 X8
G1 Y-30
G1 X9.5
G1 Y-10
G1 X11
G1 Y-30
G1 X12.5
G1 Y-10
G1 X14
G1 Y-30
G1 X15.5
G1 Y-10
G1 X17
G1 Y-30
G1 X18.5
G1 Y-10
M103
G1 Y0
G1 X28
G1 F1160 E1.00000 (***Change travel velocity***)
M108 R5.0 T0 (***Change extrusion velocity***)
G1 Z0.3
M103
G1 F400
M103
G1 X30
G1 Y10
G1 Z1
M103
M18 ( Disable steppers )
M109 S30 T0 ( Cool down the build platen )
M104 S220 T0 ( Cool down the Left Extruder )
G162 X Y F2500 ( Home XY endstops )
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A.10. Stacked linear deposition G-code

M104 S220 ; set temperature
M109 S50 T0 ( build platen )
M103 (rev/min off)
G21 (set units to mm)
G90 (set positioning to absolute)
G162 X Y F2500 (home XY axes maximum)
G161 Z F1100 (home Z axis minimum)
G92 Z-5 (set Z to -5)
G1 Z0.0 (move Z to “0”)
G161 Z F100 (home Z axis minimum)
M132 X Y Z A B (Recall stored home offsets for XYZAB axis)
G90
G1 F2000
G1 Z5
G92 Z2.54
M6 T0 (wait for toolhead, and HBP to reach temperature)
G1 Z10
G90 ; use absolute coordinates
G21 ; set units to millimeters
G1 Z50 F2000.000
G0 X-140 (Position Nozzle)
G0 Y30
G0 Y-30
G0 Z10
G0 X-100
G0 Z0.2 (Position Height)
G0 Y0
G1 F1000 E1.00000 (***Change travel velocity***)
M108 R7.0 T0 (***Change extrusion velocity***)
M103
M101
G1 X-55 Y5 Z1.2
G1 X-50 Y0 Z1.2
G1 F750 E1.00000 (***Change travel velocity***)
M108 R3 T0 (***Change extrusion velocity***)
M101
G92 Y25
G1 X-40 Y0
G1 X30 Y0
(**********Repeat unit start***************)
G1 Y25
G1 X-30
G1 Y1
G92 X-30 Y1 Z-0.1
G1 Z0.2
G1 Y0
G1 X30
(**********Repeat unit end***************)
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M103
G1 X40
M103
M18 ( Disable steppers )
M109 S50 T0 ( Cool down the build platen )
M104 S220 T0 ( Cool down the Left Extruder )
G162 X Y F2500 ( Home XY endstops )
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A.11. Additional ABS linear deposition data

Included in this section is additional data for RS Pro ABS material (SN: 832-

0315) associated with the experiments presented in Chapter 4. This data was

processed in the same manner as the PLA data sets.

Fig. A.6 shows the area calculations given by Eqtn. 5.3 and is the ABS equiv-

alent of Fig. 4.11. Fig. A.7 shows the area calculations given by Eqtn. 5.8 and

is the ABS equivalent of Fig. 5.5. Contour maps of the ABS depisition cross-

sections in Fig. A.8 are also included as a visual comparison to the PLA equive-

lant in Fig. 4.12.

Figure A.6: Theoretical area, AP, compared to actual cross-sectional area, Ath.
GN=0.2 mm, ABS, 220°C extrusion temp, 50°C platen temp. Reproduced from
(Hebda et al., 2019).
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Figure A.7: UN/UP plotted against H/GN for ABS material at 220°C extrusion tem-
perature and 50°C platen temperature at GN=0.15 - 0.3 mm. The lines are given
by Eqtn. 5.8 with � = 1.252. Reproduced from (Hebda et al., 2019).
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Figure A.8: Contour maps of cross-sections of polymer depositions, ABS ex-
truded at 220°C, platen temperature 50°C, grouped by rotational �lament feed
velocity, UT, and gantry velocity, UP. Each colour represents a different nozzle
gap height, GN. Figure presented on its side. Reproduced from (Hebda et al.,
2019).
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A.12. Model worked example G-code

M104 S220 (set temperature)
M109 S50 T0 (build platen)
M103 (RPM off)
M73 P0 (enable build progress)
G21 (set units to mm)
G90 (set positioning to absolute)
G162 X Y F2500 (home XY axes maximum)
G161 Z F1100 (home Z axis minimum)
G92 Z-5 (set Z to -5)
G1 Z0.0 (move Z to “0”)
G161 Z F100 (home Z axis minimum)
M132 X Y Z A B (Recall stored home offsets for XYZAB axis)
G90
G1 F2000
G1 Z5
G92 Z2.54
M6 T0 (wait for toolhead to reach temperature)
G1 Z10
G90 (use absolute coordinates)
G21 (set units to millimeters)
G1 Z50 F2000.000
G0 X-140 (Position Nozzle) G0 Y30
G0 Y-60
G0 Z10
G0 X-105
G0 Y-30
G0 Z0.2 (Position Height)
G0 Y0
G1 F1000 E1.00000 (***Change travel velocity***)
M108 R7.0 T0 (***Change extrusion velocity***)
M101
G1 X-55 Y5 Z1.2
G1 X-50 Y0 Z1.2
G1 F750 E1.00000 (***Change travel velocity***)
M108 R3 T0 (***Change extrusion velocity***)
M101
G1 X-20
G92 Y20
G1 X-3

(***********repeat for each layer - start**************)
G1 X-3 Y3
G1 Y-3
G1 X3
G1 Y3
G1 X1.8
G1 Y-1.8
G1 X0.6
G1 Y3
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G1 X-0.6
G1 Y-1.8
G1 X-1.8
G1 Y20
G1 X36
G1 Y45
G1 X100
G1 Y65
G1 X33
G1 Y30
G1 X-3
G92 X-3 Y30 Z0 (set Z to 0 for repeat layers)
G1 Z0.3
(***********repeat for each layer - end**************)

G1 X-1.8 Y20
G1 X40
M103
G1 X100
M103
M18 ( Disable steppers )
M109 S50 T0 ( Cool down the build platen )
M104 S220 T0 ( Cool down the Left Extruder )
G162 X Y F2500 ( Home XY endstops )
M18 ( Disable stepper motors )
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A.13. Final model proof example G-code

M104 S220 ; set temperature
M109 S60 T0 ( build platen )
M103 (RPM off)
G21 (set units to mm)
G90 (set positioning to absolute)
G162 X Y F2500 (home XY axes maximum)
G161 Z F1100 (home Z axis minimum)
G92 Z-5 (set Z to -5)
G1 Z0.0 (move Z to “0”)
G161 Z F100 (home Z axis minimum)
M132 X Y Z A B (Recall stored home offsets for XYZAB axis)
G90
G1 F2000
G1 Z5
G92 Z2.54
M6 T0 (wait for toolhead, and HBP to reach temperature)
G1 Z10
G90 ; use absolute coordinates
G21 ; set units to millimeters
G1 Z50 F2000.000
G0 X-110.5 Y30 (Position Nozzle)
G0 X-100 Z10 Y-30
G0 Z0.2 (Position Height)
G0 Y0
G1 F1000 E1.00000 (***Change travel velocity***)
M108 R7.0 T0 (***Change extrusion velocity***)
M101
G1 X-55 Y5 Z1.3
G1 X-50 Y0 Z1.3
G1 F1000 E1.00000 (***Change travel velocity***)
M108 R5 T0 (***Change extrusion velocity***)
G1 X-37 Y12 Z1.3
G1 X-35 Y10 Z1.2 (*** Start Point on sample - top left***)
G1 Y-11 (***Step to next row***)
G1 X-35
(*********Firstlayer******)
G1 X-5 Y5 M101
G1 X5
M103
G1 Y3.746
M101
G1 X-5
M103
G1 Y2.492
M101
G1 X5
M103
G1 Y1.238
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M101
G1 X-5
M103
G1 Y-0.016
M101
G1 X5
M103
G1 Y-1.27
M101
G1 X-5
M103
G1 Y-2.524
M101
G1 X5
M103
G1 Y-3.778
M101
G1 X-5
M103
G1 Y-5.032
M101
G1 X5
M103
G1 Y-30
G1 X-30
G1 Y20
G92 X-30 Y20 Z0
G1 Z0.4093
(*********EndFirstlayer******)
(*********N> 1layerStart******)
M101
G1 X-5 Y5
M101
G1 X5
M103
G1 Y3.746
M101
G1 X-5
M103
G1 Y2.492
M101
G1 X5
M103
G1 Y1.238
M101
G1 X-5
M103
G1 Y-0.016
M101
G1 X5
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M103
G1 Y-1.27
M101
G1 X-5
M103
G1 Y-2.524
M101
G1 X5
M103
G1 Y-3.778
M101
G1 X-5
M103
G1 Y-5.032
M101
G1 X5
M103
G1 Y-30
G1 X-30
G1 Y20
G92 X-30 Y20 Z0
G1 Z0.4093
(*********N> 1layerEnd******)
G1 X35
G1 Y11
G4 P500
M103
M18 ( Disable steppers )
M109 S60 T0 ( Cool down the build platen )
M104 S220 T0 ( Cool down the Left Extruder )
G162 X Y F2500 ( Home XY endstops )
M18 ( Disable stepper motors )
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