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Abstract 

Fused Deposition Modelling (FDM) is an additive manufacturing process used in 3D 

printers for the fabrication of complex 3D objects by layer deposition of molten 

thermoplastic filaments.  The FDM technology has the potential to produce customised 

micro/nano structured patterned surfaces with applications in medical, microfluidic, bio-

surfaces, etc.  FDM is widely used due to its simplicity, low costs and high throughput. 

However, high printing accuracy and micro-manufacturing are still challenging due to the 

nature of the process.  Even though progresses on numerical simulations of FDM have 

been made, there is a lack of comprehensive research on swelling and solidification of 

the filament and microstructures by considering the temperature dependant properties of 

polymers.  

This project aims to improve the accuracy of printed parts by controlling the polymer 

swelling phenomena as well as developing a cost-effective manufacturing technique, in 

terms of predicting the evolution of the extrusion process for the fabrication of 

microstructures using commercial desktop 3D printers which utilise the FDM technology.  

To achieve this, the temperature dependant rheological and thermal properties of 

polylactic acid, within the boundary of printing conditions are first obtained and analysed 

numerically.  The mechanisms and the effects of operation and design parameters on the 

dimensional accuracy of the extruded filaments are then investigated by numerical 

simulations based on the Finite Element Method developed in COMSOL Multiphysics 

software.  Moreover, the free surface of the polymer is determined by applying force 

balance and energy equations on the interface to obtain the filament swell and phase 

change behaviours.  Finally, the model is validated using theoretical results from the 

literature and experimental measurements and further used to investigate the evolution of 

the microstructures on the filament surfaces during the extrusion process. 

From this study, it is identified that both printing process parameters, especially printing 

speed, and polymer properties have a significant impact on the formation of extrudate 

swell and the shape of the microstructures.  The deformation of the polymer increases 

with the rise in temperature as the viscosity is highly affected by temperature changes.  

Through enhancing the solidification rate and injection rate, the accuracy of filaments and 

microstructures can be improved.  It is discovered that the swelling phenomena can be 

reduced by as much as 21% through cooling the filament with water.  Also, in terms of 

the micromanufacturing with FDM, several microstructures with different shapes 
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including rectangles, triangles and semi-circles are simulated.  The hydraulic swell value 

of unity is possible to achieve through adjusting the printing speed for each geometrical 

shape.  Swell value of 1 is obtained at to 45,50 and 70 mm/s printing speed for rectangles, 

semi-circles and triangles respectively which can be used as a reference point for printing 

microstructures.  

This study helps to predict the shape of the filament and its microstructures using 

temperature dependant polymer data through simulations.  This eliminates the need for 

time-consuming experimentations for the determination of surface topography of the 

filaments.  

To further improve this study, the effect of layer deposition on the surface topography 

needs to be considered. 
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�̅� Heat source (J) 

𝑟𝐷 Maximum radius of the flow (m) 

𝑟 Radius of the nozzle (μm) 

𝑟𝑖𝑛𝑙𝑒𝑡 Radial location (m) 

𝑠 Material thickness (m) 

𝑆 Strain rate tensor 

𝑆𝐻 Hydraulic swell 

𝑆𝑟 Swell ratio 

𝑆𝑤 Recoverable shear stress (N/m2) 

𝑡 Time (s) 

𝑡𝑟(𝜏𝑝) Elastic energy in polymer 

𝑇 Temperature (K) 

𝑇𝑑 Characteristic time for deformation process (s) 

𝑇𝑔 Glass transition temperature (K) 

𝑇𝑖𝑛𝑗 Injection temperature (K) 

𝑡𝑖𝑛𝑗  Time scale of injection (s) 

𝑇𝑚 Melt temperature (K) 

𝑇𝑟𝑒𝑓 Reference temperature (K) 

𝑇𝑠 Solid temperature (K) 

𝑡𝑠𝑜𝑙  Time scale of solidification (s) 

𝛥𝑇 Change in temperature (K) 

𝑢 Velocity or velocity filed (m/s) 

𝑢𝑒𝑥𝑡 Exit velocity (m/s) 

𝑢𝑚𝑎𝑥  Maximum velocity (m/s) 

𝑢𝑚𝑒𝑠ℎ Mesh velocity at interface  (m/s) 

𝑣𝑟 Linear feed velocity (m/s) 

𝑉𝑖𝑛𝑗 Volume injected (m3) 

𝑉𝑠 Volume solidified (m3) 

𝑉𝑡𝑜𝑡 Total volume (m3) 

𝑊 Filament width (m) 

𝑊𝑒 Weissenberg number  

𝛼 Mobility parameter material property for We number 

𝛼𝑚 Mass fraction  

𝛼𝑝 Thermal expansion (µm/m.K) 

𝛽 Retardation parameter 

𝛤𝑠𝑙 Interface between solid and liquid 



 
 

XII 
 

𝛿 Delta function at different locations 

휀 destruction rate of the extensional viscosity 

휁 Dimensional parameter  

ɳ Polymer viscosity (Pa.s) 

휂̅ coefficient of viscosity (Pa.s) 

ɳ0 Zero shear rate viscosity (Pa.s) 

ɳ∞ Infinite shear rate viscosity (Pa.s) 

ɳ𝑎𝑝𝑝 Apparent viscosity (Pa.s) 

ɳ𝑝 Polymer contribution viscosity  

𝜆 Mean free path (nm) 

𝜆𝑟 Retardation time of fluid 

𝜆𝑠 Polymer relaxation time (s) 

𝜉 slip parameter related to the second normal stress difference 

𝜌 Density (kg/m3) 

𝜍 Mobility factor in Giesekus model  

𝜎 Stress (N/m2) 

𝜎𝑖𝑛𝑡 Surface tension at interface (mJ/m2) 

𝜏 Stress tensor  

𝜏𝑝 Polymeric stress tensor 

𝜏𝑠 Solvent stress tensor 

𝜏𝑤 Wall shear stress (N/m2) 

𝜏𝑝,𝑥𝑦, 𝜏𝑝,𝑥𝑥 Relaxation of elastic stresses in xx and xy direction 

𝜏𝑝 ⃐   Gordon-Schowalter convective operator 

𝜏𝑝     Oldroyd-B’s upper convective derivative operator 

ϒ̇ Shear rate (1/s) 

ϒ̅ Ratio of specific heats at constant volume and pressure 

ϔ12 Interfacial tension between polymer and water (mJ/m2) 

ϔ𝑖 Surface tension of material i (mJ/m2) 

ϔ𝑖
𝑑 Dispersion components of surface tension 

ϔ𝑖
𝑝

 Polar components of surface tension 

ϒ̇𝑚𝑖𝑛 Lower limit of shear viscosity (Pa.s) 

ϒ̇𝑟𝑒𝑓 Reference shear rate (Pa.s) 

ω Angular frequency (1/s) 

�̃� Density times gravity (kg/s2m2) 

: Contraction between tensors 

𝛻𝑠 Surface gradient operator 
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Chapter 1 Introduction 

This chapter briefly describes the Fused Deposition Modelling (FDM) technique which 

has the potential to emerge as an alternative method for the fabrication of micro/nano 

structured surfaces in complex geometries.  The aims and objectives of this work are 

outlined and the structure of the thesis is presented.  

 

1.1 Background 

Additive Manufacturing (AM) via 3D printers has gained special attention due to its 

ability to effortlessly create complex objects in short times [1].  An accurate prediction of 

the size and geometry of the printed parts is an important factor considered during a 

manufacturing process alongside production rate and ease of manufacturing.  3D printers 

offer such flexibilities that are difficult to find in other manufacturing methods.   

FDM is an extrusion-based technology that is currently the most popular in the market 

for additive manufacturing [2].  FDM is utilised in the majority of 3D printers for the 

fabrication of complex parts.  The primary use of FDM is in rapid prototyping or 

visualising models and functional parts.  The typical materials used in FDM systems are 

thermoplastics.  Since the process is additive manufacturing, there are no waste materials 

while building functional parts.  However, in an FDM system, the dimensions of the 

printed parts are difficult to precisely control.  The major cause of this difficulty is the 

swelling of the extruded material through an orifice shaped nozzle.  The resolution that 

the current FDM systems can achieve is 50-200 μm [3]. 

Apart from the accuracy of the printed parts, manufacturing micro/nano structures is 

another limitation of the 3D printing process which needs to be addressed.  The presence 

of micro/nano structures has proven to enhance the material mechanical properties such 

as corrosion resistance, strength, toughness and hardness [4–6].  Therefore, it would be 

highly beneficial to utilise 3D printers for the fabrication of micro/nano structures in a 

controllable manner.  By generating micro patterns on nozzles using Focused Ion Beam 

(FIB) [7] and utilising such nozzles with any FDM system, the potential of 3D printers 

for the fabrication of micro/nano structures can be unlocked.    

In recent years, the ability to create functional structures inspired by nature has been a hot 

topic of interest with new advancements in fabrication technologies.  Examples of these 
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natural occurrences in nature are lotus leaves, rice leaves, cicada wings, butterfly wings, 

snail shells and countless more.  Due to the presence of micro/nano structures on the 

surfaces of these examples, each gain unique abilities such as hydrophobicity, 

hydrophilicity, self-cleaning and anti-bacterial properties [8].  Micro/nano manufacturing 

techniques have enabled the fabrication of such structures accurately in a controlled 

manner.  Figure 1-1 shows the structures on the surfaces of cicada wings and butterfly 

scales with antibacterial and enhanced reflectiveness effects [8-11]. 

 

  

(a)     (b) 

  

(c)     (d) 

Figure 1-1 Natural and synthetic micro structures: (a) Real cicada wings [9]; (b) Carbon 

nanotubes replica of cicada wings manufactured by nano imprint lithography [10]; (c) 

Optical microscope image of Morpho-butterfly [11]; (d) Replica of butterfly scales 

manufactured by focused ion beam [11]. 

 

These exceptional abilities originate from the geometrical complexity of the structures 

rather than the material properties.  Being able to reproduce functional structures at 
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micro/nano scales on-demand, would unlock many new potentials in the field of bio-

inspired surfaces.  Fortunately, there have been several fabrication techniques, such as 

nanoimprint lithography, electron beam lithography and focused ion beam, developed to 

create and exploit these structures as shown in Figure 1-1.  The advancements in reducing 

the dimensions and increasing the complexity of functional micro/nano structures have 

been incredible [12]. However, there remain some challenges of scalability, lack of 

understanding of the processes, high costs and low production rate.   

There is still a big gap in technology when it comes to the micro/nano fabrication of 

customised structures.  Most commercial machines cannot produce structures with 

resolutions in micron regions let alone in nanoscales.  When comparing manufacturing 

methods at micro and nano scales, there tends to be much focus on the resolution and 

accuracy of the manufactured parts.  Some technologies can easily reach sub 10 nm 

accuracies.  These machines are extremely advanced and equally expensive in the range 

of hundred thousand to millions of pounds which makes them less accessible for most 

researchers.  Apart from the accuracy of printed parts, other factors such as material 

availability and rate of manufacturing are also equally important  

It is predicted that it is unlikely a sole type of fabrication technology becomes dominant 

in the manufacturing sector [13].  Some of the well-known micro/nano fabrication 

techniques that are currently used to manufacture micro/nano structures [14] include 

optical lithography, scanning probe lithography, nanoimprint lithography and focused ion 

beam.  Optical lithography enables fabrication over a large area for two-dimensional or 

three-dimensional structures but the method is relatively expensive for high resolutions. 

Scanning probe lithography can obtain high-resolution structures but is limited due to its 

low throughput [15]. Nanoimprint lithography uses a mould to produce micro/nano 

structures but the lack of flexibility in printing is a major drawback of this technique[16].  

Focused ion beam enables the fabrication of three-dimensional structures on the surface 

of most materials.  However, the high manufacturing costs and limited substrate size are 

the disadvantages of this technique [17].  Each technique has its advantages and 

drawbacks.  FDM is believed to be able to provide a balance for fabrication in terms of 

complexity of parts, material availability and manufacturing rate in comparison to more 

advanced and expensive techniques.  

However, there are several limitations associated with FDM.  Dimensional inaccuracies 

are always present in the manufactured parts.  Using Computational Fluid Dynamic 
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(CFD), these inaccuracies can be predicted and possibly prevented [18]. Reducing the 

inaccuracies and predicting the shape of the manufactured filaments are achievable by 

adjusting the process parameters.  Therefore, CFD can be an effective tool for the process 

design of manufacturing in order to prevent time-consuming experimental trials.  

1.2 Aims and objectives 

Printing accuracy is currently a big challenge in micro/nano manufacturing.  Based on 

experimental and numerical simulations, this work develops a new technique for the 

fabrication of micro/nano structures using FDM technology via common desktop 3D 

printers.  This is a scalable process capable of covering large areas in a short time.  The 

process of FDM and the evolution of micro/nano structures will be investigated through 

experimental and numerical analysis to present a new technique for the fabrication of 

micro patters.  The focus will be to predict the dimensional evolution of the extruded 

filaments and producing microstructures using commercialised desktop 3D printers 

utilising structured nozzles.  Simplicity, increasing the throughput and keeping the costs 

affordable, are the main advantages of the proposed method.   

This work has 4 main research objectives: 

• To study and identify the temperature dependant properties of Poly Lactic Acid 

(PLA) which is extensively used in FDM 

• To study the influence of process parameters on the swelling of the printed parts 

• To implement a deterministic fabrication approach for manufacturing 

microstructures using the FDM technology by utilising structured nozzles 

• To develop a modelling and simulation approach to accurately predict the surface 

topography of the FDM process by adjusting the printing setting through utilising 

the temperature dependant properties of PLA 

 

1.3 Structure of the thesis 

This thesis is presented in 7 chapters. 

Chapter 1 presents the background of this research and explains the motivation and 

objectives of this work. 
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Chapter 2 provides a review of the functionality of different manufacturing techniques 

for the fabrication of micro/nano structures.  It summarises the fundamentals of the FDM 

technology in 3D printers.  Finally, it introduces the theoretical background required for 

numerical simulations of the FDM process. 

Chapter 3 provides the methodology required to perform experimental and numerical 

analysis.  The experimental work undertaken to evaluate the material properties and 

extrudate characterisation are explained in detail.  Also, the governing equations used to 

develop an accurate simulation to model the 3D printing extrusion are introduced.   

Chapter 4 presents the results of experimental data acquired for numerical analysis as well 

as the experimental and numerical results of printing accuracy.  A 2D model of extrusion 

in FDM is developed and compared against the experimental data for validation reasons.  

Thereafter, several simulation models are created and the effect of different printing 

conditions and material properties on the accuracy of the printed parts are investigated.  

The printing accuracy is characterised by the amount of extrudate swell.  The results are 

discussed and design modifications for enhancing the print accuracy are proposed.   

Chapter 5 introduces a new technique for the fabrication of microstructures using FDM 

technology.  It introduces the fundamentals of FIB technology which is used to fabricate 

microstructured nozzles.  Microstructures are then printed by using the fabricated nozzle 

through the extrusion process.  The dimensional accuracies of the microstructures are 

experimentally analysed under different printing conditions.   

Chapter 6 provides insight into the 3D simulation setup of the extrusion process for 

determining the surface topography of the microstructures and predicting the final shape 

of the microstructures.  The effects of cooling rate, several printing conditions and  

different geometrical shapes of microstructures on the final shape of the printed structures 

are analysed. Recommendations based on the findings are given to enhance the printing 

accuracy of surface microstructures.   

The final chapter presents the conclusions of this work.  Recommendations and future 

works are suggested to utilise the technique proposed in this thesis.   
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Chapter 2 Literature Review 

 

This chapter provides a detailed literature review of micro/nano structures functionality 

and benefits as well as associated fabrication techniques.  These fabrication techniques 

will be classified based on several categories.  Achievements, advantages and 

shortcomings of each technique are discussed.  Out of several AM technologies, FDM 

has emerged as a successful method for the fabrication of complex 3D structures owing 

to its simplicity, affordability and high throughput.  FDM has great potentials in 

fabricating micro/nano structures which have not been exploited.  To increase the 

accuracy of the FDM process, significant efforts have been made to understand the flow 

process and the relevant phenomena [19–21].  The fundamentals of the FDM fabrication 

technique will be discussed in detail with regards to hardware, process, material and 

mechanisms for accurately predicting the fabrication of three-dimensional structures.  

The key parameters which affect the accuracy and properties of the fabricated parts will 

be discussed.  Lastly, a literature review on the numerical analysis performed on the flow 

process and cooling of the deposited parts are be presented. 

 

2.1 Physical properties of micro/nano structured surfaces 

Micro/nano particles have been shown to vary and influence some properties of matter.  

These properties seem to be a function of the particle size where they differ significantly 

from those at a larger scale [22].  Structured surfaces are defined as “surfaces with 

deterministic pattern of usually high aspect ratio (<0.5) geometric features designed to 

give a specific function [23].  Structured surfaces have been applied to many engineering 

fields such as electronics, optics, information technology, biomedicine, etc [24].  

Enhancement of surface properties induced by micro/nano patterns include wetting, 

adhesion, thermal/electrical conductivity and etc [23][25].  Surface energy properties and 

optical enhancements are amongst the most well-known physical properties arising from 

micro/nano structures which are discussed here.  

• Surface energy 

The surface energy controls the wetting phenomena or contact angle, which is the angle 

between the liquid-vapour interface and liquid-solid interface in three-phase systems and 

mainly depend on the intermolecular interactions.  By minimising the surface energies, 
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the contact angle between the three phases can be controlled.  The experimental and 

theoretical analysis of engineered silicon surfaces containing rectangular cross-section 

groves with a depth of 100-900 nm and width with a range of 400 nm to 3 μm have been 

performed by Seeman et al [26].  The study introduced a morphology diagram as a 

function of groove aspect ratio and contact angle.  The degree of wetting is given in terms 

of contact angle. A non-wettable surface has a contact angle greater than 90o, whereas a 

wettable surface has a contact angle lower than 90o.  The potential applications are in 

hydrophobic and hydrophilic surfaces. 

• Optical 

An important optical properties in materials is reflectance which is affected by the 

roughness of the surface [27]. By introducing roughness in terms of micro/nano 

structures, the optical properties can be varied.  As an example, groove-shaped gratings 

are used to reflect the majority of light in the desired direction [28].  The wavelength 

absorption at the nanoscale is found to be different and depends on shape and size [29–

30].  Components with micro grooves and micro pyramids, yield new functions for light 

operations which can significantly improve the imaging quality of optical systems [31].  

 

2.2 Classification of micro/nano fabrication methods 

The advancements in the nano/micro fabrication technologies developed in the past 

decades include increasingly smaller feature sizes [32], improved economic viability in 

small- and large-scale productions [1] and enhanced functionality [10].  New emerging 

fabrication technologies enable precise surface patterning at submicron levels.  Various 

approaches have been implemented using a variety of materials including polymers, 

metals or ceramics using techniques such as laser structuring, electrospinning and 

lithography [33–35].  For example in the information technology sector, structure sizes 

of Central Processing Units (CPUs) and Integrated Circuits (ICs) are continuously scaled 

down to sub 10 nm [36].  In polymer sciences, researchers have been able to reproduce 

and emulate biological structures down to 10 nm with functionalised features such as self-

cleaning, hydrophobic, hydrophilic, sensing, adhesive and antireflective properties [8], 

[10], [37–38].  Figure 2-1 shows the replication of cicada wings using nanoimprint 

lithography technology to achieve structural accuracies as small as 80 nm on the tip of 

the pillars [39].  As a result, patterning various topographical structural features such as 

pillars, cones, channels, tubes or any micro/nano geometries have been possible in surface 
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manufacturing.  There have been great utilisations of these surfaced structures in cell 

culture platforms for the study of cellular responses to topographical cues [40–41].  

Furthermore, the ability to create hierarchical structures with complex morphological 

features have been shown to affect the elongation and proliferation of endothelial cells 

and stem cells [42–43].  Micro/nano fabrication methods have also been used in making 

nano-electrochemical systems (NEMS) and microelectromechanical systems (MEMS) 

for trapping biostructures by utilising groups of patterned microwells of 5 μm pore 

diameter [44].  The design and fabrication of nanophotonic devices such as transistors, 

light-emitting diodes (LEDs), quantum cascade lasers, etc rely heavily based on the 

fabrication of functional interfaces with desirable characteristics. 

 

Figure 2-1 The result of replicating cicada wing structures via nanoimprint lithography 

under SEM.  a) SEM images of replicated tapered pillar array with 30° tilt.  b) Images 

of actual cicada wings at 30° tilt [39]. 

 

The widespread applications for micro/nano patterned surfaces have forced the 

manufacturing industry to come up with numerous fabrication methods.  These methods 

need to be categorised according to their functionality for the job.  For example, due to 

high resolution and throughput, lithographic methods such as electron beam lithography 

(EBL) and ion beam lithography (IBL) are the preferred method for manufacturing 

microelectronic systems [45].  The increased progress in the field of micro/nano 

fabrication has allowed for more flexible methods to be developed to manufacture 

surfaces with higher production rates and geometrical complexities while keeping the 

manufacturing costs down.  The most common fabrication techniques for micro/nano 

patterning are described below. 
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2.2.1 Classification based on the physical process 

In principle, there are mainly two approaches to micro/nano fabrication technologies, 

namely the top-down and bottom-up approaches [46].  Several barriers prevent exploiting 

these approaches.  First, nanomaterials and quantum effects are still not well understood.  

Second, the fabrication techniques (the materials or the devices) are not fully developed.  

Third, the connection to macro world properties remains an issue.  Surpassing these 

barriers, the fabrications methods are still not able to mass-produce at affordable prices 

[47]. 

• Bottom-up 

This method uses the interaction between the molecules to assemble nano structures in 

2D and 3D spaces.  This method implies that micro/nano structures are synthesized onto 

a substrate by stacking micro/nano structures onto each other.  The bottom-up approach 

can also be called “additive” due to the nature of the process.  Since the material is being 

added, these methods have the potential of creating less waste and hence more economical 

products can be achieved as opposed to subtractive methods where the subtracted 

materials are usually wasted away.  There are mainly five stages involved in the 

construction of nanodevices from this approach.  Tailor making the materials with desired 

properties, etching (cleaning) and precise cutting into individual groups are the first three 

initial steps that serve as preparation.  The organisation of nano structures into 

nanodevices and linking the individual nanodevices together are the final two steps.  For 

example, single nanodevices such as LEDs and sensors have been fabricated using 

electron beam lithography [47].  Mass production and repeatability remain as challenges 

in these approaches.  The advantages of this approach are the special control over features 

and composition of individual blocks [48].  Although the structures produced have fewer 

defects and better chemical composition, however, the build times are extremely slow.  

The most well-known methods using the bottom-up approach are 3D printing, Atomic 

Layer Deposition (ALD) [49], Sol-gel nanofabrication [50], Molecular Self Assembly 

(MSA)[51] and Vapour Phase Deposition (VPD) [52].  These methods have been briefly 

summarised in Table 2-1. 
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Table 2-1 Comparison of bottom-up methods. 

Technology Advantages Disadvantages Resolution and speed 

ALD [49] • High thickness control 

• Thin and high quality 

• Highly complex nano materials 

• uniformity 

• Slow deposition process 

• High material and energy 

waste rate 

• Nano particle emissions 

• 10 nm [51–52] 

• 3600nm/h [55] 

Sol-gel [50] • Low operating temperature 

• Can fabricate hierarchical 

structures 

• High raw material cost[56] 

• Shrinkage and cracking 

during the curing process 

 

• 30 nm[57] 

• Very slow process due to 

preparation and post 

processing[58] 

MSA [51] • Lower cost than other methods 

• Allows for mass production 

 

• Not well-understood process 

• Mostly limited to biomaterial 

• Sub 5 nm [46] 

• A few microns per 

second [59] 

VPD [52] • Morphological properties can be 

controlled 

• Suitable for complex 

multicomponent nano systems 

 

• Mostly used for carbon nano 

tubes 

• Not cost-effective due to 

vacuum components 

 

• 5 nm [60] 

• The speed highly 

depends on the material 

and type of process 

3D Printing  

[61] 
• Highly flexible in terms of 

material 

• Relatively low cost 

• Much quicker than most 

methods 

• Not fully developed for nano 

fabrication 

• Sub-Micron[62] 

• Printing speeds of 

several millimetres per 

second 
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• Top-down 

The top-down method involves serial or parallel techniques for patterning features over 

length scales approximately four orders of magnitude larger than an individual structure 

[63].  This approach uses different methods of lithography to pattern nano structures.  

Top-down methods depend on the removal or division of bulk material in the substrate to 

create the structures with the required physical properties.  Hence, these methods can be 

called “subtractive”.  Top-down has been the method of choice for many industries such 

as semi-conductors and microelectronics being able to reach 30 nm dimensions [47].  The 

biggest problem with the top-down approach is the imperfections caused due to direct and 

indirect machining of the surface structures which makes it highly unpredictable.  

However, this approach is more simplistic than bottom-up.  Other limitations of this 

approach is the high capital, operating costs, low throughput, difficulty in accessing 

facilities and restricted applicability to some classes of problems including the ones with 

highly complex geometries [63].  Several well-known methods that are used in the top-

down approach include soft lithography[64], EBL[65], optical lithography [66],scanning 

probe lithography (SPL) [67], nanoimprint lithography [68], photolithography and ion 

implantation for manufacturing nano structured surfaces [47], [69].  Table 2-2 contains a 

summary of the mentioned methods.   
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Table 2-2 Comparison of Top-down methods. 

Technique Advantages Disadvantages Resolution and 

speed 

Soft 

lithography 

[64] 

• Simple process for 

transferring patterns  

• Does not require expensive 

clean room 

• Difficult for large scale 

production 

• <80 nm [70] 

• Not applicable 

 

EBL [65] • Very low structural 

defectivity 

• Verry accurate method 

 

• High process complexity 

• Very expensive 

• Low throughput and slow 

 

• 10 nm [46] 

• 1 cm2 takes 12 days 

[71] 

Optical 

lithography 

[66] 

• High resolution 

• High throughputs 

• Low nanostructure 

defectivity 

• Requires state of the art clean 

rooms 

• Expensive procedure 

• Layering is not possible 

• 40 nm [72] 

• A few microns per 

second[73] 

SPL [67] • Very low defectivity 

• High-resolution chemical, 

mechanical and molecular 

patterning capability 

• Mostly organic material 

• Limited for high throughput 

 

• 5 nm [46] 

• 400,000 nano 

features per hour 

but limited to a few 

centimetres area 

[15] 

Nanoimprint 

lithography 

[68] 

• Relatively Higher 

throughput 

• High resolution 

 

• Depends on other lithographic 

techniques to generate a 

template 

• 5-10 nm [46] 

• 1cm2 in one hour 

[74] 
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2.2.2 Classification based on the application field 

The machining of micro/nano structured components can be divided into two general 

types based on their application field namely microsystem technologies (MST) and Micro 

engineering technologies (MET).  MST is mainly qualified for manufacturing MEMS and 

Micro-opto-electromechanical systems whereas MET produces highly precise 

mechanical components, moulds and microstructures.  The micro/nano fabrication for 

these two fields can be divided into the following processes:  

• MEMES processes 

The processes mainly include UV-lithography [75], silicon micro machining [76] and 

LIGA [77]. 

• Mechanical processes 

Typical processes employed are diamond turning [78], diamond milling [79], micro 

engraving [80] and precision grinding [81].   

• Energy assisted processes 

This group includes laser beam machining [82], Focused ion beam machining [83], 

electron beam machining [83] and micro electro-discharge machining [84]. 

 

2.2.3 Classification based on the dimensions in processing 

Another way of classifying the micro/nano fabrication techniques is based on the 

dimensions in the processing [85].  These classification methods cover material removal, 

addition or forming capabilities.   

• 1D processing 

The first group employs 1D processing and includes electro discharge and chemical 

machining, laser ablation, milling and turning.   

• Multiple 1D processing 

This group utilises multiple 1D processes for fabrication and includes metal forming, 

grinding and 3D printing. 

• 2D processing 
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Manufacturing is made possible by employing masks such as photo/UV lithography, 

EBL, X-ray lithography. 

• 3D processing (surface) 

Processes capable of surface modifications are mainly Physical Vapour Deposition 

(PVD), Chemical Vapour Deposition (CVD), spin coating, electroforming and self-

assembly. 

• 3D processing (volume) 

Volume structuring is mainly possible using Hot/UV embossing, Nano Imprint 

Lithography, Injection moulding and powder injection moulding. 

 

2.3 Additive Manufacturing (AM) techniques  

AM is a technique developed in the 1980s which is also known as rapid prototyping or 

3D printing.  It is defined as the process of joining materials, usually layers upon layers, 

from a 3D model generated by Computational Aided Design (CAD) software [86].  As 

opposed to Subtractive Manufacturing (SM), which cuts, drills and grinds away the 

excess amount from a solid piece of material resulting in unwanted waste, AM produces 

little waste.  The current AM technologies offer a more cost-effective way of 

manufacturing complex parts in low volumes, higher efficiency in terms of customisation 

of parts and less environmental impacts [87–89].  Several industries have been benefiting 

from AM such as aerospace, automotive, biotechnology, healthcare and medical, 

architectural and food.  In all these industry sectors, AM is used to help in producing 

highly complex geometries, eliminating excess parts, improving quality and accuracy, 

reducing costs, time and post-operative complications [88].  Due to the current tendency 

towards miniaturisation of products in the named industry sectors, there is a high demand 

for improvements in micro and nano fabrication technologies [90].  Micro manufacturing 

technologies play an important role in the production of functional applications such as 

Microelectromechanical systems (MEMS), biochips, bio surfaces and microfluidic 

devices [91].  In the manufacturing sector, demand for fabricating complex 

microstructures has been observed by using a wide range of materials such as polymers, 

metals and semi-conductors.  AM has been developed over the years and found its way 

into the micro-manufacturing processes.  AM is currently being used at the microscale 

for rapid prototyping and low volume production in areas such as medical care, 
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electronics, microfluidics, tissue engineering, optics, nanoelectronics, dental, aerospace, 

fashion and entertainment [92–97].    

For many years, the fabrication of micro/nano structures on a full industrial scale has 

relied on extremely expensive techniques such as photolithography and electron beam 

lithography which prevents smaller research and developments facilities from benefiting 

these technologies.  The cost for these advanced technologies is in the range of 1 to $100 

million [98].  However, the commercial side of AM techniques has offered a few methods 

to produce structures at a more affordable condition and higher production rate.   

 

2.3.1 Classification of commercial AM technologies for micro fabrication 

The commercial micro-scale AM processes can be divided into seven categories.  These 

include Stereolithography, Powdered Bed Fusion, Material Extrusion, Material Jetting, 

Binder Jetting, Sheet Lamination process and Direct Energy Deposition [2], [99].  Over 

the years, each category has developed its respective technologies to manufacture parts 

with higher dimensional accuracy as well as lowering the costs and times.  The range of 

applications for these commercial technologies has been predicted to increase 

significantly for the foreseeable future [46].  They all have drawbacks and advantages but 

all of them share the same principle of producing parts by selective modelling of the 

layers.  The classifications are presented below:  

• Stereolithography (SL) 

In this AM method, a photopolymer is used as the primary material which undergoes a 

curing process via radiation, usually in the form of Ultraviolet (UV laser).  During 

radiation, the photopolymer in the form of resin (liquid) undergoes a chemical reaction.  

After the polymerisation, a pattern inside the resin layer is selectively solidified to hold 

the subsequent layers.  Thereafter, the platform is lowered, and a new layer is built on top 

of the previous one until the part is manufactured.  Some of the many applications of SL 

are in micromechanics [100], microfluidic devices [91][101].  This technique became 

known for its excellent coating and printing capabilities. 

• Powdered Bed Fusion (PBF) 

PBF process consists of thin layers of fine powdered materials which are closely packed 

on a platform.  The powders are then fused via a high-powered laser or a binder in a layer-

by-layer format.  A roller spreads a fresh layer of material onto the previous layers and 
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the process repeats itself to create a 3D structure [102].  The prime examples of PBF are 

namely Selective Laser Sintering (SLS), Selective Laser Melting (SLM) and Electron 

Beam Melting (EBM).  The applications of PBF include aerospace, injection moulding 

tooling, tissue engineering, electronics, and medical devices [61]. 

• Material Jetting (MJ) 

Material jetting was initially developed for two-dimensional printing in the 1960s and has 

been used for printing documents and images ever since.  Currently, commercial 

companies like HP and Canon are offering such technology to this date for everyday use.  

The MJ process has evolved and 3D manufacturing was achieved using commercial 

technology by heating basic wax material to a liquid state using a process of particle 

deposition [103].  In MJ, 3D structures are made by utilising moveable inkjet printheads 

that generally jet photopolymers onto a build platform.  The printheads form droplets by 

heating the materials (to reduce the viscosity for the formation of droplets) which are then 

selectively ejected across the platform.  The material then solidifies through cooling, 

chemical reaction or solvent evaporation.  This AM technique has gained considerable 

interest in the fields of sport, medical, commercial products and aerospace.   

• Binder Jetting 

This AM method was initially invented by MIT with the name of 3D Printing (3PD) 

[104].  The general process of BJ is somehow similar to MJ and PBF where materials are 

jetted out and either laser or binding liquids are used to fuse and join the powdered 

material to create a cross-section of a 3D structure.  In this method, liquid binder droplets 

are selectively deposited into a bed containing powdered materials that are glued together.  

Once a layer is done, the powder bed is lowered and another level of powder is spread.  

Limited work has been done on manufacturing with polymers using BJ since polymers 

are rarely fabricated from a powder.  The applications of BJ can be found in 

electrochemical energy storage [105], food technology [106], fuel cells [107] and bio-

polymers [108]. 

• Laminated Object Manufacturing (LOM) 

The basic principle of LOM is the cutting of thin sheets with specific profiles by utilising 

lasers and laminating the sheets together using various techniques.  Similar to other AM 

methods, the 3D construction of a model is assisted via the use of CAD files.  The layer 

by layer adhesion is obtained by several techniques such as gluing using polymer-based 
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adhesives, thermal bonding, clamping and ultrasonic welding [109–110].  LOM is used 

in microfluidic devices, paper manufacturing, electronic and smart structures [111][61].   

• Direct Energy Deposition (DED) 

This method uses a focused beam of thermal energy such as lasers or plasma arc to fuse 

mainly metals by controlled melting while being deposited.  However, a commercial 

machine capable of manufacturing parts using polymers cannot be found in the literature.  

Therefore, it is primarily used for metal powders.  The applications are in retrofitting, 

repair, biomedical and cladding [61].   

• Fused Deposition Modelling (FDM) 

This is possibly the most significant and simplest of all AM technologies.  In this 

technology, materials mainly in form of spools of thermoplastics are heated to their 

melting point.  The melt is passed through a nozzle which selectively deposits layer by 

layer to form a 3D object.  Applications are in advanced composites manufacturing [112], 

drug delivery systems [113], rapid prototyping, etc.  

All these techniques offer great freedom in design for mass production and customisation, 

waste minimisation and ultimately a more efficient manufacturing and supply chain.  The 

development of AM created great opportunities for design, production and end-user 

applications.  In 2020, the consumption of AM systems mounted approximately 29 billion 

and is predicted to have an annual growth of over 22.3% over the next 4 years [114].  

Table 2-3 summarises the potential of each AM technique.   
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Table 2-3 Comparison of AM technologies. 

Method Material Resolution Advantages Disadvantages 

Stereo-

lithography 

[115] 

Photocurable 

resins 

10 μm[3] Fine resolution • Limited 

material 

• Expensive 

• Slow 

printing 

Powder Bed 

Fusion 

[116] 

Fine metal 

powder 

80 μm[3] Good 

resolution 
• Slow 

printing 

• Expensive 

• Limited 

scalability 

FDM  

[117] 

Mainly 

thermoplastic 

polymers 

50-200 μm[3] Low cost, 

High 

throughput, 

Simplicity 

• High 

temperature 

might cause 

degradation 

• clogging 

Material 

jetting  

[118] 

Concentrated 

dispersion of 

particles in 

liquid 

5 μm[119] Can print large 

areas, High 

throughput 

 

• Lack of 

adhesion 

between 

layers 

Binder 

jetting  

[120] 

Mainly 

metals and 

ceramics 

20 μm[121] Low cost, 

High 

throughput 

• Material 

availability 

 

LOM  

[109] 

Polymer 

composites, 

ceramics, 

metal tapes 

150 μm 

depending on 

sheet 

thickness[111] 

Less tooling 

and 

manufacturing 

time 

 

• Low surface 

quality and 

dimensional 

accuracy 

DED 

[32] 

Powder or 

wire 

ceramics and 

metals 

200 μm[122] Good 

mechanical 

properties 

 

• Limited for 

printing 

complex 

geometries 

 

2.3.2 Advantages and disadvantages of AM 

AM comes with advantages and disadvantages which are listed here:  

• Advantages: on-demand manufacturing and customisation, sustainable 

manufacturing, relatively cheap and ability to manufacture complex parts. 

 

• Disadvantages: restricted resolution, build-up of support structures, difficult to 

control shrinkage and slow-building speed. 



 
 

19 
 

2.4 Introduction to FDM 

FDM was developed in 1988 with the aim of having a simple process for the manufacture 

of complex geometries.  FDM was commercially developed by Stratasys which is the 

most economical and significant process in AM technique [123].  This technology is 

being used widely across many manufacturing sectors due to its reliability, simple 

fabrication process, cost-effectiveness with good resolution and dimensional stability 

[124].  FDM is flexible and can be integrated with CAD software packages.  FDM 

technology has been integrated into desktop printers which are highly affordable 

nowadays.  The biggest advantages of FDM are availability, affordability, scalability and 

high-volume production rate which makes it a very favourable AM technique.   

 

2.4.1 Process overview 

The first step in FDM consists of modelling the parts in CAD and then slicing them using 

various software such as Cura or Octoprint.  In this stage, the 3D files get converted into 

sets of coordinates (G-code) for the FDM printers to read.  The process parameters can 

be set up in the slicer software.  A feed stock in terms of filament spool (mainly composed 

of thermoplastics with 1.5 or 3 mm diameter) is provided by a device (roller) that contains 

a stepper motor for controlling the feed rate.  The filament is fed through and heated up 

in a controlled liquefier chamber/printhead and turns into melt (semi-liquid phase).  A 

nozzle is connected to the end of the printhead and the printhead is moved over a flat 

platform called the printing bed.  The molten filament is pushed through the printhead 

towards the nozzle and the nozzle deposits the material in the XY plane on the print bed.  

To create a full 3D model, either the printhead moves up, or the bed moves down in the 

Z direction by one layer thickness after completing a full cross-sectional deposition.  The 

process continues layer by layer to form a fully 3D object.  Figure 2-2 demonstrates the 

process.   
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Figure 2-2 Schematic diagram of Fused Deposition Modelling [123]. 

 

The mechanics of bonding between each layer works based on the time taken for 

solidification of the newly deposited layer.  Due to the molten condition, the new and old 

layers can fuse hence the name of the process.  Even though this technology has 

significantly impacted various manufacturing sectors very little literature was found in 

the micro/nano fabrication area of FDM technology.   

 

2.4.2 FDM system components 

The extrusion systems are extremely simple relative to other AM methods.  The key 

elements in a melt extrusion system include a material feed mechanism, liquefier, gantry 

and build print-bed.  These are briefly discussed below: 

• Feed mechanism 

Extrusion machines have moved on from using granules and pellets as their primary type 

of material to feedstocks of amorphous thermoplastic polymers of 1.5 mm or 3 mm 

diameters.  The filament is pushed through using a pinch roller.  Stepper motors are 

connected to one of the rollers to rotate the rollers and feed the filament through to the 

liquefier using friction and grip without slippage.  Care must be taken to avoid filament 

from absorbing moisture which can lead to morphological changes in the material [125]. 

• Liquefier  

The liquefier is generally a metal block with a circular channel machined for the filament 

melt to go through.  Resistive heating in terms of coil or cartridge is attached to the 

liquefier for sufficient melting to occur.  The system is designed to maintain a uniform 
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temperature throughout the process.  Thermocouples are utilised to monitor the 

temperature of the block and the polymer melt.  As the temperature increases, the 

viscosity decreases which allows for the movement of the melt through with smaller 

pressure drops.   

• Gantry 

Gantry allows for the motion in the x and y directions via an electric stepper motor built 

on gear and timing belt.  The liquefier is attached to the gantry.  The speed at which the 

liquefier moves and ultimately the speed of the fabrication is limited to the stiffness of 

the gantry.   

• Print bed and environment 

From the liquefier assembly, the material gets extruded onto a horizontal build surface 

which moves in the z-direction.  This motion in addition to gantry allows for the 

construction of 3D structures.  Controlling the thermal gradient is very important to avoid 

warping and distortion of parts [126].  Slightly more advanced printers utilise a heated 

chamber to control the flow of heat.  Fans are also used to push the air through to cool the 

filament as it exits the nozzle to prevent the build-up of heat radiating from the printhead. 

2.4.3 Materials in FDM 

The materials in FDM are limited.  However, there have been several pieces of research 

to broaden the material useability in FDM processes for various applications.  The 

materials can be classified into the following categories: 

• Standard materials 

Materials used in common FDM systems are Polylactic Acid (PLA), Acrylonitrile 

Butadiene Styrene (ABS), polycarbonates, polyamides and polystyrenes.  These materials 

are used due to their high strength and heat resistance properties.  They have relatively 

low melting temperatures which make them ideal for the extrusion process [123].   

• Application-specific materials 

The use of rapid prototyping has given rise to the development of application-oriented 

composites.  Several studies reported the use of metallic and ceramic materials in the 

FDM process for the fabrication of functional components with higher mechanical, 

thermal and wear-resistant properties [127].  Others have reported the use of wax, paper, 

glass and metal filled nylon and nano composite materials in FDM processes [128].  For 
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example, with the addition of Al2O3 nano particles, Young’s modulus and the yield 

strength of the manufactured parts have improved 90% and 173% respectively.  This has 

enabled the applications of FDM to operate in other sectors of engineering which was not 

previously possible [129].  Polymeric foams have also been used to fabricate complex 

honeycombs and porous structures with enhanced strength [130].  

Microfabrication with polymers reduces the manufacturing time while providing a simple 

and cost-effective alternative.  Polymers exhibit flexibility, chemical inertness and very 

low toxicity.   

 

2.4.4 Applications of FDM 

Since the original patent of FDM perished in 2009, the price of the 3D printers fell from 

over £10000 to under £500.  These machines have been readily available for more public 

use.  FDM can be used to develop new concepts and rapid prototype geometrically 

complex models, turning them into useable products.  FDM has been used to develop 

cylindrical scaffolds with enhanced mechanical and chemical properties [131].  FDM can 

be used to develop patterns for electrical conductivity using polymers [132].  Another 

application of FDM is in the medical sector where bio-platters based on FDM are used to 

develop scaffolds for organ printing [133].  Figure 2-3 represents the complexity of parts 

that can be created by desktop 3D printers utilising FDM technology.   

 

Figure 2-3 Print of complex scaffolds (a) Pyramid; (b) Cubic and (c) Cylindrical 

scaffolds prints using FDM [134]. 

 

There are very little research on the utilisation of extrusion-based systems for the 

fabrication of complex micro/nano parts.  However, a great trend has been observed for 
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applying extrusion-based methods in manufacturing micro-periodic structures such as 

tissue engineering [135] using poly e-caprolactone with an accuracy of 250 μm.  In bio-

material printing, FDM can also be utilised with the aid of a pneumatic driven micro 

syringe to deposit materials with a resolution of 10 μm for scaffolds having different 

geometries [136].  An experimental investigation of microfabrication with FDM is 

performed by N. Cabezudo where microstructures as small as 4 μm have been produced 

using specialised nozzles [7].  

 

2.4.5 Challenges in FDM 

In recent years, the demand for high throughput fabrication has increased exponentially 

due to the emergence of novel designs microdevices and applications.  As a result, the 

need for complexity, decreased feature size and new materials in such applications and 

devices are important.  The key challenges and gaps of FDM can be classified as follows: 

• Dimensional challenge  

Currently, specialised FDM machines can reach resolutions in the order of tens of 

microns, however, the common desktop 3D printing machines are not capable of reaching 

such high resolutions.  There are limitations for applying extrusion-based systems with 

material melting in the micro fabrication area.  The flow rate of the polymer should be 

reduced to the order of nanolitres per second and nozzle size should be reduced 

accordingly to micro/nano scales.  This also needs an accurate molten flow delivery and 

control system.  The need for a precise temperature control system is also essential to 

achieve desirable accuracies.  Another Dimensional challenge roots back to the 

mechanisms moving the print head.  Stepper motors are restricted in their movements.  

The best structures achieved cannot exceed the smallest steps in the motor.   

• Material challenge 

The range of materials used in the commercial FDM process is still limited.  The materials 

are mainly thermoplastic polymers which require heating.  This limits the applications of 

this technique in most engineering areas.  For example, due to the nature of the FDM 

process, all materials need to be molten and turned into solid for fabrication purposes.  

Also due to thermal stress, there is a large amount of shrinkage due to the nature of the 

materials used which might make the fabricated part unpredictable.  It is important to note 

that being able to process low melting point materials is also a limitation of this technique.   
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This work proposes a new application for FDM.  The common desktop 3D printers are 

capable of producing complex 3D geometries with very high throughputs for large areas.  

However, due to several limitations, creating micro patterned surfaces is still not possible 

using this technique.  This work offers a new approach for the manufacture of these 

structures on the filament surface.  This way, patterned structures will not only be built 

on flat surfaces, but also onto any surface with any shape which can find many 

applications in anti-bacterial medical devices.  FIB, a subtractive manufacturing process, 

can be used to manufacture patterns on the nozzles of 3D printers where polymer melt 

takes the shape by flowing through them.  During the extrusion process, the shapes of 

these patterns are transferred on the surface of the polymers leaving the nozzle.  These 

patterns take their final shape after the solidification of the polymer extrudate.  By 

creating an accurate CFD model of the process, the shape of the microstructures can be 

predicted and manipulated.  

 

2.5 Fundamentals of FIB process 

Some dominant micro/nano fabrication techniques that are currently used to obtain 

accurate micro/nano structures are discussed in chapter 2.  Amongst the many techniques 

for micro/nano fabrication, FIB has emerged as a powerful tool for the fabrication of 

micro/nano structures with an extremely high resolution of 5 nm [137]. 

In a FIB system, a beam of high energy ions is produced and focused onto a sample 

surface for the purpose of both machining (etching or milling) and imaging.  The FIB 

takes the form of a stand-alone single beam system but it can be incorporated into other 

analytical systems such as SEM as shown in Figure 2-4.  In comparison to other similar 

methods such as electron lithography, FIB is capable of removing atoms from the surface 

with ease due to the larger ion mass which improves the subtraction rate.  FIB is a direct-

write technique that does not require a mask for the machining process.  FIB allows for 

the fabrication of both 2D and 3D micro/nano structures on almost any kind of solid 

material.  This process is assisted via CAD which enables the creation of almost any 3D 

geometry on the surface of samples, given the correct parameters are set.  The ion source 

and the ion column are the most important components in the FIB system since the ion 

beam is generated, focused and directed using these parts.   
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Figure 2-4 Schematic of FIB and SEM machine [138]. 

 

The FIB instrument usually consists of a vacuum system, ion column, liquid metal ion 

source (LMIS), gas inlet and computer.  The LMIS provides a finely focused beam that 

enables high lateral resolution removal of material.  This is achieved through the 5-axis 

motorised stage that allows sputtering at various angles to the sample.  When the ions 

bombard a solid sample, energy is transferred to targeted atoms.  During this process, the 

physical effects of the ions on the substrate are ion sputtering, secondary electron 

emission, target atom displacement and emission of photons [14].  These effects enable 

FIB to be used for several applications such as imaging, micro/nano machining and 

deposition. 

With the recent advancements of FIB, a beam size as small as 3.5 nm has been possible 

which makes it an ideal tool for fabrication in this range.  FIB is essentially destructive.  

When the ions hit the sample surface, it causes the atoms to sputter.  On the contrary to 

using large ion beams, the FIB process is considered to be “soft” that uses small beam 

current and yields little heating or distortion problem which helps with the accuracy of 

the method.  FIB machining has been demonstrated in several applications such as 

transmission electron microscope sample preparation [139] and semiconductor integrated 

systems manufacturing [140].  The ions in combination with chemically active gas are 

used to greatly enhance the sputter yield in the machining process due to the reaction of 

ionised gas with the sample surface.  The material removal process depends on several 

process parameters including dwell time, beam overlap, scanning strategy, scanning 

passes and sputter yield.   
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In this work, we are interested in the micro/nano machining functionality of the FIB 

system to produce patterned nozzles.  In FIB micro/nano machining, the beam overlap, 

angular dependence of sputter yield and the redeposition effect can cause difficulties in 

terms of accuracy of the machining.  These factors complicate the prediction of the 

surface topography and the accuracy of the intended designed structures.  Several 

simulation models and processing techniques have been developed to reduce the effects 

of the factors involved in the inaccuracy of the manufactured parts.  Early research of 

Mueller et al [141] focused on 2D simulation of FIB where the beam is confined in one 

direction with a Gaussian distribution.  This gave insight into the importance of the 

angular dependent sputter yield and redeposition effect.  A 3D code (DINESE) [142] was 

also developed to simulate the evolution of real 3D structures during the etching and 

deposition processes.  Osher and Sethian [143] provided a robust computational technique 

for tracking moving interfaces based on the level set method.  The surface topological 

breaking and merging was evaluated with help of an upwind difference scheme.  These 

advancements have pushed FIB to be a successful manufacturing technique for three-

dimensional fabrication.  FIB has the capability to produce arrays of nano patterns 

(rectangle, square and circle) with structural accuracies 5-20 nm [144].  Another approach 

is used by FIB to create arrays of hexagonally concaves with variable depths on polished 

aluminium surfaces [145].  Li et al demonstrated that line structures with an aspect ratio 

up to 2 can be reliably fabricated at the sub 100 nm with a combination of FIB milling 

and replica moulding [146]. 

There are several challenges in FIB in manufacturing accurate micro/nano structures.  

Focusing on the etching functionality of FIB, these challenges include dimensional, 

geometrical and machining efficiency.  Even though FIB is capable of fabrication down 

to the nanoscale, an accurate fabrication in this scale is still challenging due to the 

redeposition effect.  The data preparation process is very time-consuming for simple 3D 

structures.  Lastly, the low throughput of the FIB is a major disadvantage of this method 

which is mainly due to high resolution and small beam spot size.  Therefore, the material 

removal rate is limited.  However, in this study, the FIB is only used for the fabrication 

of patterns on the nozzle.   
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2.6 Numerical approaches of micro-macro simulations 

The simulation methods tend to vary depending on the dimensions of the domain. CFD 

has emerged as a powerful tool for analysing flow behaviours and relying less on 

experimental methods [147].  In the past few decades, huge advancements have been 

made in the development of fluid flow theories for particle-based discrete methods and 

conventional continuum methods [148].  In recent years, these two methods have been 

used to solve single and multiphase flow problems.  These two models are vastly used in 

recovering petroleum resources from reservoirs, soil water behaviour, fuel cell operation 

and cloud movement and evolution [149].  These methods are briefly described in this 

section. 

• Continuum based method 

Continuum assumption erases the molecular discontinuities by averaging the microscopic 

quantities on a small sampling volume [150].  In this approach, Partial Differential 

Equations (PDE) can be achieved by applying conservation of mass, momentum and 

energy for an infinitesimal control volume.  Several schemes such as Finite Difference 

Method, Finite Volume Method (FVM) and Finite Element Method (FEM) are used to 

convert the differential equations into a system of algebraic equations.  The domain is 

discretized into volume, grids or elements depending on the chosen scheme.  Each 

volume, node or grid contains a collection of a large number of particles (order of 1016).  

This is a macroscopic scale [151].  The algebraic equations are then solved iteratively 

until a solution is converged.  NS equations govern fluid motions and can be seen as 

Newton’s second law of motion for fluids, with the assumption that the stress in a fluid is 

the sum of the diffusive viscous terms.  In the latest development on computational 

approaches for micro/nano fluid modelling based on Navier Stokes equations for 

multiphase flows, it has been concluded that NS models can simulate microscale 

phenomena with good accuracies and computational time [152].  For example, the 

transport phenomena of bio-nanofluid under constant wall temperature were investigated.  

The maximum error of average convective heat transfer varied only by 7% between 

numerical and experimental results for multiphase flows.   

• Particle-based dynamics 

Moving into nanoscale problems, the continuum mechanics fails to predict the correct 

physics of the problems.  By using particle dynamic methods, the molecular distance is 

considered, unlike the continuum method.  The fluid properties cannot be considered 
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continuously.  Therefore, bulk properties of material are replaced by averages over a 

number of particles.  The particle based  methods for gases was started by Maxwell [153] 

and has been extensively studied for gases [154].  For liquids, theoretical works have been 

done using molecular dynamics simulations [155].  The main drawback of using these 

simulation for a relatively large system is the computer resources which is highly 

demanding [151].  

 

2.6.1 Knudsen number 

The dimensionless number Knudsen is an important factor in determining the validity of 

the chosen method.  The Knudsen number is given by equation (2.1), where 𝝀 is the mean 

free path and L is the characteristic length in a flow domain representing the smallest 

geometrical dimension.  When 𝐾𝑛 is less than 0.01, the fluid is considered to be 

continuous.  A flow can be characterised into several regimes based on Knudsen number: 

continuum flow, Kn≤0.01; slip flow, 0.01 ≤ Kn ≤ 0.1; transition flow, 0.1 ≤ Kn ≤ 10 and 

free molecule flow, Kn > 10.  The molecular mean free path for most polymers is around 

3 nm [156].  Therefore, modelling for geometries as small as 300 nm structures is possible 

while staying within the continuum region.  

𝐾𝑛 = 𝝀/𝑳 

 

(2.1) 

 

2.6.2 Numerical methods for solving fluid flows 

In CFD, the main methods used to solve a fluid dynamic problem can be divided into 

three groups according to domain discretisation. 

• Finite Element Method [157] 

FEM is a numerical method that has been widely used for solving PDE required to solve 

space and time-dependent problems.  This is achieved by dividing the main domain into 

smaller elements with curved and rectilinear shapes suitable for handling complex 

geometries.  The formulation of FEM results in a system of algebraic equations which 

approximates the unknown functions over the specified domain.  FEM looks for a solution 

of an integral form of the PDE rather than the solution of PDE itself and the most general 

integral is obtained from weighted residual formulation.  This allows for the incorporation 
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of differential type boundary conditions and allows for the construction of higher order 

accurate methods [158]. 

• Finite Volume Method [159] 

FVM was developed in Imperial College [159] as an improvement to FEM especially for 

fluid flow FVM is also a method for solving PDE.  The physical parameters are 

approximated by finite volumes within the problem domain.  This method divides a 

geometrically arbitrary domain into a finite number of elements, subsequently used to 

build finite or control volumes.  In FVM, the discretisation is based on an integral form 

of the PDE rather than the differential form.  FVM is the natural method for accurately 

representing the conservation laws in the integral form.  FVM is best suited for flow 

problems in primitive variables where viscous term is absent (Euler equations) or not 

dominant (High Reynolds number) [160]. 

• Finite Difference Method [161] 

Finite Difference Method discretisation is based on the differential form of PDE where 

each derivative is replaced with an algebraic difference quotient.  The domain is divided 

in space and time, and approximations of the solution are computed at the space or time 

points.  The difference between the numerical solution and the exact solution is as a result 

of going from a differential operator to a difference operator as a finite part of a Taylor 

series is used in the approximation.   

All methods have their merits and have been used in many CFD problems.  However, 

FEM and FVM have proved to be more reliable in terms of accuracy of results for 

complex geometries and flows.  The AM simulations are mainly done using commercial 

software.  In the literature [162], the most used software are ANSYS, Abaqus and 

COMSOL. 

COMSOL is a well-known FEM code that has been widely used for complex fluid flow 

problems with heat transfer properties.  COMSOL is capable of coupling the flow and 

heat transfer equations in micro scale, which is a requirement of this study and capable 

of handling complex geometry flows with topology changes that are caused by heat 

transfer.   
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2.6.3 Numerical analysis of FDM process 

A major factor hindering the future of FDM is the lack of in-depth understanding of the 

science behind the process.  The current way of how to select various control parameters 

for the quality of the print has been mainly achieved by experimentations.  Numerical 

simulations assist in the analysis of the FDM process and geometrical optimisation of the 

part being manufactured.  Even though there is no theoretical model capable of simulating 

the complication of the FDM process, there have been some studies with reasonable 

assumptions forecasting the FDM process.  Prediction of properties of the final part is a 

complex problem that involves heat transfer, solidification and fluid flow. 

The FDM process involves several physical phenomena which include heat transfer, non-

Newtonian fluid flow and solidification.  Umetani et al [163] proposed a novel cross-

sectional analysis that could detect critical stresses inside printed objects based on the 

bending moment Euler-Bernoulli equilibrium equation assuming isotropic properties for 

materials and without the requirement for volumetric mesh or solution of linear systems.  

Based on their analysis, the orientation of the object can be optimised to increase the 

mechanical strength.  Another study using FEM analysis conducted on multifilament 

printing concluded that increasing the melt temperature and optimisation in the extruder 

geometry can eliminate the blockage problem [164].   

Xia et al produced the most comprehensive FDM numerical model to date in terms of 

fluid flow [165].  Their method is based on a numerical method originally developed for 

multiphase flows.  Xia et al indicated much of the properties of the built part are based 

on the dynamics of the molten polymer and heat transfer.  In their model, a computational 

domain consisting of a moving nozzle, cold air and print bed was created.  Properties such 

as rate of injection, nozzle moving speed, injection temperature, bed temperature and 

ambient temperature were included.  The dynamics are governed by the Navier Stokes 

equations.  Assumptions of this model are volume changes due to solidification are 

ignored, viscoelastic and pressure effects are ignored and the flow behaves as Newtonian.  

Due to the large contrast between materials properties (air/polymer), the thermal 

diffusivity in energy and viscosity in momentum equations were solved explicitly to avoid 

numerical inaccuracies.  After melt exits the nozzle, the decrease in temperature and shear 

rate causes a rapid change in viscosity, therefore, solidifying the filament retaining a 

permanent shape.  The findings included: increasing the nozzle velocity meant a reduction 

in filament diameter.  They also concluded that temperature change generally does not 
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affect the filament shape.  The lack of volume change and swell factor were the 

shortcomings of their initial research.   

The volume change due to temperature was addressed in Xia et al [166].  The same 

arguments were presented as their previous research and the behaviour of the flow were 

governed by the conservation of mass, momentum and energy Navier Stokes equations 

[165].  By neglecting the effect of pressure, density was taken as a function of temperature 

in the mass conservation equation.  They examined the shape and surface temperature as 

well as the temperature and mean stress of the filaments after 2.338 s.  It was found that 

the volume shrinkage is about 8% after solidification using both interface and temperature 

field.  The lack of a viscoelastic model and swelling due to the polymer properties were 

the shortcomings of their model.  

Understanding the relationships between process parameters is critical in improving the 

fabrication process.  Key elements in a printer are feed mechanism, liquefier dynamics, 

bed spreading, bonding of filament and shape change due to thermal gradient within the 

part.  Bed spreading and bonding are not the topic of this thesis therefore they will not be 

discussed.   

 

2.7 Process modelling 

The basic mathematical modelling for several aspects of the 3D printing process 

necessary for the accuracy and resolution of parts are briefly described below: 

• Roller mechanism 

The filament is fed through the liquefier through the pinch roller.  The federate needs to 

be controlled to produce a constant volume flow rate Q (m3/s) of the filament out of the 

nozzle.  This stage determines the printing speed of a 3D printer.  Therefore, the linear 

feed velocity 𝑣𝑟 (m/s) can be calculated for the desired width W (m) and layer height H 

(m) [167] as shown in Figure 2-5.   

𝑣𝑟 =
𝑄

𝑊𝐻
 

 

(2.2) 
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Figure 2-5 Determining the required feed velocity. 

 

Since the roller is the only mechanism for pushing the filament throughout the extrusion 

process, the force must be sufficient to overcome the pressure drop across the system.  

The force 𝐹𝑟 (N) can be calculated using the following formula if the pressure drop 𝛥𝑃 

(Pa) and cross-sectional area of the filament 𝐴𝐹 (m2) are known.   

𝐹𝑟 = 𝛥𝑃. 𝐴𝐹 

 

(2.3) 

 

• Liquefier dynamics 

The force required for pushing the polymer depends on the viscous properties of the 

polymer melt and the geometry of the liquefier.  Due to the interaction between the 

polymer melt and the wall of the liquefier, the material undergoes a shear deformation 

during the flow shown by equation (2.4) where ϒ̇ (1/s) is the shear rate, v (m/s) is the 

velocity and r (m) is the radius of the flow.   

 

ϒ̇  =
𝑑𝑢

𝑑𝑟
 

 

(2.4) 

Most filaments that are currently being used in FDM 3D printers all have shear thinning 

behaviour where the viscosity decreases with an increase in shear rate [168].  There are 

several non-Newtonian models available for calculating the melt flow behaviour of 

polymers such as ABS and PLA which are the most common used materials in 3D 
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printers.  These models include Bird Carreau law, Cross law, power law, etc.  It can be 

assumed that the general power law is sufficiently accurate for fused deposition melts 

[167] according to the following equation:   

ɳ = 𝑚(ϒ̇)𝑛−1 

 

(2.5) 

where ɳ is the viscosity (Pa.s), m and n are power-law fit parameters which indicate the 

consistency and flow index respectively.   

Heat transfer also needs to be modelled in conjunction with temperature and shear rate 

dependence of the melt properties.  The heat capacity of the polymers changes constantly 

with temperature especially at the glass transition temperature (𝑇𝑔).  For a constant wall 

temperature of liquefier, the approximation of heat flux can be found by the heat transfer 

equation: 

𝑄 = �̇�𝑐𝑝𝛥𝑇 = (
𝜌𝑢𝐴

2π(
𝐷𝑓

2 )𝐿𝑓 

)𝑐𝑝𝛥𝑇 

 

(2.6) 

where �̇� is the mass flow rate (kg/s) which depends on the feed rate and area of the 

filament.  𝐿𝑓 and 𝐷𝑓 are the length and diameter for the filament respectively.  𝑐𝑝 is the 

heat capacity of polymer (kJ/kg.K) and 𝛥𝑇 is the change in temperature.  FEA results 

have shown the formation of a parabolic velocity profile after the melt front is established 

at the beginning of the nozzle [167].  The flow in and out of the nozzle has been reported 

to have laminar profile path lines with no evidence of flow instabilities and vortices due 

to the high viscous flow [19].  Meaning a fully laminar flow is present with extremely 

small Reynold numbers.  The Reynolds number is shown by the following relation: 

𝑅𝑒 =
𝜌𝑢𝐿

ɳ
 

(2.7) 

where 𝜌 is the density, 𝑢 is the velocity of the flow, 𝐿 is the characteristic length and ɳ is 

the viscosity. 

• Extrudate Swell 

The swelling is one of the most important physical changes that determine the size of the 

filament after extrusion.  The extrudate swell phenomena are observed at the tip of the 

nozzle just at the exit where the polymer melt is no longer constrained by the nozzle walls.  

The free surface boundary of the flow must be properly defined to accurately predict the 



 
 

34 
 

size of the filament and any geometrical complexities it carries.  Extrudate swell is the 

result of the deformation energy being stored on the polymer due to containment and as 

the polymer melt leaves the nozzle, the stresses acting on the filament are relaxed which 

leads to a radial expansion of the polymer.  The amount of swelling depends on the fluid 

properties and the external conditions that the fluid is exposed to after exiting the nozzle.  

As a result, the effect of this swell will ultimately affect the physical and mechanical 

properties of the extruded parts [169].  Quantitative measurement of the swelling is the 

ratio of the diameter of the extrudate to the diameter of the nozzle tip shown by the 

following equation: 

𝑆𝑟 =
𝐷𝑠

𝐷𝑛
 

(2.8) 

where 𝑆𝑟 is the swell ratio, 𝐷𝑠 is the extrudate swell diameter and 𝐷𝑛 is the nozzle 

diameter.  

Several theories have been proposed to calculate the extrudate swell.  Tanner [170] states 

there are two different portions of extrudate swell.  There is a larger expansion just as the 

filament exits the nozzle compared to farther away from the nozzle.  The second portion 

is usually neglected since the rate and value of the swell is very small compared to the 

initial swell.  Tanner made several assumptions including an isothermal and 

incompressible flow, length to nozzle diameter ratio is much greater than unity, forces 

such as gravity, surface tension and inertia effects are ignored and lastly, the recovery far 

away from the nozzle is ignored.  Tanner proposed the following equation for a 

viscoelastic flow. 

 

𝐷𝑠

𝐷𝑛
= [1 +

1

2
(

𝑁𝑖

2𝜏𝑤
)]

1
6 + 0.13 

 

(2.9) 

where 𝑁𝑖 is the normal stress difference at a wall of the nozzle, 𝐷𝑛 is the nozzle diameter, 

𝜏𝑤 is the wall shear stress, 𝐷𝑠 is the extrudate diameter and 0.13 is the factor to account 

for the swelling in inelastic non-Newtonian fluid in stokes flow.  For a Newtonian fluid, 

the normal stress is zero which indicates the swell for a Newtonian fluid is 1.13.  A non-

Newtonian fluid would have a higher value for die swell because of the fluid properties 

due to shear rate dependence.  
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Georgiou et al [171] define a stick-slip free surface problem showing an axisymmetric 

nozzle exit.  In this method, FEM was used to solve for the fluid flow.  The wall of the 

nozzle was defined as no-slip boundary, the inlet is a parabolic flow representing the melt 

front of the laminar flow.  The free surface boundary was defined as 𝑛. 𝑢 = 0,  which 

indicates no velocity lines may pass the defined free surface boundary.  The stress vector 

along the swell free boundary was set to be equal to zero.  The outlet is defined to have 

no flow in the x (radial) direction and the outflow has zero stress in the z-direction.  The 

effect of compressibility was also investigated in this study where the swell varied 

between 11-13%.  This value also agrees with the experimental findings of Salamon et al 

taking into account the viscous and surface tension forces [172].  It is important to note, 

some studies have included the surface tension in their numerical analysis, however, they 

have concluded that due to low Reynolds number and viscous forces, the surface tension 

effect can be neglected [173].   Figure 2-6 identifies the shape of the extrudate swell 

according to Georgiou.  It shows that maximum swelling occurs after nearly 1.5 times the 

nozzle radius downstream. 

 

Figure 2-6 The shape of the extrudate swell with respect to nozzle radius [171]. 

 

Elwood et al [174] also investigated this phenomenon and predicted a 14% swell for a 

round circular channel.  His results also show that there is no swell at the edges of the 

flat-surfaced nozzle.  He predicted that flat surfaces cause a higher swell value of 19% 

compared to round nozzles.  He also stated that there are mainly three ways of calculating 

the swell.  This is done by either applying kinematics, normal stresses or shear stresses at 

the free boundary.   
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Evan et al [175] examined the three-dimensional flow out of long nozzles with circular, 

square and cross-shaped sections.  They used fluid models based on Newtonian, visco-

plastic and slightly shear-thinning behaviours.  The rheological Carreau model was used 

to describe the shear thinning flow.   

ɳ = ɳ0[1 + (𝜆𝑠. ϒ̇)2]
𝑛−1

2  

 

(2.10) 

where ɳ0 is the zero-shear viscosity, 𝜆𝑠 is the relaxation time and n is the fluid index from 

power law.  Similar to Tanner, the free surface boundary condition is defined by 𝑛. 𝑢 = 0 

where the normal component of velocity is zero.  The results of swelling were presented 

as a function of dimensionless Deborah Number (De) along with several other methods.   

𝐷𝑒 = 𝜆𝑠/𝑇𝑑 

 

(2.11) 

where 𝑇𝑑 is the characteristic time for the deformation process.   Figure 2-7 demonstrates 

the comparison of several swelling models for the swelling factor of a non-Newtonian 

fluid according to Deborah number.  The flow is characterised as a creeping flow with a 

circular nozzle much like an FDM process.   

 

 

Figure 2-7 Dependency of Swell ratio on Deborah number [175]. 
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From the literature, it can be concluded that swelling is highly dependent on flow 

conditions.  Other studies have confirmed that the swell can vary from -90% to +50 by 

adjusting the flow parameters such as Reynolds number, capillary number and wall slip 

[176].   

• Solidification process 

Generally, the problems with phase change where a melt turns into solid are complex due 

to the movement of the solid-melt interface whose location is unknown and has to be 

found.  Especially when the material has temperature-dependent properties with complex 

geometries.   

Lin et al [177] studied the effects of heat transfer and solidification on the temperature 

distribution of polymer melt flow in narrow channels.  The channel wall is assumed to be 

adiabatic with constant heat transfer and the fluid properties use power law for viscosity 

variation.  A solid layer is created adjacent to the walls as the polymer flows.  The 

difficulty is found to be in the discontinuity of the temperature gradient in the solid-liquid 

phase interface.  They used enthalpy formulation to define the phase enthalpies and 

overcome the changing solidification interface.  The advantages of this method are the 

lack of need for determining the interface, no need for considering the regions on either 

side of the interface and there is no need to specify a boundary condition at the interface.  

The results show that polymer temperature in the region near the axis of symmetry 

remains high in most locations, the maximum temperature occurs where the shear rate is 

the highest.  This is common in polymer melt flows where significant viscous heat 

dissipation and low thermal conductivity are encountered.  The solidification thickness is 

dependent on heat conduction, heat convection and viscous heat dissipation.   

Xia et al [166] provided a comprehensive model of the FDM process as shown in Figure 

2-8. 
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Figure 2-8 Simulation of filament extrusion at different frames. The colour shows the 

surface temperature of filament and the semi-transparent grey volume is the nozzle body 

[166]. 

 

The behaviour of the melt flow was governed by the mass, momentum and energy 

equations.  The polymer melt is assumed to be a Newtonian fluid and the volume changes 

due to temperature change have been implemented by assuming density is a function of 

temperature as shown in the following equation:  

 

𝛻 ∙ 𝑢 =  𝑄𝛿(𝑥 − 𝑥𝑠) +
1

𝜌𝑐𝑝
(
𝑑𝑉

𝑑𝑇
)(𝛻 ∙ 𝑘𝛻𝑇 −  𝜌𝑐𝑝𝑇𝑖𝑛𝑗𝑄𝛿(𝑥 − 𝑥𝑠) 

 

(2.12) 

where 𝑢 is the velocity vector, 𝑉 is the volume of polymer, T is the temperature, 𝑇𝑖𝑛𝑗 is 

the inlet temperature, g is the gravitational constant, 𝜌, 𝑐𝑝 and 𝑘 are density, heat capacity 

and thermal conductivity of the polymer respectively.  Q is the volumetric flow rate, 𝛿 is 

a delta function at 𝑥𝑠 (nozzle position) and 𝑥𝑓 (position of interface) and 𝑥 is the point at 

which the equation is evaluated.  This equation represents the total volume change due to 

the temperature change.  The first term on the right-hand side is caused by the flow and 

the second term is caused by temperature change due to conduction.   Figure 2-9 represents 

the relationship between specific volume and temperature for PLA.   
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Figure 2-9 The specific volume of PLA according to temperature [166]. 

 

As the result of the numerical analysis for the FDM process, Xia et al [166] analysed the 

volume shrinkage using both the temperature and the interface.  The shrink rate decreases 

over time until full solidification has occurred.  A shrinkage of 8% has been observed in 

the specific volume.   

 

2.8 Rheological study of FDM process 

Rheology is defined as the science of the deformation and flow of a fluid.  There have 

been several models developed such as power law, Carreau, Cross and Ellis [178–179].  

The simplest model of fluid flow is the Newtonian flow which describes an ideal fluid.  

In these types of fluids, the viscosity is independent of the shear rate.  In another word, 

the shear rate is proportional to the applied shear stress as shown by the equation below: 

ɳ =
𝜎

ϒ̇
 

 

(2.13) 

where ɳ is the viscosity, 𝜎 and ϒ̇ are the shear stress and shear rate respectively.  For a 

non-Newtonian fluid, the viscosity changes under force.  This is illustrated in Figure 2-10: 
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Figure 2-10 Rheological behaviour of Newtonian fluid and non-Newtonian fluids [180]. 

 

An important property of molten polymers is their shear viscosity and the dependence of 

the viscosity on deformation rate and temperature.  For a polymeric flow, the viscosity 

cannot be assumed as a constant number as it is constantly changing due to changes in 

shear rate and temperature.  Most polymers in FDM processing can be classified as shear-

thinning fluid meaning the viscosity decreases as the shear rate increases.  At high shear 

rates, the number of entanglements between polymer molecule chain decrease.  An 

increase in temperature also causes the viscosity to drop due to the increase in kinetic 

energy of the molecules.  Therefore, to understand the polymer properties, the rheological 

properties of the material must be studied.   

 

2.8.1 Rheology models 

There are several rheological models developed and used to predict the shear-thinning 

rheological behaviour of the polymer melt.  The majority of the polymers in FDM tend 

to have a plateau region of viscosity at low shear rates and followed by a non-linear region 

as the shear rate increases [181].  Meaning the polymer acts as a Newtonian fluid in low 

shear rate regions where the viscosity is independent of the shear rate also called zero 

shear viscosity, ɳ0.   

lim
ϒ̇𝑥𝑦→0

𝜎𝑥𝑦

ϒ̇𝑥𝑦

= ɳ0 

 

(2.14) 

Furthermore, polymers also exhibit a similar plateau at very high shear rates also called 

infinite shear viscosity ɳ∞. 
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lim
ϒ̇𝑥𝑦→∞

𝜎𝑥𝑦

ϒ̇𝑥𝑦

= ɳ∞ 

 

(2.15) 

Figure 2-11  shows the full range behaviour of a shear-thinning polymer from zero to 

infinite shear.   

 

Figure 2-11 Different rheological regions of shear-thinning fluids according to shear 

rate [182]. 

 

The rate of decrease of viscosity with shear rate is seen to vary for each shear rate interval.  

The values of shear rate regions indicated on the diagram depend on several factors such 

as nature and concentration of polymer.  Therefore, it is impossible to suggest a valid 

generalisation method for identifying polymer viscosity.  Different rheological models 

and viscometers are usually utilised to describe the behaviour in different regions.  

Normal values of shear rate for FDM processes are ranged between 100 s-1 to 200 s-1 

[183].   

The main models for characterising the non-Newtonian fluid with shear thinning 

behaviour are:   

 

• Power law (Ostwald de Waele) [178] 



 
 

42 
 

The relationship between the stress and shear rate plotted on a log-log scale for shear-

thinning fluid can be approximated by a straight line over an interval of shear rate. 

𝜎 = 𝑚(ϒ̇)𝑛 

 

(2.16) 

The Power law formulation is previously shown in equation (2.5).  When 0 < 𝑛 < 1, the 

fluid acts as shear thinning.  Most polymers have an 𝑛 value of 0.3-0.8.  The power-law 

equation is a simple approximation of shear-thinning behaviour which predicts the mid-

range shear rates.  Therefore, neither lower nor upper Newtonian plateaus can be 

modelled using the power-law model.  Power law has been used for numerical analysis 

of FDM as it can accurately predict the viscosity in the mid-shear rate region. 

 

• Cross model [178] 

The cross model rectifies the problems encountered with the power-law equation.  The 

following empirical form is presented in simple shear. 

ɳ − ɳ∞

ɳ0−
ɳ∞

=
1

1 + 𝑚(ϒ̇)𝑛
 

 

(2.17) 

The Cross model can recover the Newtonian limit when 𝑚 tends to zero.  This equation 

correctly predicts ɳ = ɳ0 and ɳ = ɳ∞ in the limits of ϒ̇=0 and ϒ̇=∞, respectively. 

 

• Carreau model [179] 

The Carreau model is another empirical equation used to fit non-Newtonian data.  Like 

the cross model, this model also describes the shear thinning flow viscosity at zero and 

infinite shear rates and with no yield stress.  It has more parameters than the cross and 

power-law models.  This model is suitable for fluids that are beginning to shear.  The non-

Newtonian viscosity equation of Carreau fluid is defined by the following equation: 

ɳ = ɳ∞ +
ɳ0 − ɳ∞

(1 + (𝜆𝑠ϒ̇)𝑎)
1−𝑎

𝑎

 

 

(2.18) 

where 𝜆𝑠 is the relaxation time parameter and 𝑎 is a constant affecting the shape of the 

transition region. 
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• Ellis fluid model [178] 

The Ellis model can also describe the initial part of the shear rate curve for viscosity and 

uses three parameters as opposed to four in the Carreau model. 

ɳ =
ɳ0

1 + (
𝜎

𝜎1/2
)𝛼−1

 

 

(2.19) 

The parameters 𝜎1/2 and 𝛼 − 1 are adjusted to obtain the best fit for the set of data in 

rheology testing.  α>1 would yield the decreasing value of shear viscosity with increasing 

of shear rate.  The Newtonian limit is recovered by setting 𝜎1/2=∞.  When 𝜎/𝜎1/2>>1, 

the Ellis model reduces to the power-law equation.   

 

2.8.2 Extrudate Swell 

The definition of extrudate swell has been discussed before and swelling of polymer in 

the FDM process is shown in Figure 2-12.  Swelling is a significant event in the FDM 

process as it directly affects the resolution of the print and surface topology.  Therefore, 

predicting and controlling the swell leads to the prediction of the microstructures on the 

filament surface.  The degree of extrudate swell is positively impacted by shear rate and 

pressure [184].  The value of the swell ratio can be calculated via several models 

developed in the literature which will be discussed further. 

 

Figure 2-12 Demonstration of nozzle and extrudate swell. 

 

Several numerical models have been proposed to predict this complex phenomenon.  The 

use of a similar problem structure allows the comparison between the numerical and 

experimental work.   
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The flow of the polymer through the nozzle and into the free space is defined as a creeping 

flow (i.e. the Reynold number<<1) which is also incompressible.  The dynamics of this 

flow is governed by conservation of mass and momentum.  The stress tensor in the 

momentum equation determines the edge of the free surface which leads to finding the 

extrudate swell in the numerical analysis.  The main models used for calculating the 

extrudate swell are Oldroyd-B, Giesekus and Phan-Thien-Tanner models which are 

Oldroyd-B model [185] 

The Oldroyd-B model describes a viscoelastic material undergoing small deformation 

rates [185] and shown by the following equation: 

𝜏 + 𝜆𝑠𝜏 = 2ɳ(𝐷 + 𝜆𝑟𝐷   ) 

 

(2.20) 

where ɳ represents the fluid viscosity, 𝜆𝑠 and 𝜆𝑟 are the relaxation and retardation times 

of the fluid and .  denotes the upper convective derivative.  The stress tensor 𝜏, can be split 

in terms of solvent and viscoelastic polymer contributions.   

𝜏 = 𝜏𝑠 + 𝜏𝑝 

 

(2.21) 

where 𝜏𝑠 and 𝜏𝑝 denote the stress tensor for solvent fluid and polymeric fluid respectively. 

𝜏𝑠 is given by the equation: 

𝜏𝑠 = 2𝛽ɳ𝐷 

 

(2.22) 

where 𝛽 = 𝜆𝑟/𝜆 is the retardation parameter or solvent viscosity ratio that controls the 

fraction of the viscosity that contributes to the solvent and polymeric stress response. 

The polymeric stress tensor is related to a conformation tensor 𝑐 which represents the 

internal elastic deformation of the polymer.  Therefore 𝜏𝑝 can be described by the 

equation below: 

𝜏𝑝 = (
(1 − 𝛽)ɳ

𝜆𝑠
)(𝑐 − 𝐼) 

 

(2.23) 

where the first term on the right-hand side is the elastic modulus of the polymer 𝐺 

determined by rheology characterisations and 𝐼 is the identity tensor.  The conformation 

tensor is governed by the equation below: 
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𝑐 = −
1

𝜆𝑠
(𝑐 − 1) 

 

(2.24) 

Flows with simple shear can be described with the Weissenberg number.  This 

dimensionless number compares the elastic stresses to viscous stresses which can be 

calculated for different manufacturing conditions 

Viscoelasticity contributes to additional extrudate swell because of the relaxation of the 

elastic stresses 𝜏𝑝,𝑥𝑦 and 𝜏𝑝,𝑥𝑥 into the extruded part.  The extra stresses relax downstream 

of the nozzle as the polymer is free from any external constraints (i.e.  a free surface flow 

of polymer in an open boundary).  The extrudate swell of Oldroyd-B model with the 

addition of viscoelasticity from the analytical stress profile inside the nozzle channel can 

be represented by the following equation: 

𝑆𝑟 = 0.19 + (1 +
𝑆𝑤

2

3
)1/4  

where 𝑆𝑟 is the swell ratio, 0.19 is added to fit the value of the swell ratio of the Newtonian 

fluid and  𝑆𝑤 = 𝑁1/2𝜏𝑥𝑦  which is the recoverable shear where 𝑁1 = 𝜏𝑝,𝑥𝑥 − 𝜏𝑝,𝑥𝑦.   

This approximation is only valid when the viscoelasticity of the polymer has low effects, 

i.e.  when 𝑊𝑒  number is low or 𝛽 is close to unity.  Oldroyd-B is the first approximation 

for the viscoelastic behaviour of dilute polymer solutions flowing under low shear rates.  

Stress relaxation and creep deformation can be calculated using this model.  However, it 

fails to describe shear-thinning fluids and gives unrealistic values for extensional 

viscosities [186].   

• The Phan-Thien-Tanner model (PTT) [187] 

The PTT model has been derived from network theories of high viscous polymer solutions 

and polymer melt flows.  PTT model is used to determine the behaviour of shear-thinning 

rheological fluids.  The stress tensor in this model is found by the equation below [188]: 

𝜆𝑠𝜏𝑝 ⃐  + (1 +
𝜆𝑠휀

ɳ
𝑡𝑟(𝜏𝑝)) 𝜏𝑝 = 2ɳ𝑝𝐷 

 

(2.25) 

where the non-linear term 𝑡𝑟(𝜏𝑝) is the elastic energy of the polymer, ɳ𝑝 is the polymer 

contribution viscosity, 휀 is the destruction rate of the extensional viscosity and 𝜏𝑝 ⃐   denotes 

the Gordon-Schowalter convective operator shown below: 



 
 

46 
 

𝜏𝑝 ⃐  =
𝜕𝜏𝑝

𝜕𝑡
+ 𝑢 ∙ 𝛻𝜏𝑝 − (𝛻𝑢 − 𝜉𝐷) ∙ 𝜏𝑝 − 𝜏𝑝 ∙ (𝛻𝑢 − 𝜉𝐷)𝑇 

 

(2.26) 

where 𝜉 is a slip parameter related to the second normal stress difference. 

• Giesekus model [189] 

This model considers the intermolecular interaction of polymers which has not been 

accounted for in the Oldroyd-B model.  A molecular mobility tensor is considered in the 

model emerging from anisotropic hydrodynamic drag and Brownian motions [190].  This 

model is based on the deformation dependent tensorial mobility of molecules and the 

stress tensor is described by the equation below [191]: 

𝜆𝑠𝜏𝑝    + 𝜏𝑝 +
𝜆𝑠𝜍

ɳ𝑝
(𝜏𝑝 ∙ 𝜏𝑝) = 2ɳ𝑝𝐷 

 

(2.27) 

 

where 𝜍 is the mobility factor.  Reducing 𝜍 parameter to zero, the Giesekus model reduces 

to the original Oldroyd-B model.  The non-linear terms (𝜏𝑝. 𝜏𝑝) enables qualitative 

descriptions of viscoelastic properties such as shear thinning and nonzero second normal 

stress coefficient.  𝜏𝑝     is the Oldroyd-B’s upper convective derivative operator shown 

below: 

𝜏𝑝    =
𝜕𝜏𝑝

𝜕𝑡
+ 𝑢 ∙ 𝛻𝜏𝑝 − 𝜏𝑝 ∙ 𝛻𝑢 − 𝛻𝑢𝑇 ∙ 𝜏𝑝 

 

(2.28) 

These rheological models are used to derive an accurate representation of the extrudate 

swell ratio using numerical analysis and tested against each other based on the 

Weissenberg number according to manufacturing parameters [188].  The model 

developed in this study will be compared to the viscoelastic models available to assess 

the accuracy of the simulations using various Weissenberg number designs.  The results 

will be presented in chapter 4. 

 

2.9 Phase change theory 

During the FDM process, the material is extruded and deposited over and over.  The 

process might take minutes to hours.  Whereas the phase change occurs inside the flow 
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domain with a time scale of microseconds.  For this reason, a comprehensive model 

should account the heat transfer and phase change. 

When the solid turns into melt and vice versa, a certain amount of energy is required to 

overcome the forces that lead to the changes in the phase transition.  This energy is called 

the latent heat of fusion or solidification (𝐿𝐻) of the material which determines the 

difference in enthalpy levels between the liquid and solid states.  The interface between 

the liquid and solid states mainly depends on several factors such as cooling rate, 

temperature gradient, interfacial tension and the material itself.  

Phase change tends to be isothermal for pure materials meaning the phase transition 

occurs at a fixed melting temperature 𝑇𝑚 shown in Figure 2-13(a).  However, in some 

materials, the phase transition takes place over a range of temperatures between the melt 

temperature 𝑇𝑚 and solid temperature 𝑇𝑠 shown in Figure 2-13(b).  This is also referred 

to as the “mushy zone.”  In this case, a non-isothermal phase change occurs.  Therefore, 

the thermal properties of the polymer are required to be found.  The Differential Scanning 

Calorimetry (DSC) is a helpful tool in analysing the polymer and evaluating the latent 

heat.   

 

Figure 2-13 Enthalpy vs temp for (a) isothermal and (b) non-isothermal phase transition 

[192]. 

Phase changing in polymers is a complex process that mainly depends on the molecular 

structure of the materials.  Polymers can be divided into two groups according to their 

structures: 

• Crystalline polymers: These polymers are characterised by the regular and 

periodic molecular structures at solid-state.  Crystalline polymers have a well-

defined glass transition temperature 𝑇𝑔.  At the melting temperature in crystalline 
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polymers, the ordered molecular chains drop into a liquid state.  This sudden 

process requires a large latent heat.   

• Amorphous polymers: These polymers can be characterised by their irregular 

molecular structure in their solid-state.  Amorphous polymers exhibit some level 

of crystallinity; however, the glass transition temperature is not well defined and 

it has a mushy zone until it reaches the fully solid state at room temperature.   

 

The numerical methods for solving phase change are very limited for two- or three-

dimensional problems.  There are mainly two methods adopted in the literature for 

describing the phase change process according to the way they treat the boundary between 

the solid and liquid part of the domain which are front tracking method [193] and Fixed 

domain method [194].  In the front tracking method, the solidification or melting process 

involving a fluid flow consists of treating the solid and melt as two separate domains 

coupled with a moving boundary describing the phase change interface.  The position of 

the interface is computed at each time step as well as the temperature gradient.  This 

method is mainly used for multi-phase problems with isothermal phase change of pure 

substances (crystalline) where the temperature of melt happens instantly rather than over 

a finite temperature interval (amorphous material).  A starting solution is usually required 

for the front tracking method.  The front tracking methods tend to be computationally 

expensive.  In the fixed domain methods, a single domain is considered which is governed 

by a single heat equation which eliminates the need for the thermal condition between the 

two phases.  The phase change interface is obtained by determining the temperature 

distribution.  There are three main principal methods in this group which are enthalpy 

method, equivalent heat capacity method and temperature transforming model [195–196].  

The enthalpy method is the most commonly used method where governing equation 

applies to the entire region of the phase change material and the heat equation is written 

in terms of enthalpy where it is assumed that the density of liquid and solid are equal in 

the interface.  In equivalent heat capacity method, the heat equation is written as a 

function of specific heat.  This conventional computational methodology for conduction 

problems is sufficient for solving phase change problems.  However, the difficulty arises 

when selecting time steps, grid size and if there is a range of temperature in the phase 

change process.  Lastly, the temperature transforming model was developed by Cao and 
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Faghri which takes advantage of the combination of both enthalpy and heat capacity 

models.  The full formulations for each method are shown in appendix A.  

   

2.10 Summary 

This chapter presented a critical review of various micro/nano fabrication techniques.  

Advantages, shortcomings and challenges for the fabrication of micro/nano structures 

were identified for each method.  Even though several techniques are capable of 

micro/nano structure fabrication, there are serious challenges in terms of cost, scalability 

and availability.  FDM is a process that has been developed over the last decades for the 

fabrication of complex parts with respectable accuracies and has the potential of 

fabrication in micro and even nanoscales.  This method offers a simpler and cheaper 

alternative to the current methods of micro/nano fabrication by utilising structured 

nozzles to achieve micro/nano patterning.  Therefore, making it possible to print 

micro/nano structured surfaces with complex geometries. 

The materials used in FDM are mainly thermoplastic polymers.  A prime example is PLA 

which is used in this study.  Due to the swelling in the FDM process, the evolution of 

micro/nano structures is unpredictable and makes it difficult to identify the final 

topography of the extrudate. Therefore, accurately predicting the final shape of the 

extrudate is currently a challenge in this area.  Different simulation models and processing 

methods have been developed to overcome these issues, however, the effect of swell 

alongside solidification has not been investigated.   A thorough investigation on the 

temperature dependant properties of the polymer is required.  By analysing the rheology, 

melt flow behaviour and solidification of the extrusion process based on the continuum 

methods, the behaviour of the polymer flow up to the point of solidification can be 

predicted.  FEM has proved to be a powerful tool in CFD to predict the free boundary of 

the extruded material.  The current literature survey reveals there is a lack of three-

dimensional models available for analysis of the extrudate shape after cooling down.  

Therefore, there is a need to develop a robust three-dimensional simulation model for the 

prediction of surface topography evolution of the polymer.  Apart from the prediction of 

surface topography, the model presented in this study has the potential to improve the 

printing accuracy by identifying the effect of each process parameter on the final shape 

of the extrudate.  
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Process parameters of 3D printers have significant effects on the final shape of the 

extrudate and their respective surface topography.  Therefore, they need to be investigated 

and recommendations on printing parameters can be given based on the simulation 

results.  There is currently no effective process in the literature for the fabrication of 

patterned micro/nano structures using commercial 3D printers and therefore the process 

is not fully understood.  Based on several experimental works, two-dimensional and 

three-dimensional simulations will be presented on the extrusion process which will be 

introduced in the following chapters of this thesis.  This study will help to predict the 

shape of the extruded filament as well as the microstructures on the filament surface and 

eliminate the need for further time-consuming experimentations for the determination of 

the surface topography of the filaments.   
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Chapter 3 Methodology for Experimentation and Numerical 

Modelling of Fused Deposition Modelling 

 

In this chapter, the methodology for experimental and numerical analysis essential for 

creating an accurate simulation model of the extrusion process are introduced.  The first 

part of the chapter focuses on the experimental methods for obtaining polymer properties 

data.  These experiments aim to identify the temperature dependant polymer properties 

and data necessary for modelling the extrusion process.  The polymer properties include 

rheology, specific heat capacity, thermal conductivity, interfacial tension, density, etc.  

The fabrication method for manufacturing the structured nozzles is introduced.  

Thereafter, the topological characterisation methods are described for the post-processing 

of the extrudate and the subsequent microstructures.  The second part of the chapter 

focuses on the introduction of the modelling technologies, including governing equations 

and numerical methods used to carry out the numerical analysis of filament extrusion and 

microstructure extrusion from the structured nozzle.  The numerical analysis was 

performed using the FEM method with coupling the heat transfer and fluids flows in 

complex structures.  The fluids were considered as the continuity fluids for which the 

dynamics can be governed by a set of Navier-Stokes based equations with the addition of 

the apparent heat capacity method to analyse the phase change phenomenon.  The fluid-

fluid interface is identified by moving mesh technique to evaluate the interface position 

between the polymer and the cooling fluid.  Hence, the evolution of the filament and 

microstructures can be identified by setting the fine mesh in the nozzle channel and the 

interface. 

 

3.1 Introduction 

In the past decade, 3D printers have been readily available for consumers to fabricate 

complex structures at a very affordable cost and respectable production rate.  These two 

qualities make 3D printers an ideal choice for fabrication of micro patterned surfaces 

without the need for any specialised tools.  With the correct nozzle, 3D printers have the 

ability to produce micro patterns on the internal surfaces of the objects which is greatly 

beneficial in medical devices such as tubing.  A low cost method such as 3D printing 

would allow accessibility of use and enable the consumers to build their desired 

customised parts on demand which would save considerable amount of time and effort.  



 
 

52 
 

In addition, a low cost method would allow for repeatability and more trial-and-error 

experimentations if required.  

The polymer filaments used in FDM mainly exhibit non-Newtonian behaviour while in 

the molten state [196].  For example, the viscosity of PLA is highly dependent on 

temperature and shear rate [197].  This means the polymer flow in the molten state is 

dictated by its rheological properties.  In the event of coming in contact with the 

surrounding environment (air or water), the filament cools down and this causes the 

viscosity to increase due to the reduction of the random thermal motion of the molecules 

of the polymer until a solid structure is formed [198].  This cooling process has significant 

effects on the properties of the polymer.  Several properties such as interfacial tension, 

heat capacity and thermal conductivity are dependent on the polymer temperature and 

change accordingly.  Because of the non-isothermal characteristics of the melt during 

extrusion, the thermal properties have to be determined through experimentation. 

The accuracy and resolution of the 3D printed parts as well as the micro/nano structures 

via FDM highly depend on the material property and printing parameters.  Therefore, it 

is necessary to know the thermal and rheological properties of the extruded material for 

analysing the flow behaviour during the FDM process.  Such studies will lay down the 

foundation for optimising the FDM process and determining the dimensional evolution 

of the filament.  The data acquired from the experimentations will be used to construct a 

simulation model of the extrusion process.  All experimental analyses and extrusions are 

performed using PLA filament in this work.  PLA filament is one of the most common 

materials used in 3D printing which is a non-Newtonian fluid in the molten state. 

To control the accuracy of the prints, the mechanisms of the process should be well 

understood.  CFD offers a degree of flexibility in terms of flow analysis which 

experiments fail to deliver.  However, a suitable method for CFD analysis is required for 

the investigating of the extrusion process.  The FEM is found to be a powerful method 

for capturing such processes [162].  It can be used to predict the evolution of filament 

extrusion with time according to the temperature dependant properties of the polymer.  

The details of the model developments are discussed as the second part of the chapter, 

including the physical model and numerical model of governing equations of dynamic 

process of FDM. 
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3.2 Polymer characterisation and properties 

To understand the dynamic processes of FDM and to develop the numerical models for 

analysis of the FDM process in 3D printers, the physiochemical properties and parameters 

are required.  These properties and parameters can be categorised into two groups. 

● Material properties: the properties are unique to each individual material such as 

rheological and thermal properties which are listed in Table 3-1.  

 

Table 3-1 PLA properties required for modelling of the extrusion process. 

Polymer properties Method of investigation Obtained from 

Viscosity Shear rheology test This study 

Consistency index Shear rheology test This study 

Power law index Shear rheology test This study 

Relaxation parameter Frequency sweep test This study 

Melting point DSC This study 

Glass transition temperature DSC This study 

Latent heat DSC This study 

Heat capacity DSC Literature [199] 

Thermal conductivity DSC Literature [200] 

Interfacial tension Axisymmetric drop shape Literature [201] 

Density - Literature [166] 

Thermal expansion  - Literature [202] 

 

● Process parameters: the controllable parameters via 3D printers such as cooling 

temperature, extrusion speed and extrusion temperature.   

The methods of obtaining the rheological and thermal properties of PLA are discussed in 

this section.   

 

3.2.1 Material preparation 

The thermoplastic polymer used in this study is RS Pro 1.75 mm PLA filament.  For the 

rheological and thermal tests, the filament was chopped into small pellets (<2 mm).  The 

pellet samples were dried at 60 oC for 24 hrs before the experiments to remove moisture. 

 

3.2.2 Rheological characterisation of PLA 

Newton’s law can describe the mechanical behaviour of an ideal viscous fluid.  When a 

fluid goes through a pipe, it is termed shear.  Newton’s law relates shear stress to the shear 
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rate according to equation (2.13) [180].  A fluid is Newtonian if the viscosity is not 

dependant on the shear rate.  For a non-Newtonian fluid, the viscosity is a function of 

shear rate.  Many polymers in the FDM process are non-Newtonian since their viscosity 

decreases as the shear rate increases [180].  Several theories are developed for the 

calculation of the viscosities which are reviewed in chapter 2.  Several tests were 

performed to obtain the rheological properties of the PLA filament. 

 

3.2.2.1 Determination of storage and loss moduli 

Shear measurements were performed using TA Instruments ARG2 rheometer equipped 

with a 25 mm parallel plate configuration.  The pellets were placed between the plates 

and were preheated to a molten state.  After melting and eliminating the air gap between 

the pellets, the gap between the plates was set to 1 mm.  A dynamic strain sweep test was 

performed at frequencies of 0.1 to 100 1/sec for the temperature range of 180 oC to 200 

oC at 5 oC intervals. The storage (G’) and loss (G’’) moduli were recorded as functions of 

angular frequency.  These values can be used to find the relaxation time of the polymer. 

 

3.2.2.2 Shear rheology determination 

As a non-Newtonian fluid, the relation between viscosity and shear rate at a given 

temperature needs to be found.  PLA filaments in the form of pellets have been placed 

inside a 25 mm circular parallel plate (ETC steel) and melted to eliminate the air gap.  

The overflown polymer as a result of tightening the gap was cleared before the start of 

the experiment.  The gap was set to 1 mm for the rotational test and performed under a 

nitrogen atmosphere to prevent degradation.  The parallel plates rotate at a specified 

frequency and the viscosity is obtained via a computer connected to the rheometer.  The 

setup is shown in Figure 3-1.  A constant increasing shear rate test was performed on the 

polymer to investigate the shear viscosity versus the shear rate relationship.  A 

logarithmic sweep shear rate of 0.01 to 1000 s-1 was applied with 5 reading points per 

decay.  The measurements have been done three times and an average value of viscosity 

was taken for analysis.  The testing was done at temperature ranges of 180 oC to 200 oC 

which is within the working range of a 3D printer.   
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(a)     (b) 

Figure 3-1 Rheometer for evaluating the viscosity of PLA (a)ARG2 rotational 

rheometer; (b) Parallel plate geometry. 

 

The effect of viscosity on the shear rate was recorded and can be fitted by a power-law 

model to obtain the viscosity for use in the numerical analysis. 

The flow consistency index (m) and power-law index (n) can be found using the results 

from the viscosity versus shear rate graph.  𝑚 and 𝑛 can be obtained by plotting the log 

(ɳ) against log (ϒ̇) as below: 

𝑙𝑜𝑔 (ɳ) =  𝑙𝑜𝑔(𝑚) + (𝑛 − 1) 𝑙𝑜𝑔(ϒ̇) 

 

(3.1) 

In general, PLA is a shear-thinning fluid and the value of n is typically less than 1.  The 

results will be presented in chapter 4.  

3.2.3 Thermal analysis characterisation 

As well as the rheological parameters which depend on the temperature, several other 

parameters including heat capacity, thermal conductivity, interfacial tension, density and 

thermal expansion coefficient are highly affected by the change in temperature.  
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Obtaining their values as a function of temperature is crucial for numerical analysis.  The 

following experiments have been performed to obtain the results. 

3.2.3.1 Differential Scanning Calorimeter 

The thermal behaviour of the filament was determined using a differential scanning 

calorimeter (Mettler-Toledo 823e, Switzerland) equipped with STARe Excellence 

Thermal Analysis.  The samples were heated from 0 oC to 260 °C.  The temperature was 

increased at a rate of 10°C/min.  Approximately 2.5 mg of sample was weighed into a 

40µL sealed aluminium pan and crimped.  The glass transition temperature, enthalpy of 

melting and melting point were obtained using the DSC experiment.   

The remaining characterisations have been taken from the literature for identifying certain 

material properties required for numerical analysis.  These include heat capacity, thermal 

conductivity and interfacial tension. 

 

3.2.3.2 Heat capacity 

DSC and adiabatic calorimetry can be used to obtain the values of heat capacity at 

different temperatures.  The fundamental equation for heat capacity is shown below [203]: 

𝑐𝑝 =
𝐸

𝑀𝛥𝑇
 

 

(3.2) 

where 𝑐𝑝 is the heat capacity in J/kg.K, 𝐸 (J) is the change in thermal energy which can 

be measured directly, 𝑀 is the mass of sample in kg and 𝛥𝑇 is the change in temperature 

of the sample.  The values of heat capacity for the temperature range of 298-480K is 

reported in the literature and the following equation is used to evaluate the heat capacity 

of PLA [199].   

𝑐𝑝𝑙 = (120.17 + 0.076𝑇) 

 

(3.3) 

 

3.2.3.3 Thermal conductivity 

Thermal conductivity is a material property that indicates how much heat can be 

conducted through that material.  The conductivity for solid and liquid PLA can be found 

in the ranges of 0.111 to 0.195 W/m·K respectively [200].  These values can be measured 
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experimentally using laser flash [204] or a heat flow meter [205].  The fundamental 

equation to calculate the conductivity [206]: 

𝑞 =  (𝑘 / 𝑠) 𝐴 𝛥𝑇   
 

(3.4) 

where 𝑞 is the heat supplied in Watts, 𝑘 is the thermal conductivity in W/m·K, 𝑠 is the 

thickness of the material in m and 𝐴 is the area of the sample in m2. 

 

3.2.4 Interfacial tensions determination 

Interfacial tension plays an important role in free-surface and moving interface problems.  

The interfacial tension between two immiscible fluids needs to be calculated.  In this 

study, when the polymer exits the nozzle, it is cooled down with either water or air as 

discussed in section 3.4.  Therefore, the interfacial tension values for polymer melt with 

air and polymer melt with water are required for accurate modelling.   

● PLA melt/Air 

The interfacial tension of PLA at various temperatures can be measured using the 

axisymmetric drop shape analysis technique.  The interfacial tension of PLA at room 

temperature is found to be 40.2mJm-2 which has been reported in the literature [207–209].  

The following relation can be used to determine the interfacial tension at different 

temperatures [207]: 

𝑑ϔ

𝑑𝑇
= −0.06 𝑚𝐽𝑚−2𝐾−1 

 

(3.5) 

where 
𝑑ϔ

𝑑𝑇
 represents the changes in interfacial tension with temperature in mJm-2K-1 and 

the interfacial tension is given in mJm-2. 

● PLA melt/Water 

For the calculation of interfacial tension of polymers with ordinary liquids, the following 

relation may be used [201]: 

ϔ12 = ϔ1 + ϔ2 −
4ϔ1

𝑑ϔ2
𝑑

ϔ1
𝑑 + ϔ2

𝑑 −
4ϔ1

𝑝ϔ2
𝑝

ϔ1
𝑝 + ϔ2

𝑝 

 

(3.6) 
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where ϔ12 is the interfacial tension between two immiscible fluids, ϔ𝑖 is the surface 

tension, ϔ𝑖
𝑑 and ϔ𝑖

𝑝
 are the dispersion and polar components of ϔ𝑖, respectively.  This 

equation can accurately predict the interfacial tension between two fluids [201].  Table 

3-2 shows the required data for the calculation of interfacial tension between PLA and 

water at processing temperature.  The values of PLA [210] and water [211] have been 

taken from the literature.   

Table 3-2 Surface tension, dispersion and polar components values of water and PLA. 

Material ϔ𝑖 (mN/m) ϔ𝑖
𝑑(mN/m) ϔ𝑖

𝑝
(mN/m) 

PLA 28 23.9 4.1 

Water 72.8 51 21.8 

 

 

3.3 Microstructure printing 

The methods used to extrude and characterise the printed filaments are described in this 

section.  These methods are necessary for fabricating and analysing the surface 

topography of the printed filaments.   

 

3.3.1 Desktop 3D printer and slicing software 

The commercial 3D printer Ender-Pro 3 is used for carrying the experiments.  The 

printing parameters can be varied according to the experiment requirements.  These 

parameters include printing speed, cooling rate, cooling fluid and nozzle geometry.  The 

slicing software used for printing the samples is Cura.  The nozzle used in printing is the 

MK8 brass copper plated from E3d specialised for 1.75 mm filaments.  The printer and 

nozzle are shown in Figure 3-2. All samples were printed using the RS Pro filament and 

the spool was kept in a dry condition before each print. 
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 Figure 3-2 A commercial 3D printer components (a) Printer; (b) 400micron nozzle. 

 

3.3.2 Focused Ion Beam (FIB) 

FEI Quanta 3D FEG microscope coupled with a FIB instrument was used to apply 

micro/nano structures on the tip of the nozzle as shown in Figure 3-3.  Several rectangular 

patterns with various dimensions were manufactured on the copper-plated nozzles.  The 

operation parameter of the ion beam was set to 30keV and 3 nA.  The process of 

manufacturing the structured nozzles will be discussed in chapter 5. 

 

Figure 3-3 FIB systems for nozzle manufacturing (a) FEI Quanta 3D FEG; (b) 

Structured nozzle manufactured via FIB. 
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3.3.3 Topographical characterisation 

Different methods were employed for the characterisation of the surface topography of 

the filament and micro/nano structures.  Optical microscopy, scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) were used to analyse the printed 

samples.  The optical microscope (Lecia DM 2500) was used to measure the diameter of 

unstructured filaments to investigate the swelling factor as shown in Figure 3-4.   

 

Figure 3-4 Optical microscopy for determining sample diameters for swelling purposes. 

 

SEM was used to analyse the width of the micro patterns printed by the micro structured 

nozzle.  The samples were measured under low vacuum mode at 120Pa.  After 

determining the position of the structures in SEM, AFM (Veeco Dimension 3100 model) 

was used to measure the height and cross-section of the structures.  The AFM setup is 

shown in Figure 3-5.  The DNP-20 probe was equipped for the measurements under 

vacuum using the contact method in AFM.   

 

Figure 3-5 AFM (Veeco dimension 3100) for determining the cross-sectional 

dimensions of the microstructures. 
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3.4 Physical description of the FDM process 

FDM relies on the extrusion of molten material through a nozzle.  The process of FDM 

can be summarised in the following steps: 

1. Feeding mechanism of solid filament: a spool of filament is placed on a support 

and the filament is inserted in the extrusion head where the melting begins 

2. Heating and melting inside the liquefier: the temperature of the filament is 

controlled and is pushed down to the entry of the nozzle via the pinch rollers 

3. Extrusion through the nozzle: Fully molten filament is forced through an orifice 

shaped structure of the nozzle and gets extruded with desired shape and 

dimensions.  This step also includes the free extrusion and swelling of the melt at 

the exit of the nozzle.  Once out of the nozzle, the polymer melt comes in contact 

of cooling fluid which can be air or water in our experimentations.  

4. Deposition: the filament gets deposited layer by layer on a building plate by the 

movement of the nozzle in the x and y direction at a constant height.  The filaments 

are fully cooled down at this stage and bonded together 

This is better illustrated in Figure 3-6 showing the process of FDM from the solid filament 

to deposition. 

 

Figure 3-6 Extrusion process in FDM [212]. 
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There have been several numerical models developed for each stage of the FDM process.  

The full process from forcing the filament into the liquefier to filament deposition on the 

bed is extremely complex due to a wide variety of phenomena happening in each stage.  

These phenomena include heat transfer, phase change, non-Newtonian behaviour, 

molecular fusion during bonding, etc.  Different processes can be simulated 

independently, taking care that the output of one process can be used as the input for its 

following process.  For example, Marcin et al [213] simulated the melt flow in the 

liquefier using FVM and the subsequent process which is the deposition, was simulated 

using FEM by Heller et al [214]. 

The processes that are significant to this thesis, are the extrusion of filament through the 

nozzle and the occurrence of the swelling followed by cooling before depositing on the 

printing bed.  This simulation domain is shown in Figure 3-7. 

 

 

 

Figure 3-7 Schematic representation of polymer flow in the nozzle and the swell 

phenomena. 

 

The nozzle extrusion and filament swell are described in more detail below.  The 

simulation will be focused on capturing these two steps.  

• Extrusion through the nozzle 

The nozzle is attached at the end of the liquefier.  At this point, it is assumed that the PLA 

is fully melted in the liquefier chamber and behaves as a viscous fluid at processing 

temperatures [215].  The polymer temperature throughout the filament melt pool is 

constant as set by the printing parameter setting.  The nozzle has the function to reduce 

the cross-sectional area of the melt as well as the shape of the polymer according to the 
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required road configuration.  Figure 3-8 shows the mechanical drawing of the nozzle used 

in this study. 

 

Figure 3-8 Mechanical drawing of the nozzle used in this work. 

The nozzle tip is highlighted by circle B.  A thermocouple is placed at the top of the 

nozzle which assures that the nozzle temperature is set to the value adjusted by the user.  

An insulation layer is placed around the nozzle to reduce the heat loss.  The fact that the 

heat transfer to the surrounding is minimised would eliminate the need for modelling the 

nozzle and its material.  Therefore, instead of modelling the nozzle, the domain of the 

polymer flow inside the nozzle can be modelled to simplify the problem.   

 

• Swelling at the nozzle exit 

The extrusion through the nozzle happens as the shear rate reaches its highest values.  The 

melt is characterised by a shear thinning behaviour.  Due to the nature of the polymer, the 

swelling phenomenon arises at the exit of the nozzle.  Upon exiting the nozzle, the 

filament is subjected to convection due to the high temperature difference between the 

surrounding environment (air/water) and the polymer melt.  This causes a quick 

temperature drop on the surface of the filament whereas the core continues to be in a 

molten state for a relatively longer period.  The heat provided by this event allows for the 

continuation of flow despite the formation of the hardened outer layer on the filament.  

Thermal expansion and density changes due to the cooling process cause variation in the 

final size of the filament.  
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3.5 Governing equations of fluid flows 

In the remaining part of this chapter, we introduce the theories used in this work to build 

a simulation model to represent the 3D printing extrusion based on the physical model 

described in section 3.4.  A schematic drawing of the simulation domain is shown in 

Figure 3-7.  It should be noted that the fluids in this model include PLA and the cooling 

fluid with a temperature lower than the PLA injection temperature. The fluids are 

considered to be incompressible, while the PLA is a non-Newtonian fluid. 

The flow of the fluids considered, PLA and cooling fluid, can be described by a set of 

Navier-Stokes equations which are introduced in this section.  The continuity equation 

representing the conservation of mass is: 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢) = 0 

 

(3.7) 

where 𝜌 is the density of fluids (either the PLA or cooling fluid) and 𝑢 is the velocity 

vector. 

The conservation of momentum is presented by the Navier-Stokes equation: 

𝜕𝜌𝑢

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢)𝑢 = 𝛻 ∙ [−𝑝𝐼 + 𝜏] + 𝜌𝑔 + 𝐹 

 

(3.8) 

where 𝜏 is the viscous stress tensor, 𝑝𝐼 is the volumetric stress, 𝑔 is the acceleration due 

to gravity and  𝐹 is the volume force vector.  The acceleration and inertia of the fluids are 

balanced by shear, body and volume forces.  When fluids flow at low velocity, which can 

be measured by the Reynolds number according to equation (2.7), the nonlinear inertial 

force may play less or neglectable role in comparison with others, indicated by 𝑅𝑒 ≪ 1. 

As such, the Navier-Stokes equation (3.8) can be reduced to the Stokes flow equation.  

𝜌
𝜕𝑢

𝜕𝑡
= 𝛻 ∙ [−𝑝𝐼 + 𝜏] + 𝜌𝑔 + 𝐹 

 

(3.9) 

In 3D printing processes, it has been recognised that the value of Reynolds number of 

PLA in the order of 10-3 [165]. 

The heat transfer and temperature field of the PLA injection and cooling, one of the key 

dynamics that this study focuses on, can be modelled by energy equation (in terms of 

temperature) as: 
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𝜌𝑐𝑝 (
𝜕𝑇

𝜕𝑡
+ (𝑢 ∙ 𝛻)𝑇) = −(𝛻 ∙ 𝑞) + 𝜏: 𝑆 + 𝛼𝑝𝑇 (

𝜕𝑃

𝜕𝑡
+ (𝑢 ∙ 𝛻)𝑃) + �̅� 

 

(3.10) 

where 𝑐𝑝 is the specific heat capacity at constant pressure, 𝑇 is the absolute temperature, 

𝑞 is the heat flux vector, �̅� is the heat source, 𝛼𝑝 is the coefficient of thermal expansion, 

stress and 𝑆 is the strain rate tensor.  The operation “:” denotes the contraction between 

tensors.   

To close the governing equations, the relationship between the stress and strain is required 

as a consecutive relation and the non-Newtonian fluid model is introduced in section 3.5.1 

which uses a power-law behaviour to describe the viscosity of PLA.   

 

3.5.1 Modelling of the viscous stress tensor of Non-Newtonian fluids 

As discussed in chapter 2 there are viscosity models developed for modelling the viscous 

stress tensor relating to the shear rate [178] for non-Newtonian fluids.  A consecutive 

relation in terms of apparent viscosity for an incompressible flow can be written as: 

𝜏 = 2ɳ𝑎𝑝𝑝(ϒ̇)𝑆 

 

(3.11) 

where ɳ𝑎𝑝𝑝 is the apparent viscosity and the shear rate can be given by: 

ϒ̇ = √2𝑆: 𝑆 

 

(3.12) 

The strain rate tensor is described as follow: 

𝑆 =
1

2
(𝛻𝑢 + (𝛻𝑢)𝑇) 

 

(3.13) 

The contraction between the tensors is defined by: 

𝑎: 𝑏 = ∑ ∑ 𝑎𝑖𝑗𝑏𝑗𝑖

𝑗𝑖

 

 

(3.14) 

where 𝑖 and 𝑗 determine the component of the scalar directions.  This model is used for 

describing shear thinning fluids [186]. 

The power-law model [178] to determine the viscosity is presented by the equation below: 
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ɳ𝑎𝑝𝑝 = 𝑚(
ϒ̇

ϒ̇𝑟𝑒𝑓

)𝑛−1 

 

(3.15) 

where 𝑚 and 𝑛 are the fluid consistency index and power-law index respectively.  ϒ̇𝑟𝑒𝑓 

represents the reference shear rate.  

 

3.5.2 Heat transfer and phase change theory 

Modelling the heat transfer is an important factor in the thermal process of FDM.  The 

filament changes state from liquid to solid upon exiting from the nozzle when it comes to 

contact with the cooling fluid due to the difference of temperature.  To get accurate 

results, the melt flow field must be modelled in combination with heat transfer and phase 

change in terms of latent heat and several varying physical properties.  The full modelling 

of the heat transfer process also includes the phase change phenomena which is described 

in this section, as well as the method of the prediction of the exact location of the phase 

interface. 

● Heat transfer in the flow domain 

There are two forms of heat transfer mechanisms considered in the process of 3D printing, 

the heat conduction and convection with the assumption of the neglectable radiation.  In 

this study, the heat transfer from polymer to the cooling fluid (water or air) is modelled 

by coupling the flows of two fluids by the set of equations (3.7), (3.9) and (3.10) for which 

the conduction heat flux is represented as: 

𝑞 = −𝑘𝛻𝑇 

 

(3.16) 

where k (kJ/kg K) is the heat conductivity of PLA and cooling fluids, for which the data 

will be provided in chapter 4.    

● Phase change theory according to apparent heat capacity method [216] 

The apparent heat capacity method provides an implicit capturing of the position of the 

interface between solids and liquids.  This is achieved by solving for both phases with a 

single heat transfer equation with effective material properties and applies well to 

melting/solidification processes which contain a mushy zone around the phase change 

interface.  In this method, the latent heat due to the phase change is taken into account by 

modifying the heat capacity and considering the topology changes of the phase change.  
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The Stefan condition sets the temperature at the interface and defines the velocity from 

the heat transfer properties across the interface.  An advantage of this method is that the 

location of the phase interface does not need to be known ahead of time.   

When the polymer reaches the phase change temperature at the melting point 𝑇𝑚, it can 

be assumed that the transformation occurs in a temperature interval between 𝑇𝑚 − 𝛥𝑇/2 

and 𝑇𝑚 + 𝛥𝑇/2.  The polymer phase can be modelled by a smoothed function 휃, which 

represents a fraction of the phase before transition.  The 휃 function is equal to unity before 

𝑇𝑚 − 𝛥𝑇/2 and zero after 𝑇𝑚 + 𝛥𝑇/2 i.e.  휃1 + 휃2 = 1.  The density can be expressed 

as: 

𝜌 = 휃𝜌1 + (1 − 휃)𝜌2 

 

(3.17) 

And the enthalpy is expressed as: 

𝐻𝐿 =
1

𝜌
(휃𝜌1𝐻𝐿1

+ (1 − 휃)𝜌2𝐻𝐿2
) 

 

(3.18) 

where indices 1 and 2 indicate whether the material is in phase 1 or phase 2 respectively, 

i.e. phase 1 is melt and phase 2 is solid.  By differentiating with respect to temperature, 

the specific heat capacity can be obtained as follow: 

𝑐𝑝 =
𝜕𝐻𝐿

𝜕𝑇
 

 

(3.19) 

Further re-arranging and expressing the heat capacity in terms of density and enthalpy 

leads to the following equation for heat capacity: 

𝑐𝑝 =
1

𝜌
(휃1𝜌1𝑐𝑝1 + 휃2𝜌2𝑐𝑝2) + (𝐻𝐿2

− 𝐻𝐿1
)

𝑑𝛼𝑚

𝑑𝑇
 

 

(3.20) 

 

where 휃1 and 휃2 can be written as 휃 and 1 − 휃 respectively.  Figure 3-9 assists in 

visualising this equation.   
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Figure 3-9 Diagram of apparent heat capacity method [216]. 

 

where 𝛼𝑚 is the mass fraction and is defined by the equation below: 

𝛼𝑚 =
(휃2𝜌2 − 휃1𝜌1)

2𝜌
 

 

(3.21) 

The mass fraction value before the phase change should be equal to −1/2 and 1/2 after 

the phase change. 

The specific heat capacity is the sum of equivalent heat capacity 𝑐𝑒𝑞 as shown below: 

𝑐𝑒𝑞 =
1

𝜌
(휃1𝜌1𝑐𝑝1 + 휃2𝜌2𝑐𝑝2) 

 

(3.22) 

And the distribution of latent heat 𝑐𝐿 due to the change in enthalpy is written as: 

𝑐𝐿(𝑇) = 𝐿1→2

𝑑𝛼𝑚

𝑑𝑇
 

 

(3.23) 

where 𝐿1→2 is the change in enthalpy (𝐻𝐿2
− 𝐻𝐿1

) of the material.  Therefore, the total 

heat per unit volume coincides with the latent heat as follow: 

∫ 𝑐𝐿(𝑇)𝑑𝑇
𝑇𝑚+

𝛥𝑇
2

𝑇𝑚−
𝛥𝑇
2

= 𝐿 ∫
𝑑𝛼𝑚

𝑑𝑇
𝑑𝑇

𝑇𝑚+
𝛥𝑇
2

𝑇𝑚−
𝛥𝑇
2

= 𝐿 

 

(3.24) 

where the latent heat can depend on the pressure but not the temperature.  The apparent 

heat capacity 𝑐𝑝 used in the energy equation is given by: 

𝑐𝑝 =
1

𝜌
(휃1𝜌1𝑐𝑝1 + 휃2𝜌2𝑐𝑝2)+𝑐𝐿 

 

(3.25) 
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To satisfy the energy and mass conservation during the phase change process, the 

transport velocity and density must be defined so that the mass is conserved locally.   

Finally, the ratio of specific heats at constant pressure and volume (ϒ̅) is satisfied by the 

following equation: 

ϒ̅ =
휃1𝜌1𝑐𝑝1 + 휃2𝜌2𝑐𝑝2

휃1𝜌1

𝑐𝑝1

ϒ1
+ 휃2𝜌2

𝑐𝑝2

ϒ2

=
𝑐𝑝

𝑐𝑣
 

 

(3.26) 

where 𝑐𝑣 is the heat capacity at constant volume. 

The thermal conductivity can be reduced to the following equation: 

𝑘 = 휃1𝑘1 + 휃2𝑘2 

 

(3.27) 

Similarly, the effective density is: 

𝜌 = 휃1𝜌1 + 휃2𝜌2 

 

(3.28) 

There are several advantages of using the apparent heat capacity method as listed below: 

1. Applicability to three dimensions and complex geometries 

2. Ease of implementation in existing computer codes 

3. Ability to deal with non-constant thermal properties and all types of boundary 

conditions.  Which is the case in a 3D printing process. 

4. Reasonable computational efficiency and accuracy. 

 

3.5.3 Fluid-Fluid interface 

When the viscosity and density of both domains are significant and affect each other, a 

fluid-fluid interface is required to solve the fluid flow [217].  A Fluid-Fluid interface can 

be used to model the flow of two different immiscible fluids when the position of the 

interface needs to be determined.  The equations used in the spatial frame are the Navier-

Stokes described previously.  As opposed to a free surface flow, the flow is solved for 

both phases in a Fluid-Fluid interface.  The schematic representation of the Fluid-Fluid 

interface of polymer and cooling fluid is shown in Figure 3-10. 
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Figure 3-10 Fluid 1 (PLA) and 2 (Cooling fluid) interface and components of surface 

tension forces acting on the interface. 

 

The interface is tracked with specific boundary conditions for the mesh displacement 

and fluid flow.  The boundary conditions applied at this interface between PLA and 

cooling fluid can be given by the following equations [217]: 

𝑢1 = 𝑢2 + (
1

𝜌1
−

1

𝜌2
)𝑀𝑓𝑛𝑖 

(3.29) 

 

𝑛𝑖 . 𝜏2 = 𝑛𝑖 . 𝜏1 + 𝑓𝑠𝑡 

 

(3.30) 

 

 

𝑢𝑚𝑒𝑠ℎ = (𝑢1. 𝑛𝑖 −
𝑀𝑓

𝜌1
)𝑛𝑖 

 

(3.31) 

 

where 1 and 2 denote the polymer and cooling fluids respectively.  𝑢1 and 𝑢2 are the 

velocities of the fluids 1 and 2 respectively, 𝑢𝑚𝑒𝑠ℎ is the mesh velocity at the interface of 

fluids 1 and 2, 𝑛𝑖 is the normal of the interface acting outwards from fluid 1, 𝜏1 and 𝜏2 

are the stress tensors of fluid 1 and 2 respectively, 𝑓𝑠𝑡 is the force due to surface tension 

and 𝑀𝑓 is the mass flux across the interface in kg/m2s. 
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The tangential component in equation (3.29) provides a non-slip boundary condition 

between the two fluids.  By setting the mass flux to zero in equations (3.29) and (3.31), it 

ensures that the fluid velocity normal to the boundary is equal to the interface velocity.   

Equation (3.30) determines the force balance on the interface of the two fluids and can be 

interpreted as the force per unit area acting on the interface boundary.  The force caused 

by surface tension can be described by the following equations: 

𝑓𝑠𝑡 = 𝜎𝑖𝑛𝑡(𝛻𝑠 ∙  𝑛𝑖)𝑛𝑖 − 𝛻𝑠𝜎𝑖𝑛𝑡 

 

(3.32) 

 

𝛻𝑠 = (𝐼 − 𝑛𝑖𝑛𝑖
𝑇)𝛻 

 

(3.33) 

where 𝜎𝑖𝑛𝑡 is the interface surface tension, 𝛻𝑠 is the surface gradient operator and 𝐼 is the 

identity matrix. 

 

3.5.4 Method of numerical scheme for solving the governing equations  

FEM is used to solve the governing equations mentioned in this section.  Velocity, 

pressure and temperature are the unknowns and the segregated approach is used.  At each 

time steps, the velocity and pressure fields are found by solving the continuity and 

momentum equations.  The energy equation is then solved by using the results of pressure 

and velocity to find the temperature.  This process is repeated until the simulation is 

converged and the velocity, pressure and temperature changes are minimal in each time 

step. 

Discretization of two variables of the Navier stokes equation, e.g. pressure and velocity 

are first degree linear, which are named “P1+P1” in COMSOL.  As the pressure and 

velocity are discretized in the same order, some stabilisation methods have to be used.  

There are two consistent stabilisation methods in COMSOL: Streamline diffusion and 

Crosswind diffusion.  Usually, both methods are selected by default and should remain 

selected for optimal performance. 

For heat transfer, a linear shape function is used to discretize the energy equation, which 

is solved for temperature.   
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3.5.5 Moving mesh technique for tracking the interface 

During the printing process, it is believed that the polymer undergoes significant 

deformation along its flow path.  Therefore, it is required to observe and analyse the 

deformation due to both flow and heat transfer.  The moving mesh method is a technique 

used in solving the PDE where the mesh grid evolves to improve the approximation of 

the solution.  In other words, the polymer deformation can be determined.  This technique 

is well suited where there are no topological changes in the surface of the moving fluid.  

Topological changes in this sense mean the breakup of a continuous flow such as break 

up in a droplet.  Employing this technique would eliminate the need for running complex 

and time-consuming multiphase simulations such as Phase-Field and Level-Set for 

observing the deformation of the polymer flow.  The moving mesh prescribes the 

displacement of the polymer flow and tracks the interface movement.  The effects of 

gravity can also be added by including a source in the momentum equation.  In this 

method, the surface tension and other forces can be directly applied to the boundary 

conditions on the free surface of the polymer flow.  The displacement velocity of the free 

surface is recovered as the polymer’s velocity at the surface at any given time.  The 

Navier-Stokes equations are applied on the moving nodes where the displacement is 

obtained by the moving mesh equations.  

In the moving mesh method, the mesh within the flow domain needs to be deformed to 

account for the movement of the free surface boundary.  The mesh nodes are moved so 

that they conform with the free surface moving boundary.  This is done throughout the 

moving domain and is achieved by solving PDE on the moving boundary condition.  For 

a 2D example, if the original location of a mesh is (X0, Y0), the spatial coordinates (x0,y0) 

of the same mesh node at a later time, t, can be given by the following function: 

𝑥0 = 𝑥(𝑋0, 𝑌0, 𝑡),             𝑦0 = 𝑦(𝑋0, 𝑌0, 𝑡) 

 

(3.34) 

The original mesh is referred to as “reference” frame and the deformed mesh is called the 

“spatial” frame.  The fluid flow equations are solved in the spatial frame along with any 

additional terms. A visual representation is shown in Figure 3-11.   
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(a)     (b) 

Figure 3-11 Undeformed and deformed mesh frame [218]. 

 

Figure 3-11(a) shows an undeformed mesh which can be the actual configuration at a 

reference time.  The spatial frame (x,y) and the material frame (X,Y) coincide. 

However, after material deformation in Figure 3-11(b), the spatial frame (x,y) remains 

the same, while the material systems (X,Y) is deformed. 

The interface between the phases is tracked with specific boundary conditions for mesh 

displacement and fluid flow.  Two techniques can be used for tracking the interface 

depending on the materials used in the simulations.  These techniques are fluid-fluid 

interface and free surface flow.  In the case of free surface flow, it is assumed that the 

cooling fluid in the printing process has insignificant viscosity and density in comparison 

to the polymer.  This would be a valid assumption for the case of polymer being cooled 

by air.  However, the contrast between polymer and a cooling fluid such as water is much 

smaller than polymer and air.  Therefore, a fluid-fluid interface model needs to be utilised 

to see the effect of water on the polymer flow.   

 

3.6 Conclusion 

In this chapter, all experimental procedures required to find polymer properties and post-

processing of the printed filaments are presented.  Most properties of PLA are temperature 

dependant.  Therefore, it is required to experimentally find these parameters as a function 

of temperature.  The methods for the analysis of polymer’s rheology properties are 

described.  Several thermal properties of the polymer have been achieved through 

experimentation while the remaining properties were gathered from the literature.  

Finally, the method for analysis of the extruded filaments was introduced.  Due to the 
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limitation of the SEM, it was decided to use AFM for determining the cross-sectional 

geometry of the printed filaments.   

The governing equations that are required to construct an accurate model for 3D printing 

extrusion process were presented according to the physical description of the process.  

The moving mesh fluid-fluid interface tracking method is used to evaluate the interface 

of the extruded polymer.  In addition, the effects of the cooling fluid can also be observed 

on the flow as opposed to free-surface modelling.  The power-law model seems to be a 

suitable choice for the range of shear rates that a 3D printer operates within.  We have 

also presented the phase changing tracking method utilised in this work.  It appears that 

the apparent heat capacity method is well capable of handling different boundary 

conditions as well as dealing with non-isothermal properties of polymers.   
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Chapter 4 Experimental and Numerical Analysis of FDM Process 

 

Based on the methodologies presented in chapter 3, the polymer parameters data required 

for the scope of the simulations are determined.  These parameters are used to construct 

simulation models of the extrusion process to determine the effects of different process 

parameters on the shape of the extrudate.  The models are validated through experimental 

analysis and the theories based in the literature for non-Newtonian fluids.  The effects of 

several process parameters including printing speed, print temperature, cooling material 

and cooling temperature on the filament swell are investigated. 

4.1 Introduction 

The accuracy of the printed filaments is the most important factor for the fabrication of 

complex parts.  Filament swelling has been identified as the main cause of dimensional 

inaccuracies in printed parts which needs to be addressed.  With the aid of numerical 

modelling, the filament swell may be predicted.   

The simulation of non-Newtonian flows has gained scientific interest which would 

eliminate the need for time-consuming and costly empirical trials.  The development of 

reliable numerical simulations can lead to the development of novel computer-aided 

design strategies in the industrial fabrication of micro/nano structures.  Thermoplastic 

polymers exhibit shear-thinning properties which are responsible for several phenomena 

such as extrudate swell, rod climbing and vortex enhancements [186].  Identifying these 

properties is the first step towards understanding the flow behaviour.Extrusion swell and 

phase change are responsible for the difference between the shape intended from the 

nozzle with the printed shape.  Therefore, analysing the effect of printing parameters on 

the printed structures is the key to controlling the printing accuracy.   

This chapter aims to develop a simulation model for evaluating the effect of process 

parameters on the swelling of the filaments.  Hence, it would be possible to accurately 

predict and optimise the influencing parameters through simulations. 

 

4.2 Temperature-dependent PLA properties 

The polymer data required for the modelling of the extrusion process are introduced in 

this section.  
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4.2.1 Rheological analysis  

The rheology of PLA was studied within the range of 3D printing parameters.  The 

variation of viscosity with the shear rate at different temperatures was investigated.  The 

experiments were carried out three times at different temperatures (180 oC-200 oC) with 

intervals of 5oC.  The effect of shear rate and temperature on viscosity is shown in Figure 

4-1. 

 

(a)     (b) 

 

(c)     (d) 

 

(e) 

Figure 4-1 The viscosity of PLA at different temperatures (a)180oC; (b) 185oC; (c) 

190oC; (d) 195oC; (e) 200oC. 
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The results were fitted using the power-law model which has proven to be sufficient and 

accurate for PLA polymers at this range of shear rate and temperature.  The results 

indicate a Newtonian plateau and a linear viscoelastic region for PLA up to 1 s-1 shear 

rates.  After the Newtonian plateau, the polymer undergoes significant viscosity changes 

as the shear rate increases up to 100 s-1.  It is observed that PLA has a higher viscosity at 

lower temperatures throughout the entire experimentation as a result of strong attractive 

bonding between the molecules at low temperatures.  The extrapolation of the current 

curves gives an estimate of viscosity for higher shear rate values. 

 

Figure 4-2 Flow consistency and power law index of PLA for different temperatures. 

 

The flow consistency 𝑚 and the power index 𝑛 can be obtained from the viscosity curves.  

The values of 𝑚 and 𝑛 of the PLA used in this research are shown in Figure 4-2 for 

different temperatures of polymer.  All samples have values of the power-law index of 

less than unity (𝑛 < 1) which is obtained by calculating the slope of the shear-thinning 

region.  This indicates that the PLA exhibits a pseudoplastic non-Newtonian behaviour.  

The 𝑛 values increase as the temperature increases.  A higher value of 𝑛 indicates that 

there is less influence of shear rate on the flow behaviour [219].  The consistency index, 

which shows the viscosity of material at zero shear rate also decreases as the result of a 

temperature rise.  The decrease in viscosity is a result of the reduction in the polymer 

chain bindings amongst themselves.   
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4.2.2 Relaxation time of polymer 

Polymers incorporate a relaxation time which is defined as the ratio of the viscosity of 

the material to their modulus.  In terms of physical definition, when the external stresses 

on the polymer are removed, the stress inside the polymer is still present for some time.  

The time taken for the fluid to rest without any external stresses is called the relaxation 

time.  A frequency sweep of the polymer was performed which allows for observing the 

time-dependent response of the PLA within the linear viscoelastic range.  The relaxation 

time of the sample can be obtained from the crossover of shear modulus 𝐺′ and loss 

modulus 𝐺′′.  The relaxation time is found by the following equation at the shear and loss 

modulus cross over [220]: 

𝜆𝑠 =
1

ω
 

 

(4.1) 

where 𝜆𝑠 is the relaxation time of the polymer and ω is the angular frequency.   

Several frequency sweeps were performed at different polymer temperatures.  Figure 4-3 

represents the moduli vs angular frequency of the PLA sample at 180 oC.  Other 

temperatures are not included for the sake of clarity.  The result of relaxation time is used 

for identifying the Weissenberg number for verification of numerical models with 

experimental.   

 

Figure 4-3 Determination of relaxation time from shear and loss modulus as a function 

of frequency at 180 oC. 
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For the PLA at 180 oC, the shear and loss modulus meet at an angular frequency of 100 

1/s. 

Table 4-1 gives relaxation time at different processing temperatures for PLA. 

Table 4-1 Relaxation time of PLA at different temperatures. 

Temperature (oC) Angular frequency (1/s) Relaxation time (s) 

180 100 0.0100 

185 65 0.0154 

190 30 0.0333 

195 11 0.0909 

200 6 0.1667 

 

 

4.2.3 Flow rate determination 

The volume flow rate of the polymer during extrusion needs to be found for different 

printing speeds on the 3D printer.  To do so, a set amount of PLA filament with a length 

of 190 mm was used to print a flat surface object.  The printing speed was varied in the 

slicing software from 30 mm/s to70 mm/s and the time taken for the print completion was 

recorded.  All other printing settings except for the printing speed were kept constant.  

The flow rate of the filament going into the extruder can be calculated from the following 

equation: 

𝑄 =
𝜋𝐷𝑓

2

4
𝑢𝑒𝑥𝑡 

 

(4.2) 

where 𝑄 is the nozzle flow rate, 𝐷𝑓 is the filament diameter which is 1.75 mm and the 

𝑢𝑒𝑥𝑡 is the extrusion speed which can be calculated if the time and length of the filament 

are known.   
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Table 4-2 Flow rate at different printing speeds. 

Printing speed (mm/s) Filament length (m) Time (s) Volume flow rate (m3/s) 

30 0.19 195 2.34361E-9 

40 0.19 172 2.657E-9 

50 0.19 156 2.92951E-9 

60 0.19 146 3.13016E-9 

70 0.19 139 3.2878E-9 

 

Table 4-2 shows the correlation between the printing speed set by the printer and the flow 

rate that is required for that printing speed.  The values of the flow rate give a more 

realistic approach for modelling the flow.   

 

4.2.4 Shear rate determination 

The determination of the shear rate in the FDM process can help identify the viscosity 

range, the type of viscometer required for analysis and the viscosity model that best fit 

the viscosity range.  The shear rate in a circular nozzle can be determined by the equation 

below: 

ϒ̇𝑎𝑝𝑝 = (
4𝑄

𝜋𝑟𝑛
3) 

 

(4.3) 

where 𝑟𝑛 is the nozzle radius.   

The apparent shear rate provides a relatable shear that can be examined using a rheometer.  

The true shear rate can be calculated using the following equation [221]. 

ϒ̇ = ϒ̇𝑎𝑝𝑝(
3𝑛 + 1

4𝑛
) 

 

(4.4) 
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4.2.5 Thermal analysis 

The glass transition temperature, enthalpy of melting and melting point were obtained 

using the DSC experiment. Figure 4-4  shows a DSC graph of heat flux versus the 

temperature of the PLA material used in this study.   

 

 

Figure 4-4 DSC results of PLA sample. 

 

The spectrum shows three peaks that are associated with the features of a typical semi-

crystalline thermoplastic.  In order from left to right: heat flux at the glass transition 

temperature 𝑇𝑔, an exothermic peak for crystallisation and a melting endotherm are 

present in the DSC experiment.  The filament is showing clear evidence of cold 

crystallisation which is a process associated with exothermal self-nucleation of the 

crystalline phases above the 𝑇𝑔.  The polymer reaches its glass transition temperature 𝑇𝑔 

at 57.57 oC with the peak centred at 58.34 oC [222].  These results agree with the literature.  

The melting point 𝑇𝑚 is represented by the last peak which starts at 130 oC with the 

polymer reaching its maximum melting at 150.88 oC which is in the range of reported 

values for PLA.  The difference could be due to the manufacturing processes of the 

filaments.  The latent heat of the polymer can also be evaluated from the DSC graph 

which represents the area of the third peak in the diagram.  The value of the latent heat 

for the polymer sample is found to be 22.75J/g. 
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4.3 2D Axisymmetric modelling for determination of the swelling 

Following the physical process and modelling methodology in sections 3.4 and 3.5, a 

simulation model is developed based on the physical process of FDM for extrusion 

through the nozzle.  The evolution of the swelling during extrusion is strongly affected 

by the flow and thermal fluid conditions in each step of the printing.  Several assumptions 

made in the model are:  

1. The 2D axisymmetric problem are used to decrease the computational cost as the 

nozzle has a circular cross-section 

2. The heat transfer to the nozzle walls is assumed to be zero as the nozzle is well 

insulated 

3. Creeping incompressible flow regime is assumed as the Re<<1 

4. The effects of gravity and surface tension are included in the model 

Having compared the capabilities of several commercial codes available for modelling 

the FDM process, COMSOL Multiphysics was chosen due to its extensive libraries, 

viscoelastic, fluid and heat transfer modules.  COMSOL has proven to be capable of 

simulating complex phenomena that are present in the FDM process.  COMSOL package 

utilises FEM for the calculation of the PDE required to solve the fluid flow.   

A steady-state simulation was run to get the initial conditions.  A time-dependent transient 

simulation was then performed to get obtain the results for the position of the polymer 

surface.   

 

4.3.1 Geometry 

The model for extrusion of polymer into and out of the nozzle was developed considering 

the axis-symmetric properties of the geometry as well as the boundary conditions.  This 

physical characteristic of the problem allows us to reduce the computational costs.  The 

domain of the geometry consists of two main parts; firstly, the region associated with the 

polymer flow and secondly the domain that is related to the cooling fluid.  The schematic 

of the entire domain is presented in Figure 4-5. 
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(a)     (b) 

Figure 4-5 Geometry points for the fluid flow and the entire domain; (a) Nozzle 

domain; (b) Entire fluid flow domain. 

 

The dimensions of the geometric parameters in Figure 4-5 are summarised in Table 4-3.  

These values are equivalent to the nozzle shown in Figure 3-8. 

 

Table 4-3 Geometrical dimensions of 2D nozzle. 

Vertices Size 

R_S 200 μm 

L_1 600 μm 

L_2 1400 μm 

L_3 600 μm 

L_4 16 mm 

R_L R_S + L_2*tan(30*pi/180) 

 

4.3.2 Materials (fluid domains) 

The material used in the model is PLA.  The PLA is in the liquid phase at the entrance of 

the nozzle and therefore the melt properties are considered as the flow begins.  The 

thermal and rheological properties of PLA are discussed in section 4.2.  Also, the material 

properties of cooling fluids used (water and air), are present in the COMSOL material 

library.  When the polymer melt is placed in contact with the cooling fluid, it starts to 

solidify and the solid phase is formed.  PLA and cooling fluid are defined in the model as 

shown in Figure 4-6.  The cooling fluid domain size was increased large enough to negate 

the effects of heat transfer from PLA and this would represent a realistic representation 
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of the real 3D printing.  The phase change domain condition is used on both domain 

phases to solve the energy equation after specifying the properties of the phase change 

material according to the apparent heat capacity formulation.  The forces acting on the 

melt flow are the gravitational forces and surface tension forces.   

 

 

(a)    (b) 

Figure 4-6 Flow domain (a) PLA (phase change and swelling); (b) Cooling fluid 

(air/water) domain. 

 

4.3.3 Boundary conditions 

The boundary conditions used in this study are chosen to resemble the real case of 3D 

printing as accurately as possible.  The boundary conditions are given into two separate 

physics of flow and heat transfer boundary conditions.  

 

• Flow boundary conditions 

The flow conditions imposed on the domain are described in Figure 4-7: 
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Figure 4-7 Flow boundary conditions. 

 

1. The model is created using the 2D asymmetric feature in COMSOL around the 

centre line due to the nozzle having a circular cross-section to reduce the 

computational costs.  

2. At the entrance of the nozzle, the flow is assumed to be fully developed.  The 

incoming flow was modelled as having a parabolic velocity profile.  The velocity 

is zero in the radial direction.  Therefore, the z-direction velocity at the inlet was 

set using the formula below: 

 

𝑢 = 𝑢𝑚𝑎𝑥(1 − (
𝑟𝑖𝑛𝑙𝑒𝑡

𝑟𝐷
)

2

) 

 

(4.5) 

where 𝑢𝑚𝑎𝑥 is the maximum velocity at the centreline of flow, 𝑟𝑖𝑛𝑙𝑒𝑡 is the radial location 

and 𝑟𝐷 is the maximum radius of the fluid domain at the inlet.  𝑢𝑚𝑎𝑥 is described by the 

flow rate as: 

𝑢𝑚𝑎𝑥 = 2𝑢𝑎𝑣𝑔 =
2𝑄

𝜋𝑟𝐷
2
 

 

(4.6) 

3. A no-slip wall has been chosen as the wall of the nozzle as the melt “adheres” to 

the nozzle walls while flowing.  Furthermore, the cooling fluid was also contained 

with no-slip walls. 
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4. An open boundary was chosen as the “exit” area of the polymer out of the domain.  

Open boundary describes a boundary in contact with a large volume of fluid where 

the fluid can both enter and leave the domain.   

5. The Fluid-Fluid interface defines the initial position of the polymer and cooling 

fluid interface.  An interpolation function is defined for the surface tension and 

the values are used as an input in the fluid-fluid interface.   

 

• Heat transfer boundary conditions 

The equations for heat transfer and phase change have been described in section 3.4.  

linear shape function is used to discretize the energy equation which is solved for 

temperature. 

The two forms of heat transfer are convection and conduction.  The initial temperature in 

the PLA domain is melt temperature 𝑇𝑚 which is the inlet temperature of PLA and is 

varied between 180-200 oC.  The reference temperature is chosen as the ambient 

temperature 𝑇𝑎𝑚𝑏 and it is varied between 10-40 oC which is applied to the cooling 

domain.   

Here, PLA is defined as a phase change material that is initially fluid.  The parameters 

related to phase change are transition temperature indicating the mushy zone and 

solidification latent heat, which have been achieved with DSC.  The transition 

temperature and latent heat are 12K and 22.75J/g respectively.   

The heat transfer boundary conditions are indicated in Figure 4-8. 

 

Figure 4-8 Thermal boundary conditions. 
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The heat transfer boundary conditions are set using the heat transfer module in COMSOL 

which are described here: 

1. Inflow is implemented at the entrance of the nozzle.  The temperature at the inflow 

is set to the melt temperature of PLA. 

2. Thermal insulation boundary condition indicates that there is a net heat flux of 

zero across the boundary.   

3. Temperature boundary condition is applied to the cooling fluid.  This is equal to 

the ambient temperature of the surrounding. 

4. A convection and conduction term are defined for the interface of polymer and 

cooling fluid. 

5. Outflow is placed at the bottom of the domain.  The outflow provides a suitable 

boundary condition for convection dominated systems with fluid flow.   

It must be noted that during preliminary simulations, it was identified that a large diameter 

of 6 mm (15 times larger than nozzle diameter) for the cooling fluid would negate the 

effects of heat transfer.  This large value was chosen to represent the actual experimental 

dimensions.  This is presented in Figure 4-9 which shows the temperature towards the 

edge of the cooling fluid domain remains unchanged.  Hence, the size chosen for the 

cooling fluid is sufficient.  

 

Figure 4-9 Temperature contours to determine the dimension required for cooling fluid 

domain. 
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4.3.4 Coupling of the flow and heat transfer 

A non-isothermal flow Multiphysics is used to couple the flow with the heat transfer.  The 

heat transfer process is tightly coupled with the fluid flow problem via a predefined multi-

physics coupling. 

The non-isothermal flow solves for the conservation of energy, mass and momentum in 

fluid flows.  It defines pressure and velocity variables to set absolute pressure in the model 

input section and the velocity field in the heat convective section of the heat transfer 

interface.  All temperature-dependent fluid properties that are needed in the heat transfer 

have been provided in this chapter.  

 

4.3.5 Model meshing 

A free triangular mesh was used in the simulation.  The mesh setting was set to fine size 

for the cooling fluid domain.  In the polymer domain, smaller size elements are needed 

to capture the swell.  For the polymer domain, the mesh was set to finer as shown in Table 

4-4.  

Table 4-4 Mesh settings for 2D simulations. 

Cooling fluid Polymer 

Description Value Description Value 

Maximum element size 0.112 mm Maximum element size 0.00896 mm 

Minimum element size 0.0032 mm Minimum element size 0.000128 mm 

Curvature factor 0.3 Curvature factor 0.25 

Element growth rate 1.13 Element growth rate 1.1 

Predefined size Fine Predefined size Finer 

 

The total number of domain elements are 13102 with 654 edge elements and 11 vertex 

elements.  The steady-state solution took only 7 seconds.   
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4.3.5.1 Mesh deformation 

When phase change and swelling of the polymer occur, the related computational 

domains and boundaries are deformed.  This is called the deforming domain.  A moving 

mesh is used to update the mesh during the study step.  This adapts the mesh with the 

changes in the geometry.  Some conditions must be prescribed on boundaries to update 

the mesh.  Some boundaries were set as fixed boundaries that would not change during 

the study.  These are called fixed boundaries as shown in Figure 4-10(b).  Mesh on some 

boundaries could only change shape in a tangential direction (Symmetry/Roller).  On 

some boundaries, special amount of normal displacement could be implemented.  It can 

be zero which fixes the boundary in the normal direction.  Figure 4-10 shows the used 

conditions on boundaries of the geometry on basis of the physical printing process.  The 

solver automatically curves the interior domain elements in the polymer region to avoid 

straight edges.   

 

(a)     (b) 

 

(c)     (d) 

Figure 4-10 Mesh displacement boundaries.  (a) Deforming domain; (b) Fixed 

boundary; (c) Symmetry; (d) Normal mesh displacement. 
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Figure 4-11 shows the mesh deformation at the interface of both fluids due to the flow 

and swelling of the polymer at different times. 

 

(a)     (b) 

Figure 4-11 Displaced mesh.  (a) Initial mesh; (b) Updated mesh. 

 

4.3.5.2 Mesh independent analysis 

A mesh independent analysis has been performed to ensure the results obtained are not 

dependant on the size of the mesh.  For this reason, the diameter of the filament at a fixed 

location was chosen for this study.  The number of mesh is the only parameter that is 

changed in this study. The results of the meshing are presented in Figure 4-12. 

 

Figure 4-12 Mesh independent analysis. 

 

6000 8000 10000 12000 14000 16000 18000 20000 22000

552

554

556

558

560

562

564

566

568

F
ila

m
e
n
t 
d
ia

m
e
te

r 
a
t 
a
 f
ix

e
d
 l
o
c
a
ti
o
n

Number of domain elements



 
 

91 
 

The graph indicates that a mesh number around 13000 would make the analysis mesh 

independent.  Increasing this number beyond 13000 would not add any value to the 

simulations apart from taking longer run times.  Any mesh below 6000 elements would 

not achieve convergence.  Therefore, for all 2D simulations, this mesh number was used 

according to the mesh setting introduced in this section. 

 

4.3.6 Simulation study 

The simulation was performed in two separate studies.  They are described below: 

• Steady-state 

In the first step, a steady-state study was performed.  The result was used as an initial 

condition for the transient solution.  The steady-state solution was done in 7s.  Figure 4-13 

represents the volume phase fraction for the steady-state.  There is no swelling present in 

the steady-state simulation hence it is only used to obtain initial values for the transient 

model.   

 

Figure 4-13 Steady state simulation showing the phase change.  Swelling is not present 

from this study. 

 

• Transient  

To predict the evolution of the geometry, a second study was conducted using a time-

dependant approach.  The transient simulation was done to simulate 2 seconds of polymer 

flow out of the nozzle in real-time.  
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Figure 4-14 shows the evolution of the swelling phenomena at several extrusion times for 

the transient model.   

 

(a)     (b) 

 

(c)     (d) 

 

(e) 

Figure 4-14 Evolution of polymer swell at different times. (a)t=0.005s; (b)t=0.02s; 

(c)t=0.06s; (d)t=0.5s; (e)t=2s. 

 

The model developed in this section will be further analysed in the following sections in 

terms of the accuracy of the results. 
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4.4 Identification of filament swell 

To find the importance of swell value on the accuracy of the printed filament, a simple 

experiment is performed.  In Figure 4-15, a filament sample is printed with the printer 

default settings to evaluate the extrudate swell.  From here onwards, any printed filament 

with default printer settings will be referred to as the “reference case”. 

 

Figure 4-15 Printed filament with default printers setting. 

 

The default printer parameters are used in the reference case are shown in Table 4-5. 

Table 4-5 Printer settings for the reference case. 

Parameter Value 

Layer height 200 µm 

Infill density 10% 

Printing speed 40 mm/s 

Melt temperature 180 oC 

Ambient temperature Air 20 oC 

Nozzle diameter 400 µm 

 

A filament with a length of approximately 5cm was extruded directly downwards from 

the nozzle.  The mean diameter of the printed filament is found to be 565 µm. For the 

reference case, the swelling ratio is calculated using equation (2.8).  
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𝑆𝑟 =
565

400
= 1.41% 

This shows how much the diameter of the extruded filament can deviate from the 

originally intended size of 400 µm.  The swelling needs to be kept to a minimum to 

increase the printing accuracy.  Adjusting the printing parameter has a significant effect 

on the swelling which will be demonstrated in the remaining of this chapter.  400 µm are 

the most common nozzles used in the 3D printing process hence this study only conducts 

experimentations and simulations on this nozzle size.  However, it must be noted that 

there is no restriction on using nozzles with different diameters to determine the swell 

value.  

 

4.5 Experimental setup to measure extrudate swell 

In this section, two printing parameters that affect the extrudate swell will be evaluated.  

Controlling the filament swell is an important factor in improving printing accuracy.  The 

measurements of filament diameter at different manufacturing conditions such as printing 

speed and ambient temperature were taken.  The effect of cooling material was also 

evaluated for the filament swell where air and water at different temperatures were used.  

The experimental values of extrudate swell at different printing conditions can be 

compared with the theoretical results achieved by the numerical simulation. 

 

4.5.1 Printing procedure methodology 

The methodology for experimentally obtaining the filament swell is described in this 

section.  

 

4.5.1.1 Nozzle characterisation 

In this work, an MK8 nozzle with a 400 μm diameter is used.  The diameter of the nozzle 

tends to vary slightly from the datasheet as assessed by SEM.  There is less than 1 μm 

difference which can be neglected. 
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4.5.1.2 Filament fabrication 

The filament used for fabrication is the black RS pro-PLA and the printer used for 3D 

printing filaments/parts is the Ender 3 Pro.  The printing speed and extrusion temperature 

were set using custom G-Code by utilising the PrintRun software.  The G-Code instructs 

the printer to print out a filament with the desired parameters of an actual slicing software.  

The printhead is pulled away from the print bed in the z-direction with about 10cm offset 

value.  The printer extrudes about 5cm of filament directly downwards without moving 

the print head.  The filament diameter was measured for printing speeds of 30-70 mm/s, 

and ambient temperature of 10-40 oC.   

 

4.5.1.3 Cooling procedure of the FDM process 

As mentioned previously, two temperatures can be controlled during the FDM process.  

Firstly, the filament extrusion temperature which is adjusted by the software via the 

thermocouples attached to the print head and nozzle.  Secondly is the ambient temperature 

which cools the filament.  The greater the temperature difference between the extrusion 

temperature and the ambient, the greater is the heat transfer rate due to convection and 

conduction.  The effect of cooling with water and air have been investigated in this study.  

The procedures for controlling the air and water temperature are described below. 

• Air cooling 

A heated chamber was constructed around the printer to keep the temperature as steady 

as possible for the duration of the print.  A thermometer was used to monitor the 

temperature and a heater was utilised to change the temperature when required.  The 

temperature was varied from 10-40 oC with an interval of 10 oC for each measurement.  

Each measurement was repeated 3 times and an average of the swelling results is reported.   
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Figure 4-16 Heated chamber to control the cooling temperature. 

 

• Water cooling 

The water cooling method consists of cooling the filament in the water as soon as it exits 

the nozzle tip.  The nozzle was lowered into a cup full of water as soon as printing started.  

The water temperature is measured before the printing.  The filaments were manufactured 

with water at different temperatures from 10-40 oC with 10 oC intervals.  It is made sure 

that the water tank is significantly large so the print is not affected by its own heat.  The 

setup is shown in Figure 4-17.  The printing procedure is similar to air cooling apart from 

the presence of water as a cooling fluid.   

 

 

Figure 4-17 Printing filament in water. 
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4.5.2 Extrudate swelling characterisation 

After extrusion of filaments, the diameter was measured using an optical microscope 

(Lecia DM 2500).  The printed strands were 5cm long.  Three measurements were taken 

at random places on the filament to assure the uniformity of the printed strands.  From 

these results, the swelling ratio was calculated at different printing conditions.   

 

4.6 Analysis of experimental and numerical results of filament swell 

The experimental and numerical results of the extrudate swell for different printing speeds 

and different cooling temperature at constant printing temperature are presented.  

 

4.6.1 Experimental results of filament swell 

The parameters investigated in this study are printing speed and the ambient temperature 

as well as the type of cooling fluid to assess the effect on the swelling.  For the sake of 

model validation, only air-cooled results will be shown and water-cooled filaments will 

be discussed later.  

The swelling was investigated for different printing speeds varying from 30-70 mm/s with 

10 mm/s intervals at different ambient temperatures.  During the experiment, the printing 

temperature (P.T) was set to the default of 180 oC.  The filaments were allowed to cool 

down at different ambient temperatures before measuring their diameters.  The 

experimental results of the filament swell for various printing speeds at different ambient 

conditions are presented in Table 4-6. 

Table 4-6 Experimental results of swell ratio for different printing speed (P.S) and 

ambient temperatures (A.T). 

 Swell ratio 

P.T oC P.S (mm/s) A.T=10 A.T=20 A.T=30 A.T=40 

180 30 1.375 1.3825 1.3875 1.395 

180 40 1.4025 1.415 1.42 1.425 

180 50 1.425 1.44 1.445 1.45 

180 60 1.45 1.465 1.475 1.485 

180 70 1.475 1.4875 1.5 1.5075 
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Figure 4-18 Swelling values for different printing speeds, cooled by air at different 

temperatures. 

 

Figure 4-18 is the graph of swelling ratio against printing speed for several ambient 

temperatures using air as cooling fluid.  Due to the rise in shear rate as a result of 

increasing the printing speed, the swelling increases with printing speed.  The minimum 

swell is achieved by cooling the filament at 10 oC.  However, it is observed that increasing 

the printing speed has a much greater effect on the swelling ratio than the increase in 

ambient temperature.  From current results, it is advised that for a more accurate print, 

the printing speed and ambient temperature should be reduced to a minimum.   

 

4.6.2 Numerical modelling results of filament swell 

After obtaining experimental results of polymer swell, it is required to obtain the swell 

from the numerical simulations.   

In the simulation, the cooling fluid chosen is air at an ambient temperature of 20 oC, the 

rheological and thermal properties of melt and solid PLA are temperature dependent and 

the inlet velocity is input into the simulation according to the volume flow rate from 30-

70 mm/s.  The heat transfer and the flow modules are coupled so the convective and 

conduction heat transfers are calculated based on the velocity profiles at the interface of 

the two fluids.  The measurements of the filament diameter were taken on the free surface 
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of the polymer where the filaments were sufficiently cooled. Figure 4-19 represent the 

phase change position from melt to solid of the PLA filaments at different printing speeds.   

 

(a)     (b) 

 

(c)     (d) 

 

(e) 

Figure 4-19 Phase fraction and position of the solidified PLA for different printing 

speeds.  (a)30mm/s; (b)40mm/s; (c)50mm/s; (d)60mm/s; (e)70mm/s. 

 

As expected, it can be observed that the position of the interface (solidification position) 

moves further down relative to the nozzle exit as the printing speed is increased.  It is also 
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observed that in the central zone of the flow where the shearing is mild compared to the 

outer layers, the cooling is slow due to the low thermal diffusivity.   

The swelling results of the simulations at various printing speeds are presented in Table 

4-7. 

Table 4-7 Simulation result of swell ratio for different printing speeds. 

Printing Speed (mm/s) Filament diameter 

according to simulation 

results (μm) 

Swell ratio 

30 526 1.315 

40 534 1.335 

50 540 1.35 

60 548 1.37 

70 559 1.3975 

 

Very similar to the experimental case, the swell ratio also increases with the increase in 

printing speed. 

 

4.6.3 Validation of experimental and simulation results of swelling 

The difference of swelling between simulated results and experimental results can be 

found using the following equation: 

%𝑒𝑟𝑟𝑜𝑟 =
𝑆𝑟𝑒𝑥𝑝

− 𝑆𝑟𝑠𝑖𝑚

𝑆𝑟𝑒𝑥𝑝

∗ 100 

 

(4.7) 

The average difference between the experimental and simulation results for the swelling 

factor is found to be 5.8% which means the experimental and simulated results are in 

agreement.  The model created can predict the extrudate swell with good accuracy.   

 

4.7 Comparison of experimental and numerical results with viscoelastic 

numerical models 

To further investigate the modelling in this work, the results achieved via simulation and 

experimental have been compared against viscoelastic models in the literature.  The most 

well-known models for describing the behaviour of viscoelastic polymer melt flows are 

Oldroyd-B, PTT and Giesekus models.  These numerical models define the swelling 

effect with respect to the dimensionless Weissenberg number (𝑊𝑒) [186] which is the 
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ratio of the elastic forces and viscous forces and indicates the degree of anisotropy 

generated by the swelling of flows with simple shear.  The  𝑊𝑒 number is derived from 

the following formula: 

𝑊𝑒 = 𝜆𝑠.
𝑢

𝐿
 

 

(4.8) 

where 𝜆𝑠 is the relaxation time of PLA, 𝑢 is the printing speed and 𝐿 is the characteristic 

length which is equal to the diameter of the nozzle.   

To compare the swelling values for different numerical models, the 𝑊𝑒 number at 

different printing speeds was first calculated and shown in Table 4-8.  The relaxation time 

for polymer at 180 oC was taken to be 0.01s as shown in the frequency sweep tests, the 

nozzle radius was taken to be 400 μm, the ambient temperature was set to room 

temperature and the printing speed was varied between 30-70 mm/s.  Once the range of 

𝑊𝑒 number was identified for the given printing conditions, they were compared to the 

models in the literature [186].   

 

Table 4-8 We number for different printing speeds. 

Printing speed 

(mm/s) 

Characteristic length 

(μm) 

Relaxation time 

(s) 

We 

30 400 0.01 0.75 

40 400 0.01 1 

50 400 0.01 1.25 

60 400 0.01 1.5 

70 400 0.01 1.75 

 

The values of swelling ratio depending on the 𝑊𝑒 number for experimental and 

simulation in this study versus the PTT, Giesekus and Oldroyd-B models are presented 

in Figure 4-20.  It is observed that there are some discrepancies even amongst the literature 

results.  However, the model simulated in this work seems to be able to predict the 

swelling phenomena with good accuracy.  The average error between the Oldroyd-B and 

the model presented in this study is approximately 4.5%.  Similarly, this error for the PTT 

model is 4.72%.  However, the error for the Giesekus model is 12.45%.  Meaning this 

model cannot predict the result of swelling of PLA.  In general, the experimental results 
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for swelling seem to be higher than the simulated results as well as the numerical models 

available.  The reason for discrepancies could be that none of the viscoelastic models 

presented in the literature take heat transfer into account. 

 

Figure 4-20 Comparison of swell value with respect to We number for different models. 

 

The difference between the simulated results in this work and PTT and Oldroyd is due to 

observing slight expansion after the swelling has occurred.  This is due to the unbalanced 

stresses on both sides of the interface.  Meaning the flow still has a small velocity 

component in the radial direction.  For 𝑊𝑒 > 1, it is evident that the swell increases 

linearly for almost all models.  Current findings show that our model can explain the 

swelling phenomena at 𝑊𝑒 numbers higher than 1.25, however it becomes less accurate 

falling below this threshold.  This might be due to the “stick-slip singularity” problem 

with viscoelastic fluids where there is a sudden change in the boundary conditions of the 

free surface (at the tip of the nozzle).  Refining the mesh in this area might result in a 

lower discrepancy between the modelling results of our work and the literature.  Another 

reason for the difference in results at low 𝑊𝑒 would be that the fluid is not acting as a 

viscoelastic fluid.  The viscous properties of the PLA take over the elastic forces at lower 

shear rates which would explain the linearity of our simulation results at 𝑊𝑒 < 1.25.   

The experimental and simulation carried out in this work are in good agreement and seem 

to follow similar trends.  However, there is a small difference that could arise from 
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numerical inaccuracies or several printing inaccuracies.  There are always machine errors 

such as under-extrusion, vibrations and temperature controls which cannot be fully 

controlled and might cause differences between the obtained results.   

The experimental and simulation results of the extrudate have been compared against the 

viscoelastic models available in the literature.  From the obtained results, a clear trend 

line can be observed.  However, the viscoelastic models in the literature seem to 

underestimate the value of the swelling of PLA in the 3D printing process.  With all that 

said, the results obtained in this study closely match the values obtained from the literature 

with an average overestimation of around 5% for the Oldroyd-B and PTT models which 

is proof of the validity of the developed model.   

The difference between the study carried out and the Giesekus model could arise from 

the inability of this numerical model to account for the shear thinning rheological of some 

thermoplastics such as PLA.  Generally, the use of the mobility parameter in this model 

causes a significant reduction in the extrudate swell prediction.  Also, rather than 

observing a swelling in the Giesekus model, a slight reduction in the swell value is 

observed when 0.75 < 𝑊𝑒 < 1.  The extrudate of the Giesekus fluid contains a surface 

layer with a negative tensile stress component and the relaxation of the negative stress 

component in the surface layer produces a shrinkage after the initial swell.  This has not 

been observed in our results.  The limitation of the steady-state modelling of the Giesekus 

fluid model reduces the intensity of the stress singularity at the nozzle exit corners which 

can cause lower swelling results.  Therefore, it can be concluded that the Giesekus model 

is not a good fit for our fluid and cannot predict the polymer flow in the FDM process.  

The swelling value of Newtonian fluids is 1.13.  It is well understood that non-Newtonian 

fluids exhibit a larger swelling than Newtonian fluids.   

The Oldroyd-B model was the first attempt for simulation of the viscoelastic fluid 

behaviours features such as stress relaxation, creep deformation and quadratic normal 

stresses.  However, it cannot give a realistic representation of extensional viscosity.  This 

model assumes polymer molecules behave like suspension of linear elastic dumbbells in 

a Newtonian solvent.  It is also observed that the discrepancy between the result seems to 

be larger at lower 𝑊𝑒 numbers which can be attributed to the numerical instabilities in 

the Oldroyd-B model.  The numerical instabilities arise when the 𝑊𝑒 ≈ 1 [223].  For 

𝑊𝑒 > 1.5, the values converge towards the simulation data.  Due to absence of 

mechanism that limits the elongation of the linear springs connecting the dumbbells, the 
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Oldroyd-B model gives rise to infinite stress growth hence the linear increase and crossing 

above the predicted swell calculated by our simulation at 𝑊𝑒 > 1.75. 

From Figure 4-20, the PTT model has the least deviations from the simulation results 

obtained.  In comparison with the other two models, the PTT model is more suited for 

describing shear-thinning behaviours and therefore rheological behaviour of PLA.  This 

is partially due to the presence of parameter 𝜉 which is the second normal stress difference 

and describes the stress field in the polymeric flow besides viscosity [224].  However, all 

three models only describe the flow of the polymer without considering any of the thermal 

properties.  Also, it is observed that the measurements taken are typically from 5𝑅 

downstream of the nozzle tip where 𝑅 is the nozzle radius.  If we were to take 

measurements before reaching the solidification point at 5𝑅, the results of swelling would 

be significantly smaller which would match with the current Oldroyd-B and PTT models.  

However, the experimental results suggest otherwise, and it is required to take 

measurements after the solidification point. 

 

4.8 Swelling results of water vs air as cooling fluid 

To see the effect of the cooling fluid on the swelling of the filament, water and air were 

used to cooldown the filament.  The experimental results of swell value for the reference 

case cooled by air and water are shown in Figure 4-21.  

 

Figure 4-21 Experimental swelling results for water and air cooled filament. 

 

Cooling the filament with water has a significant impact on the swell ratio at lower 

temperatures.  The swell ratio has a value of 1.13% when the filament is cooled at 10 oC 

in water.  As the temperature is increased, the swelling value for both cooling types is 
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also increased.  However, the change in swell ratio of water cooling is much greater than 

air cooling.  At 40 oC, the swell values for both cooling fluids are nearly the same.  The 

significant difference between the results may be explained by analysing the temperature.   

To analyse the experimental results, two simulations were performed for air and water 

cooling.  The results of the temperature distribution on the surface of filament are 

presented in Figure 4-22. 

 

 

Figure 4-22 Temperature of filament’s surface with respect to length from nozzle exit. 

 

It is observed that for the polymer cooled by air, the phase change occurs at nearly 10 mm 

below the exit point of the nozzle and the filament reaches full solidification at nearly 16 

mm below the exit.  The cooling in water is much more rapid as it happens almost 

instantaneously as the polymer exits the nozzle.  The phase change occurs at nearly 100 

μm and full solidification occurs before 2 mm.  Such behaviour would result in quick 

solidification and the prevention of the full swell phenomena of the polymer.  

Printing in water at low temperatures would greatly benefit the 3D printing process in 

terms of accuracy.   

 

4.9 Optimisation of printing accuracy in FDM  

This section uses the models developed earlier to predict the accuracy of the filament’s 

final shape when it exits the nozzle.  There are various parameters that directly and 

indirectly affect the printing accuracy.  The theory of extrusion explains that swelling is 
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affected by rheological behaviours and surface tension of the flow.  This section presents 

the data acquired from parametric studies to determine the effects of material properties 

and process parameters on the final shape of the filament.   

The seven parameters studied in numerical analysis are the effect of printing speed, 

printing temperature, ambient temperature, viscous parameters (𝑚 𝑎𝑛𝑑 𝑛), coolant 

material and interfacial tension.  The results are obtained for the reference case where 

only one independent variable changes for each simulation.  The independent variables 

are the seven-process parameter mentioned earlier. 
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(c)     (d) 
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(e)     (f) 

 

(g) 

Figure 4-23 Influence of printing parameters on swell ratio.  (a) Swell vs printing speed; 

(b) Swell vs ambient temperature (air); (c) Swell vs ambient temperature (water); (d) 

Swell vs printing temperature; (e) Swell vs power law index; (f) Swell vs flow index; 

(g) Swell vs surface tension. 

 

4.10 Discussion of results 

The influence of several process parameters based on the simulation results are 

discussed in this section.  

4.10.1 Influence of printing speed 

Section 4.6 shows that increasing the printing speed has a significant impact on the swell 

ratio.  An increase in printing speed causes a linear increment in the swell size.  PLA is a 

non-Newtonian fluid and its viscosity depends on the shear rate.  As the printing speed 

increases, the flow rate also increases which raises the shear rate of the flow.  This can be 

explained using the Weissenberg number.  Considering the proportionality of shear rate 

with printing speed, this would increase the Weissenberg number and ultimately increase 
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the swell.  These findings are in agreement with the literature [225].  The results achieved 

in this study contradicts the findings in Xia et al [165] where the increase in printing speed 

results in smaller filament diameter.  However, the difference between the results can be 

explained due to two factors.  Firstly, the swelling phenomenon is ignored in their 

simulation and secondly, due to the faster movement of the print head as a result of 

increasing the printing speed, the filament stretches in the longitudinal direction which 

causes a shrinkage in the cross-section of the filament.  

By extrapolating the results according to the equation shown in Figure 4-23 (a), the 

intercept can be found at 1.31.  1.31 is the minimum swell value at the lowest printing 

speed setting.  This would mean no matter how much the printing speed is reduced, there 

will always be a significant amount of swelling.  Therefore, it can be concluded that a 3D 

printer can never achieve a swell ratio of 1 in normal operating conditions using PLA as 

the polymer.   

4.10.2 Influence of ambient temperature (air) 

The effect of cooling with air at different temperatures are also presented in Figure 

4-23(b).  Cooling the filament at lower temperatures results in a decrease in the swell.  An 

increase in the rate of cooling would mean the filament solidifies closer to the nozzle exit 

and further expansion is prevented.  However, the variation of the swelling ratio seems to 

be very small.  As an example, the difference between the swell ratio for similar flows 

(the same printing parameters), cooled at 10 oC and 40 oC is around 1.5% which can be 

considered insignificant.  These temperature dependant results can be compared to the 

literature [226], where the increasing the cooling rate is linked to the creation of smaller 

amount and size of crystal growth in the PLA which ultimately results in smaller 

dimensional volumes in the FDM extrusion.  The rate of increase in swell is highest 

between 10 to 20 oC and it levels off after 40 oC.  It is expected that the swell ratio is at 

maximum at 60 oC which is the point that the polymer becomes fully solidified.   

4.10.3 Influence of ambient temperature (water) 

The influence of cooling by water at different temperatures was also investigated.  The 

results in Figure 4-23(c) follow a similar trend to cooling by air.  As the temperature of 

water increases, the filament shows steady growth in swelling ratio up to 40 oC.  However, 

it was noticed that the swelling amount has been reduced as a result of printing in the 

water.  This can be addressed to the fact that the difference in viscosities between 

polymer/water is less than polymer/air.  Therefore, the viscous forces apply more pressure 
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on the filament surface causing the filament to expand less upon exiting the nozzle.  It is 

also observed that the filament surface temperature drops below the melting point almost 

immediately after coming in contact with water.  Water greatly increases the cooling rate 

of filament due to the difference between the values of specific heat capacities and the 

thermal conductivities of water and air.  This occurrence causes the filament to rapidly 

cool down before having time to reach its maximum swell value.   

In general, with regards to the cooling rate of the polymer whether water or air is used, it 

is found that cooling rate affects the molecular structure of polymers [227].  As the 

polymer is cooled below its melt temperature, 𝑇𝑚, the crystalline regions nucleate and 

form spherical domains called spherulites inside the polymer region.  These spherulites 

grow radially until they meet another spherulite.  The rate of cooling determines the 

shape, size and number of the spherulites.  As the cooling rate is lowered, the spherulites 

have more time to grow in shape and size.  Hence, the increase in cooling rate causes the 

filament to have less expansion.  This seems to agree with the results obtained by the 

simulation results.   

Through extrapolating the results with the equation shown in Figure 4-23 (c), it is possible 

to theoretically achieve a swell ratio of approximately 1 if the water temperature is 5 oC.  

However, the problem of layer adhesion must be considered at such a low temperature.   

 

4.10.4 Influence of printing temperature 

It was observed that an increase in printing temperature leads to a linear increase in the 

swelling factor.  This has held true for printing in water and air.  The results are in 

agreement with Tanner’s model for viscoelastic fluid.  The temperature has a direct effect 

on the relaxation time of the polymer.  The relaxation time increases with the rise in 

temperature as discussed in section 4.2.2.  An increase in the value of relaxation time 

leads to a rise in the value of the We number.  As stated before, as the value of We 

increases, the swelling also increases.   

 

4.10.5 Influence of power-law components 

The power-law index 𝑛 and the flow consistency index 𝑚 have been varied in the 

simulations to see their effects in comparison to the reference case.   

• Power law index 
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According to the power-law equation, 𝑛 is expected to have the most effect on the 

extrudate shape.  The shear-thinning effect is controlled by the value of 𝑛.  It is found that 

a decrease in 𝑛, causes a reduction in the swell factor due to more shear-thinning 

behaviour observed by the polymer.  This result agrees with the literature [228].  

Enhancement of shear-thinning of polymer is so significant that a contraction (shrinkage) 

can replace the swelling phenomena.  In a case of a Carreau fluid, when 𝑛 ≤ 0.3, 

contraction of the flow happens instead of the swelling [186]. 

• Flow consistency index 

Flow consistency index 𝑚 also affects the viscosity of the flow.  It is expected that 𝑚 has 

similar effects to 𝑛.  The flow consistency is explained in the power-law equation and 

represents a constant of proportionality in that equation while 1 − 𝑛 is the exponent of 

shear rate which would have more effect on the shear-thinning behaviour of the flow.  

Therefore, it should be expected that the variation in 𝑚 has less effect than 𝑛.  An increase 

in consistency index results into a decrease in swell value.    

 

4.10.6 Surface tension 

To observe the effect of surface tension on the filament swell, several simulations were 

performed for the reference case by varying the surface tension values from 35 mN/m to 

210mN/m with 35mN/m increments.  The results are shown in Figure 4-23(g).  It is found 

out that variation of surface tension does not affect the size of the filament.  This means 

the viscous forces are still too great to be overcome by the surface tension forces.  The 

results achieved here are in agreement with findings in the literature reviews [173]. 

 

4.11 Conclusion 

In this chapter, we have evaluated the temperature dependant parameters in the process 

of FDM and the findings were used to construct a simulation model of extrusion based 

on the Navier-Stokes equation using FEM in COMSOL.  The simulation are in good 

agreement with experimental data by a 5.8% average difference which proves the validity 

of the model.  The model was compared against the available viscoelastic models from 

the literature and was found that PLA extrusion can be simulated using either PTT or 

Oldroyd-B models with acceptable margins of error.  Therefore, the numerical model 
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developed in this work may be used to simulate the nozzle extrusion in the FDM process 

and achieve the desired performance and print accuracy of the extruded filaments.   

In the current model, the size of the extrudate diameter was studied in regards to process 

parameters and material properties.  However, in manufacturing a part with a 3D printer, 

the deposition process of the filaments will affect the shape of the filaments.  Hence, 

further developments of the model to address this issue is required.  The findings of this 

work can be combined with other studies [161], [225–227] to develop a fully 

comprehensive numerical analysis of the entire FDM process.  

Several process and material parameters were investigated.  The results show the 

dependency of extrudate swell on the mentioned parameters.  It is discovered that an 

increase in shear rate increases the swell value.  Swell value of 1 cannot be achieved 

through cooling by air, however, this was possible using water at 5 oC.  Water cooling 

raises the problem of layer adhesion where it would be difficult to manufacture complex 

parts.  Increasing the surface tension did not affect the filaments whereas changing the 

power law index showed a significant change in the final diameter.  In terms of 

practicality in 3D printing, the only two viable options for minimising the printing swell 

are adjusting printing speed and ambient temperature.  This is because changing the other 

parameters would be impractical for the extrusion process to occur. 
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Chapter 5 Manufacturing Microstructure Patterns by FDM 

 

In this chapter, we introduce a fabrication method for manufacturing micropatterns on the 

surface of the filament in the FDM process.  FDM works by laying the filaments side by 

side and on top of each other to create a 3D object.  Therefore, manufacturing micro/nano 

structures on the surface of the filaments will ultimately lead to the creation of 3D objects 

with customised micro/nano patterns on the exposed surfaces.   

In order to manufacture these structures via 3D printers, the nozzle of the printer requires 

modifications/patterning.  The patterning on the nozzle is performed via FIB.  During the 

extrusion process in 3D printing, the patterns of the nozzle are transferred onto the 

filaments which then form the micro/nano structures. 

Firstly, the FIB technology and manufacturing process of the patterned nozzles are 

introduced and their accuracy will be assessed.  Secondly, the results of the micro-patterns 

on the filament surface will be presented in terms of dimensional accuracy.  The effect of 

printing speed and cooling fluid on the final shape of the microstructures will be 

investigated.  The characterisation of the final manufactured structures is analysed with 

SEM and AFM.  Lastly, an experimental case will be introduced to print structures at 

specified printing conditions.  The result of this experimental case will be compared with 

the actual structures on the nozzle.  The purpose of this experimental case is to validate 

the numerical simulations of the shape of the microstructures to be presented in chapter 

6.   

 

5.1 Introduction 

Nowadays, micro and nanotechnology have been the frontier of both scientific and 

engineering research.  Many design and fabrication methods have been inspired due to 

the requirements for miniaturisation and many attempts have been made on 

manufacturing functional materials for innovative applications such as MEMS, biochips, 

bio surfaces and microfluidic devices [91].  Micro/nano structures on the surface can 

affect the material mechanical behaviour properties such as toughness, hardness, strength 

and adhesion and abrasive resistance [232][4].  Apart from mechanical properties, it is 

also found that due to the presence of micro/nano structures on the surfaces of materials, 

each gain unique abilities such as hydrophobicity, hydrophilicity, self-cleaning, anti-
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bacterial [8].  Several micro/nano manufacturing technologies have been introduced in 

chapter 2 of this thesis.  The high cost, need for specialised tools and the high 

manufacturing time in the application of micro/nano manufacturing are the bottlenecks 

of this field.   

This work proposes a micro/nano manufacturing technique based on the FDM process 

for patterning surfaces of thermoplastic parts printed by commercial desktop 3D printers.  

It involves patterning a 3D printer nozzle using FIB technology as shown in Figure 5-1, 

and using the nozzle in any commercial 3D printer for fabrication of the desired 

structures.  The extrusion process is done by utilising the patterned nozzles which leads 

to low costs, low maintenance and high throughput manufacturing of micro/nano 

structure geometries.  The patterns on the nozzle then can be transferred to the filament 

during the extrusion process shown in Figure 5-2.  Due to the high versatility of 3D 

printers to build complex geometries, this method has the capability to produce 

micro/nano structures on inner geometries that are not visible, such as tubes and scaffolds.  

However, there are several factors such as printing parameters and material properties 

that can affect the final shape of the micro/nano structures.  The differences between the 

intended and final shape of the microstructures require determination. 

 

(a)      (b) 

Figure 5-1 Fully patterned nozzle manufactured with FIB.  (a) Side view; (b) Top view. 
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(a)     (b) 

Figure 5-2 Microstructure formation on the filament surface. 

 

It can be seen that the micro patterns have been transferred onto the surface of the 

filament.  The geometries of the structures after extrusion are not necessarily the same as 

the patterns on the nozzle.  The formation of microstructures and the determination of the 

final topography are the main objectives of this chapter.   

 

5.2 Patterned nozzle manufacturing using FIB 

As mentioned previously, FIB has a very low throughput for the fabrication of micro/nano 

structures.  The combination of FIB and FDM can lead to high throughput and cost-

effective manufacturing of micro/nano structures [7].  The FIB (FEI Quanta3D FEG) 

system equipped with a liquid gallium ion source was used to create patterns on the 0.4 

mm diameter copper plated nozzle.  SEM is used to measure the nozzle diameter before 

starting the manufacturing process as shown in Figure 5-3. 
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Figure 5-3 Nozzle diameter determined by SEM. 

 

In this study, the subtractive manufacturing part of the FIB is utilised to produce several 

structures on the nozzle.  These structures are in the form of rectangles with different 

dimensions of heights and widths.  The two objectives of this work are to firstly 

investigate how different geometries affect the shape of the structures and secondly to 

serve as a validation for the numerical model which will be explained in chapter 6.  Four 

different rectangular structures were manufactured on the nozzle as shown in Figure 5-4.  

The intended patterns and actual patterns have slight variation.  The sizes of each pattern 

are summarised in Table 5-1. 

Table 5-1 Actual and intended dimensions of patterns. 

Pattern number Intended 

width (μm) 

Actual width 

(μm) 

Intended 

height (μm) 

Actual height 

(μm) 

Pattern 1 4 4.23 16 16.11 

Pattern 2 4 4.43 16 16.19 

Pattern 3 9 8.89 16 16.84 

Pattern 4 15 14.86 16 16.84 
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Figure 5-4 Images of patterned nozzle manufactured by FIB. 

 

The FIB system was operated at 30 keV and 3 nA to manufacture these four structures.  

The distances between the patterns are 30.53 μm (patterns 1 and 2), 37.66 μm (patterns 2 

and 3) and 44 μm (patterns 3 and 4).  The discrepancy between the intended and actual 

results is related to the redeposition factor.  But more importantly, it is dependent on the 

size of the beam.  To reduce the time of manufacturing, a larger beam diameter was 

employed which led to the difference in the results.  Reducing the beam size would 

increase the accuracy of the manufacturing process at the cost of more manufacturing 

time.  It is clear that fabrication via FIB makes it a predictable manufacturing technique 

for the creation of patterns on the tip of the nozzle. 

During this study, the microstructures on the nozzle retained their geometry.  Meaning 

the nozzles can be used over and over again for the fabrication of desired micro/nano 

structures.  In addition, manufacturing a fully structured nozzle as shown in Figure 5-1(a) 

would cost £240 and a spool of PLA filament is roughly £25 which makes this approach 

very affordable for manufacturing micro patterns in comparison to other methods.  



 
 

117 
 

 

5.3 Manufacturing results of micro-structures 

The dimensional accuracies of the structures on the surface of the filament are evaluated.  

To see the results of the manufactured structures, the filament is extruded at different 

manufacturing conditions of printing speed and cooling methods.  These filaments are 

initially characterised by SEM microscopy.  In doing so, the final width of the structures 

(SW) can be compared to the width of the manufactured patterns on the nozzle (NW).  

This comparison is done by calculating the geometrical ratio (R) which is evaluated as 

the ratio of final structure width to nozzle structure width.  The nozzle width of patterns 

1 to 4 are presented in Table 5-2. 

Table 5-2 The width of patterns on the nozzle. 

NW1 (μm) NW2(μm) NW3(μm) NW4(μm) 

4.23 4.43 8.89 14.86 

 

5.3.1 Air cooling dimensional results 

The extrusion process is carried out where cooling occurs in the air.  The evolution of the 

size of the patterned structures at different printing speeds (10 mm/s - 70 mm/s) was 

studied when filaments are cooled at room temperature of 20oC.  The extrusion settings 

in the printer were set according to Table 5-3. 

Table 5-3 Printer settings for manufacturing of microstructures. 

Printing parameters Quantity 

Print Temperature 210 oC 

Layer height 0.25 mm 

Nozzle diameter 0.4 mm 

Cooling temperature 20 oC 

 

The results of micro-structure width with different printing speeds are presented in Table 

5-4. 
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Table 5-4 Width of printed microstructures cooled through air. 

Printing speed (mm/s) SW1(μm) SW2(μm) SW3(μm) SW4(μm) 

10 4.48 4.52 7.69 19.91 

40 8.20 8.54 10.78 15.18 

70 8.65 8.46 16.19 35.27 

 

The values of the geometrical ratio, (R), for each pattern at different printing speeds are 

presented in Table 5-5.  The average value of R is also included to see the overall effect 

of the printing speed on the dimensional factor. 

Table 5-5 Values of geometric ratio R for different printing speeds cooled with air. 

Printing speed (mm/s) R1 R2 R3 R4 Ravg 

10 1.059 1.02 0.865 1.34 1.071 

40 1.937 1.928 1.21 1.013 1.522 

70 2.044 1.91 1.909 2.354 2.055 

 

The current results show an increase in the R value with the increase in printing speed.  

This has been expected as the 2D simulations also show an increase in filament size due 

to increasing the printing speed.   

Figure 5-5 shows the result of structures after being cooled by air as the cooling fluid.   
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Figure 5-5 Structures created through air cooling. 

From the SEM analysis of the structures, it is very clear that the manufactured structures 

are not very “well-defined”.  For the printing speed of 40 mm/s cooled by air, the width 

of the structure is recorded to be 10.78 μm for the third pattern.  However, the heights of 

the structures are unknown and cannot be determined with SEM.  Even though the 

structures are present, it can be seen by pure observation that the structure height is not 

very significant in comparison to the width of the micro-structures.  This is most likely 

caused due to the long solidification time. 

 

5.3.2 Water cooling dimensional results 

The extrusion process is carried out where cooling occurs in water.  The dimensional 

evolution of the patterned structures at different printing speeds (10 mm/s - 70 mm/s) was 

studied when filaments are cooled with water at room temperature of 20 oC.  The 

extrusion settings in the printer were set according to Table 5-3.  The results of micro-

structure width with different printing speeds are presented in Table 5-6. 

Table 5-6 Width of printed microstructures cooled through water. 

Printing speed 

(mm/s) 

SW1(μm) SW2(μm) SW3(μm) SW4(μm) 

10 4.11 4.28 7.54 15.83 

40 7.43 8.15 10.83 12.38 

70 7.78 7.93 15.86 27.26 

 

The value of the geometrical ratio, (R), for each pattern at different printing speeds are 

presented in Table 5-7.  The average value of R is also included to see the overall effect 

of the printing speed. 

Table 5-7 Values of geometric ratio R for different printing speeds cooled with water 

Printing speed 

(mm/s) 

R1 R2 R3 R4 Ravg 

10 0.972 0.966 0.889 1.057 0.971 

40 1.757 1.984 1.277 0.826 1.425 

70 1.84 1.79 1.87 1.82 1.83 
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The results of extrusion experiments cooled by water are presented in Figure 5-6.  The 

microstructures are characterised by SEM. 

 

 

Figure 5-6 Structures created through water cooling. 

 

The SEM results show the structures on the filament surface using the patterned nozzles.  

It is observed that the structures cooled down by the water are more “well-defined” and 

clearer to spot in comparison to structures formed by air cooling.  Either way, this is clear 

evidence of the formation of microstructures on filament surfaces with the proposed 

method.  It is also observed that the printed structures have different geometrical 

topography than what was originally intended.  Even though it is only possible to measure 

the width with SEM, the change of the structures due to different manufacturing 

conditions can be evaluated.   

 

5.3.3 Comparison of results between air-cooling and water cooling 

The evolution in the average geometrical ratio of the structures with printing speed for 

both air and water are presented in Figure 5-7. 
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Figure 5-7 Average geometrical ratio as a function of printing speed. 

 

From the results obtained, the geometrical ratio, R, is linearly dependant on the printing 

speed for air and water cooling.  However, analysing the results individually, it is found 

that the evolution of the dimension of the structures is very unpredictable.  It is therefore 

essential to understand the process as to how the fluid behaviour affects the final geometry 

of the structures.  It is however observed that the R values of water are smaller than the 

air.  This can be described by the fact that quicker solidification is preventing further 

expansion or deformation of the microstructures.  Understanding the evolution process of 

the structures is the key to controlling the topography of the structures.  To do so, a 

numerical simulation can help in analysing the process of the flow and solidification of 

the filament.   

For this reason, an experimental case with known polymer data needs to be set up and 

analysed which can later be compared to a simulation model 

5.4 Experimental case for verification of modelling 

Because the structures are more “well defined” in water, it is decided to carry the 

extrusion in water.  The rheological and thermal polymer data required for the simulation 

have been introduced in chapter 4.  For this reason, the extrusion process is performed for 

at 180 oC with known polymer properties.  A simulation method capable of evaluating 

the surface topography will be introduced in chapter 6 and a verification model will be 
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simulated to compare the accuracy of the model with the experiments.  This simulation 

can then be modified and used to analyse the effects of process parameters on the 

formation of the structures.   

The manufactured nozzle shown in Figure 5-4 was used to extrude the filament.  The 

experimental setup used in this experiment is similar to the water setup shown in section 

4.5 apart from the fact that a structured nozzle is utilised here.  The filament was extruded 

from the patterned nozzle with 40 mm/s printing speed, 180 oC printing temperature and 

cooled immediately in 20 oC water.  Due to the nature of the structures being three-

dimensional, SEM cannot determine the height of the structures.  AFM was utilised to 

create a profile of the structures for evaluating the results.  In general, AFM provides 

more reliable information about the surface topography of the structures.  The cross-

sectional data from AFM is also necessary and allows for the comparison of the 

experimental results to the simulations.  SEM and AFM have high resolutions of 1 nm 

which makes the use of both methods reliable for characterisation of the size of the micro 

structures on the filament surface [233].  It is reported that AFM is better suited for 

determining dimensions for particle sizes of less than 6 nm in comparison to SEM [233].  

5.4.1 Experimental results of extrusion from the patterned nozzle 

Initially, SEM is utilised to determine the position of the structures on the filament 

surface.  The results of extrusion for the verification case are presented in Figure 5-8.  All 

four patterns are visible from the SEM analysis.   

 

 

Figure 5-8 SEM images of pattern 4. 
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To compare the true dimensions (3D) of the microstructures on extrudate against the 

original size of the patterns on the nozzle, AFM Veeco Dimension 3100 was utilised to 

measure the height of the largest structure (pattern 4).  The DNP-20 made out of silicon 

nitride probe was equipped on the AFM for the measurements under vacuum using the 

contact method.  Figure 5-9 shows the mapping of the AFM results for pattern 4’s surface 

topography.  

 

 

Figure 5-9 Surface topography of the manufactured structure via AFM. 

 

With the aid of AFM, the cross-sectional profile of the structure was also obtained.  The 

cross-sectional result is presented in Figure 5-10. 

 

Figure 5-10 Cross-section of pattern 4 (black square) and Intended shape present on the 

nozzle (red circle). 
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Figure 5-10 is a cross-sectional comparison between the manufactured micro-structure on 

the surface of the filament against the intended structures (pattern 4) created on the nozzle 

using FIB.  It is evident that the manufactured micro-structure on the filament surface has 

shrunk significantly in terms of its height.  The intended height has decreased by nearly 

50%.  It is also observed that the shape of the square is lost, and the printed structure has 

assumed a trapezoid-shaped structure.  This is also presented in Figure 5-2(b) which 

shows the printed structures have changed their shapes after extrusion.  The effects 

leading to these changes require investigation.  The reason for such changes in the 

geometry of the structures could be linked to the swelling phenomena, the flow behaviour 

of the polymer and the phase change of the polymer.  The potential cause for the shape 

change could also be linked to the velocity profiles at the exit of the nozzle.  To find the 

reasons behind such behaviour, a 3D simulation model will be introduced in the chapter 

6.   

 

5.5 Summary 

In this chapter, a new approach for the fabrication of three-dimensional microstructures 

was presented.  FIB was found to be a reliable method for the fabrication of patterns on 

the nozzle surface.  With the use of a common desktop printer and a structured nozzle, it 

was demonstrated that microstructured filaments can be produced.  The nature of FDM 

makes this technique a reliable microfabrication method with low operating costs and 

high throughputs.  However, the accuracy of the printed structures and their evolution is 

unpredictable.   

The geometrical ratios of the printed structures were evaluated at different printing speeds 

using both air and water as the source of cooling.  It was found that the geometrical ratio 

increases linearly with the increase in printing speed.  The structures that are cooled in 

the water have a more “well-defined” shape and are better spotted in comparison to air 

cooling when looked at under SEM.  According to the results in chapter 5, manufactured 

filaments cooled down with water exhibit higher dimensional accuracy than the filaments 

that are cooled with air.   

The original hypothesis was that the microstructures would have the same amount of 

swelling as the filament itself.  However, the results seem to contradict the hypothesis.  

As mentioned in the chapter 4, the polymer undergoes several processes which need to 

be considered.  These processes have been simulated for the 2D case which includes swell 
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due to the polymer flow and phase change due to heat transfer between the polymer and 

cooling fluid.  However, a robust three-dimensional simulation is required to analyse the 

evolution of the structures.  The factors, cooling rate and printing speed that are 

investigated in this chapter seem to dictate the final shape of the structures.  Therefore, if 

the printing conditions can be controlled, it is possible to optimise the structures to be as 

accurate as possible to the desired geometry. 
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Chapter 6 Three-Dimensional Simulation of FDM 

Micromanufacturing 

 

In the process of extrusion, the manufactured microstructures are different from the 

patterns on the nozzle in terms of shape and size.  The differences between the intended 

and final shape of the fabricated microstructures need to be investigated.  In order to 

determine the surface topography of the final extrudate, a robust interface tracking 

simulation model is required.  

Chapters 4 and 5 have shown that printing speed settings on 3D printer could have a 

significant impact on the dimension of the printed parts.  In this chapter, we use the 

findings in chapter 5 and further develop the model presented 4 to create a 3D simulation 

model for analysing the evolution of the microstructures in the FDM process.  The model 

is implemented in COMSOL Multiphysics and is based on the Navier-Stokes equations.   

Firstly, the model setup will be described and validated using the experimental data.  

Then, the effect of printing speed (the injection rate) of the polymer from the nozzle on 

the solidification rate and final shape of the extrudate will be investigated.  Also, the effect 

of different geometrical micropatterns on the nozzle will be investigated on the final swell 

of the filament’s microstructures.  Lastly, a reverse engineered micropattern will be 

demonstrated for the fabrication of a predetermined microstructure in terms of size and 

shape.  

 

6.1 Introduction 

To achieve the required accuracy for fabrication in micro/nano scales in FDM, there is a 

need for analysis of different process parameters in 3D printing using CFD techniques.  

Vyvahare et al [234] did a comprehensive analysis on the research carried in the field of 

FDM, studying 200 published papers from 1994 to 2019.  It was reported that only 6% of 

the published articles contained numerical simulations of the FDM process.  The most 

comprehensive simulation of the FDM process has been produced by Xia et al [166].  

They have developed a multiphase flow front tracking method to model the injection of 

hot polymer and the solidification process.  Their model simulates the heat transfer and 

fluid dynamics of the deposition of polymer filament on a fixed bed.  The other known 

fully resolved simulation capable of modelling heat transfer during the extrusion of 
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ceramic filaments in two-dimensions is the work of Bellini with FEM modelling in 

Abaqus [235].  Other numerical studies have been focused on the “part-process” of FDM.  

For example, Ji and Zhou used FEM simulations to examine the cooling for the deposited 

and distortion of FDM parts [164].  Apart from FDM, FEM has been widely utilised in 

other sectors of additive manufacturing such as SLS.  The effect of shrinkage in SLS was 

investigated using FEM in Abaqus by linking the heat transfer analysis to stress analysis 

[236].  The modelling was done by considering the temperature-dependent material 

properties.  FEM was also carried out to assess the effect of volume shrinkage and curved 

surfaces on the temperature field and size of a densified porcelain body during SLS 

additive manufacturing [237].  The analysis was carried out to show the difference 

between the models with and without volume shrinkage considered.  It was concluded 

that the difference between the two models is insignificant in the prediction of the 

temperature distribution and the size of the densified section.   

In order to observe the evolution of the microstructures, a robust three-dimensional 

simulation is required to capture the flow in the FDM process.  Such simulation will 

immensely help the manufacturing industry by accurately predicting the characteristics 

of the parts before the manufacturing process.  

 

6.2 Three-dimensional model setup 

The simulation of surface topography was realised by using FEM.  The interface between 

the two immiscible fluids was captured by initially specifying the fluid-fluid interface and 

using the moving mesh technique to capture the evolution of the flow with time.  

According to the experimental results shown in sections  4.6 and 5.3, the final shape of 

the extrudate is affected by the flow properties.  These include rheological and thermal 

properties.  Furthermore, since flow rate and temperature directly affect the rheological 

properties of the polymer, they indirectly influence the shape of the extruded material.  In 

this work, the deformation of microstructures as a result of fluid flow and thermal 

properties are taken into consideration.  Because of the complexity of the problem, which 

involves the solution of highly non-linear governing equations and due to the required 

three-dimensional characteristics of the geometry, the process was divided into two parts: 

• Determination of initial conditions through a steady-state simulation to reduces 

nonlinearity and find estimated initial values of the problem 
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• Determination of the final extrudate shape through time dependant study  

This section presents the model developed to perform parametric studies to determine the 

importance of the process parameters on the shape of the microstructures.   

 

6.2.1 Description of physical process for micro extrusion 

The physical process of the extrusion has been described in section 3.4 with the exception 

of the micro-patterned nozzle.  During the extrusion process from the nozzle, the micro 

patterns are transmitted onto the surface of the thermoplastic polymer melt inside the 

nozzle.  The molten filament is further pushed towards the exit/outlet of the nozzle due 

to the continuing flow.  At the outlet of the nozzle, the filament meets the surrounding 

environment which is significantly cooler than the molten polymer.  Upon exiting, the 

filament is in contact with the cooling fluid and rapidly loses heat.  After a brief time, the 

filaments start to solidify.  The solidification starts on the surface and as time goes on it 

propagates further inside the filament until the polymer is fully solidified and is at the 

same temperature as the surrounding.  The process can be utilised to build complex 

objects with microstructures as shown in Figure 6-1.  This could potentially have 

applications in antibacterial medical devices and bio-inspired coatings.   

 

Figure 6-1 CAD images of the patterned nozzle and possible extruded parts. 

 

6.2.2 Geometry and boundary conditions of the three-dimensional model 

The geometry of the model resembles the manufactured nozzle described in section 5.2.   

Two preliminary simulations were conducted to see the effects of nozzle with several 
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structures in comparison to one structure on the final shape of the microstructures.  It was 

concluded that the differences between the heat distribution plots were negligible and the 

final shape of the structures was independent of the number of structures on the nozzle.  

Therefore, only one microstructure is modelled on the nozzle in our simulations.  

Assumptions made in section 4.3 hold for this 3-D model. 

It is assumed that the flow has a fully developed velocity profile.  The nozzle and the 

structure are filled by the molten polymer i.e. no air gap.  The mass flux is negligible and 

the flow is assumed to be viscous due to high processing temperature.  The viscosity of 

PLA is described by power-law for non-Newtonian fluids.  Figure 6-2 shows the three-

dimensional geometry of the model constructed in COMSOL Multiphysics.  A 45o section 

of the circular nozzle was taken as the flow domain, meaning one-eights of the total 

number of mesh is required.   

 

 

Figure 6-2 The geometry of the nozzle flow domain (red) and the extruded filament 

(grey). 

 

Figure 6-3 represents the flow boundary conditions on the nozzle and the extrudate.  The 

boundary conditions used are stated below: 

1. To reduce the computational costs, symmetry was used in the modelling of the 

entire domain.  It imposes no penetration and vanishing shear stresses.   



 
 

130 
 

2. The polymer flow can be characterised as an incompressible creeping flow due to 

its extremely low Reynold number of 10-3.  The inlet of the nozzle assumes a fully 

developed flow rate.  The velocity acts in the normal direction to the inlet of the 

nozzle. 

3. As the polymer “adheres” to the nozzle during the flow, a non-slip wall has been 

described for the nozzle walls. 

4. The surface of the extruded polymer uses a Fluid-Fluid interface boundary 

condition as it is in contact with the cooling fluid.  This boundary condition 

defines the initial position of the interface and tracks the evolution of the interface.  

The surface tension is considered according to equation (3.30).  The mass flux is 

assumed to be zero.   

5. An open boundary is placed at the end of the flow which indicates the fluid can 

leave the domain without external forces, i.e. normal and viscous stresses are 

equal to zero.   

 

 

Figure 6-3 Flow boundary conditions. 

 

The thermal boundary conditions considered for a realistic case to the 3D printing are 

described below: 
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1. An inflow is assumed on the inlet of the nozzle where polymer temperature is 

specified.  It must be noted that most polymer properties are temperature 

dependant.  All polymer properties, described in sections 3.2 and 4.2, are chosen 

according to their corresponding temperature in the initial boundary conditions.   

2. Constant heat flux is provided by the print head to the nozzle and the nozzle is 

well insulated to prevent any heat loss.  Therefore, thermal insulation is assumed 

on the nozzle walls.  The plane of symmetry is similarly placed as the flow 

boundary conditions. 

3. A temperature boundary condition is placed on the cooling fluid as shown in 

Figure 6-4.  This initial temperature is equal to the ambient temperature 

surrounding the extrudate.  The cooling fluid has a constant temperature at the 

beginning and then changes as the extrudate flows. 

4. An open boundary is used on the top and bottom of the cooling fluid to represent 

the real experimental case. 

5. At the free surface, heat convection and conduction occur between the two fluids.  

The temperature and heat flux properties are continuous between the shared 

interface of the polymer and the cooling fluid.  

 

 

Figure 6-4 Heat transfer boundary conditions. 
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6.2.3 Meshing strategy 

Mesh quality plays an important role in the accuracy and stability of numerical 

computation.  The simulation contains polymer and coolant domains.  The entire domain 

is constructed with triangular mesh for boundary surfaces and tetrahedral mesh for 

domain volumes.  The mesh settings are shown in Table 6-1.   

Table 6-1 Mesh setting for 3D modelling. 

Cooling fluid Polymer 

Description Value Description Value 

Maximum element size 19.5 μm Maximum element size 11 μm 

Minimum element size 1.27 μm Minimum element size 0.17 μm 

Curvature factor 0.3 Curvature factor 0.2 

Maximum element growth 

rate 

1.08 Maximum element growth 

rate 
1.05 

Predefined size Extra 

Fine 
Predefined size 

Extremely 

Fine 

 

The mesh in narrow regions (microstructure) was further refined with a maximum and 

minimum element size of 4 μm and 0.1 μm respectively.   

 

6.2.3.1 Mesh deformation settings 

Due to the change in the shape of the polymer, the computational mesh grid undergoes 

deformation.  Therefore a “remeshing” is required.  This “remeshing” occurs when the 

deformations are too large and the quality of the elements falls below 0.15%.  Figure 6-5 

show the initial mesh and the deformed mesh after 0.2 seconds.   
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(a) 

 

(b) 

Figure 6-5 Deformed mesh in the microstructure region. (a) Initial mesh; (b) Deformed 

mesh caused by flow. 

 

6.2.3.2 Mesh independence study 

The reliability of the results with respect to the mesh is tested.  This would ensure the 

results obtained in the simulations are independent of the size and number of the mesh 

grid.  For this reason, four identical models were simulated where the number of mesh is 

changed.  Figure 6-6 presents the velocity profile at the nozzles outlet. 
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Figure 6-6 Mesh independence study. 

 

It is observed that the velocity profile for 1 million and 500k mesh are extremely close.  

Whereas the result for 200k and 100k mesh numbers vary significantly.  Therefore to save 

computational time, it was decided to use 500k mesh for all 3D simulations according to 

the mesh settings in Table 6-1.   

 

6.3 Model validation 

The experimental work on the fabrication of microstructures was carried out using a 

commercial 3D printer and a structured nozzle.  The experimental procedure and results 

for the fabrication of microstructures are presented in section 5.4.  The results of 

dimensional changes were analysed in AFM and SEM.  It was found that the shape and 

size of the printed structures were significantly different to the intended shape and size of 

the structures on the nozzle. 

A simulation model of the physical process has been developed for validating with 

experimental results.  The parameters are set according to Table 6-2.  
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Table 6-2 Simulation printing parameters for validating experimental results. 

Parameters Values  

Printing speed 40 mm/s 

Rheological properties Temperature-dependent 

Thermal properties Temperature-dependent 

Print temperature 180 oC 

Cooling fluid Water at 20 oC 

Structure width 14.86 μm 

Structure height 16.84 μm 

 

The shape and dimensions of the structure were evaluated from the simulation results.  

According to both simulation and experimental results, the shape of the printed structure 

has transitioned from rectangular to a trapezoidal shape.  Simulation results show the 

height of the printed structure to be 8.2 μm, the lower base of the structure measured at 

15.03 μm and the upper base at 5.5 μm.  A comparison of the experimental and simulated 

results is shown in Figure 6-7.  It can be seen that the simulation results are in good 

agreement with the experimental results in terms of accuracy of the fabricated 

microstructure with errors less than 11% in terms of total surface area.  Therefore the 

simulation can be successfully used to model the extrusion process from micropatterned 

nozzles.  

The model produces sharper edges in the corner of the structure in comparison to the 

experimental data.  The discrepancy between the results could be due to the limitation of 

the geometry of the AFM tip which is not sharp enough to image sharp edges.   

 

 

Figure 6-7 Comparison of dimensions of the experimental and simulated microstructure. 
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The model is further validated by comparing the results of SEM for the width of the 

structures described in section 5.3.2 with the simulated results shown in Figure 6-18 at 

different print speed.  For example, the simulated results for the width of the structure 

printed at 70 mm/s is 24.5 μm whereas in the experiments the width is 27.26 μm. 

 

6.4 Numerical simulations of the accuracy of 3D printing 

Current experimental and simulation results indicate that different printing conditions and 

parameters have a significant effect on the final shape of the extruded strands and 

microstructures.  Since the experimental procedure can be difficult to implement and do 

not give insight into what happens in the intermediate processes, it is important to analyse 

the flow behaviour using simulations.  In this section, simulations were performed based 

on different polymer injection rates to identify the rate of strand solidification and the 

final shape of the microstructures.   

 

6.4.1 Effect of printing speed on the rate of solidification 

To see the effect of the printing speed on the solidification of the polymer, several printing 

speeds (30,40,50 and 70 mm/s) were investigated.  The selected printing speeds are 

typical in common 3D printers.  The cooling fluid is assumed to be water at 20 oC and the 

polymer at 180 oC.  Thermal, physical and rheological material properties of PLA in the 

simulation domains are included according to their respective temperatures.  The outlet 

of the flow domain which represents the nozzle tip has a diameter of 400 μm.  The 

following figure represents the solidification of the filament as the polymer exits the 

nozzle.  The phase fraction of solidified PLA is shown in red and the melt is represented 

by blue in Figure 6-8.   
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Figure 6-8 Phase fraction of PLA during extrusion. 

 

Solidification starts almost immediately after exiting the nozzle.  The solidification of the 

structure happens before the rest of the filament simply because the microstructure region 

is narrower and loses heat more effectively.  At nearly 80 μm from the nozzle exit, the 

entire microstructure solidifies.  The reason for this quick solidification is the fact that 

water has higher specific heat capacity and thermal conductivity than other conventional 

cooling methods using air.   

The shape of the microstructure and the diameter of the filament have also varied which 

will be discussed in more detail shortly.  The swelling phenomena of the filament 

diameter can be observed from the obtained simulation results which have been 

confirmed with 2D simulations in chapter 4.  However, the microstructure has seen a 

significant reduction in size and change in shape after exiting the nozzle.   

Figure 6-9 shows solidification growth at different times of 0.02s, 0.05s, 0.08s, 0.15s, 0.3s 

and 0.5s. 
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  (a)      (b) 

 

  (c)      (d) 

 

  (e)      (f) 

Figure 6-9 Solidification of PLA at different time intervals.  (a) t=0.02;(b) t=0.05; (c) 

t=0.08; (d) t=0.15;(e) t=0.3; (f) t=0.5. 

The nozzle outlet is located at zero on the z-axis as indicated and the solidification begins 

shortly after this point.  As the polymer flows, the outer boundary layer of the polymer 

begins to solidify with time and then the solidification propagates towards the inner part 

of the filament.  The simulation reaches a steady state at 0.15s but it was run for longer 

to ensure the results are reliable.  It is noted that if the simulation domain is extended 
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further in -z direction, the full solidification of the filament would be observed if enough 

length is provided.  However, for the purpose of this thesis, the formation of the 

microstructures is mainly of interest.  Therefore, part solidification would be sufficient to 

draw conclusions from the results. 

The solidification volume fractions for several printing speeds are presented in Figure 

6-10.  The solidification percentage value is the ratio of the volume of solidified PLA (𝑉𝑠) 

to total volume of the injected PLA (𝑉𝑡𝑜𝑡).   

 

 

Figure 6-10 Amount of polymer solidified with time. 

 

At t=0, the entire polymer is in the liquid state.  As time progresses, the solidification 

forms in the ejected polymer.  The solidification % value for all printing speeds seems to 

be similar up to 0.02s, thereafter the simulation with 30 mm/s printing speed has the 

highest volume fraction of solid in comparison to the model with 70 mm/s at all times 

until a steady state has occurred by 0.2s.  In physical terms, this would make sense since 

the slower printing speed has more time to cool down in comparison to a higher printing 

speed.  After any point past 0.02s, the volume of solidified PLA is larger for lower 

printing speed.  This indicates the rate of heat transfer is higher at lower printing speeds.   
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The more important parameter to identify is the rate of solidification.  By using the result 

from Figure 6-10, the rate of solidification is obtained by taking the derivative of the 

solidification % values which is 𝑑(
𝑉𝑠

𝑉𝑡𝑜𝑡
)/𝑑𝑡 at each time frame.  The rate of solidification 

is presented in Figure 6-11. 

 

 

Figure 6-11 Solidification rate according to time. 

 

At t=0, the polymer melt injection begins and the rate of solidification is at its highest in 

the initial stage of extrusion due to two reasons.  Firstly, the volume of the polymer is at 

its lowest in the beginning.  Secondly, the temperature difference is at its highest which 

means the rate of heat transfer is at maximum.  The solidification rate for all different 

printing speeds appears to be similar throughout the extrusion process.  From Figure 6-11, 

it can be observed that the printing speed has no effect on the solidification rate.  This 

means slow and fast printing speeds would yield similar results in terms of solidification 

rate.  Since printing speed has no effect on the solidification, the printing speed can be set 

to high for faster production if required.   
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The fact that the solidification rate is not sensitive to printing speed can be explained by 

determining the time scales for injection rate and solidification rate.  The time scales of 

solidification and injection rates are found by formulas (6.1) and (6.2) respectively. 

𝑡𝑠𝑜𝑙 =
(
𝑑𝑉𝑠(𝑡)

𝑑𝑡
)

𝑉𝑠(𝑡)
 

 

(6.1) 

where 𝑉𝑠(𝑡) is the volume of polymer solidified in (𝑚3) which may vary with time (t) and  

𝑑𝑉𝑠(𝑡)/𝑑𝑡 is the solidification rate in 𝑚3/𝑠. 

𝑡𝑖𝑛𝑗 =
(
𝑑𝑉𝑖𝑛(𝑡)

𝑑𝑡
)

𝑉𝑖𝑛𝑗(𝑡)
 

 

(6.2) 

where 𝑉𝑖𝑛𝑗(𝑡) is the volume of polymer injected in (𝑚3) at time (t) and 𝑑𝑉𝑖𝑛𝑗(𝑡) /𝑑𝑡 is the 

injection rate in 𝑚3/𝑠. 

The result of time scales of injection rate and solidification are calculated and their ratio 

against time is presented in Figure 6-12. 

   

 

Figure 6-12 Time scale ratio as a function of time for different printing speeds. 
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Figure 6-12 shows that the injection time scale is much longer than the time scale for the 

solidification as the value of 𝑡𝑠𝑜𝑙/𝑡𝑖𝑛𝑗 tends towards zero.  This means the injection rate 

is slow enough that allows for solidification to occur.   

 

6.4.2 Investigation of printing parameters on the final shape of microstructures 

This section investigates the degree of impact of each printing parameter on the final 

shape of the structures.  This can be used to design nozzles with microstructures, in order 

to obtain desired structure sizes that can be controlled before the printing process.   

 

6.4.2.1 Effect of number of structures on the nozzle 

Simulation models are created to investigate the effect that the number of structures on 

the nozzle has on the final shape of the structures.  The dimensions of the structures are 

modelled according to Table 6-3.  Four structures are simulated with different dimensions.   

Table 6-3 Dimensions and aspect ratio of the patterns. 

Pattern number Actual height (μm) Actual width (μm) Aspect ratio 

Pattern 1 16.11 4.23 3.8 

Pattern 2 16.19 4.43 3.65 

Pattern 3 16.84 8.89 2.12 

Pattern 4 16.84 14.86 1.13 

 

The simulation printing parameters are presented in Table 6-4. 

Table 6-4 Physical parameters used in the simulation. 

Printing parameters Quantity 

Print Temperature 180 oC  

Nozzle diameter 0.4 mm 

Cooling procedure Water at 20 oC 

Printing Speed 40 mm/s 
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Figure 6-13 Phase fraction of filament surface containing microstructures. 

 

The solidification is presented in Figure 6-13 which indicates the structures begin the 

solidification process rapidly.  Due to the smaller dimensions of pattern 1, the 

solidification process occurs only 27 μm after the nozzle exit.  Patterns 2,3 and 4 start the 

solidification process 30 μm, 33 μm and 35 μm after the nozzle exit respectively.  It is 

seen that the structures have affected the solidification of the filament surface 

significantly.  For instance, the surface around pattern 4 has solidified 40 μm after the 

surface around pattern 1.  The microstructures have caused an ununiform heat distribution 

on the filament surface.  The reason for this is the presence of smaller structures that can 

positively affect heat transfer.  Smaller structures will reduce the time taken for 

solidification as seen in literature [238].  Therefore, being able to reduce the solidification 

time will also allow less time for polymer deformation to occur on the filament surface 

and the structures.  It can be concluded that the presence of smaller microstructures on 

the filament surface will reduce the swelling as the solidification occurs closer to the 

nozzle exit, therefore less time for full swelling to take effect.   

The printing simulation of several structures was also used to compare with a simulation 

containing only one structure.  For the multi-structured nozzle, the patterns were created 

according to Table 6-3 and for the singular structure, only pattern 4 on the nozzle was 

simulated.  This was done in order to identify whether having several structures would 

affect the final shape in comparison to having a singular structure.  The final shapes of 

both simulations are presented in Figure 6-14.   
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Figure 6-14 Dimensions of simulated structures with single and multi-structured nozzle. 

 

Pattern 4 on the multi-structured nozzle and single structured nozzle are compared.  It 

appears that the deformation is very similar in both cases.  It can be concluded that the 

neighbouring structures are not affected by each other and therefore, the number of 

structures have negligible effects on the final shape of each individual structure.  The 

presence of water negates the effect of heat transfer between the neighbouring structures 

and due to the absence of radiation, there is no reason for the neighbouring structures to 

affect one another.   

 

6.4.2.2 Aspect ratio 

The effect of different aspect ratios is investigated through simulations.  The patterns with 

their aspect ratio are presented in Table 6-3.  The aspect ratio of a rectangular shape is 

defined as the ratio of height over width.  This is to investigate the effect of geometrical 

ratios on the final shape of the structures.   

In Figure 6-15, the dimensions of the original patterns on the nozzle (square) and the 

printed structures (circle) are presented.  It can be seen that all of the extruded patterns 

have had a significant reduction in their overall size.  What is more noticeable is the loss 

of rectangular shape as intended and transformation into a trapezoid shape. 
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(a)     (b) 

 

(c)     (d) 

Figure 6-15 Effect of Aspect ratio on the size of structures. (a) 3.8; (b) 3.65, (c) 2.12, (d) 

1.13. 

 

It is observed that the printed structures are significantly different and smaller than what 

is intended.  Generally, there is a loss of sharp corners in any extrusion process which 

causes the sharp edges to be tapered or even rounded [239] as observed in our simulations.  

Surface tension is a great factor affecting the shape of structures and it is reported that the 

surface tension is a major cause of the deformation of rectangular shapes into “semi-

circular” shapes.  The majority of the difference between the nozzle structure and printed 

structures are observed in the heights of the structures.  It is found that for different aspect 

ratios, the swelling has had a greater effect on the longer side (height) while the shorter 

side (lower width) is virtually unaffected.  These findings agree well with the results 

obtained for the die swell of rectangular channels [239].  The flow regime is also 

important in the formation of trapezoid structures.  The velocity profiles normal to the 

flow direction inside the nozzle are shown in Figure 6-16.   
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(a)     (b) 

 

(c)     (d) 

Figure 6-16 Velocity profiles at different locations inside the nozzle.  (a)z=60μm; 

(b)z=40μm; (c)z=20μm; (d)z=0μm. 

 

These results show the velocity distribution before the polymer exits the nozzle at the 

structures.  The velocity appears to undergo a sudden change as it gets closer to the nozzle 

exit.  Therefore, the structures are formed near the tip of the nozzle.  This indicates that 

the length of the structures does not play an important role in the formation of the 

structures.  The velocity profile at the tip of the nozzle is an indication of the shape of the 

structure that is going to be formed.  It is observed that velocity is very small near the 

edges of the structure due to the adhesion of the polymer to the wall.  If the velocity is 

near zero, that means there is very little flow of polymer and a “convergence” flow takes 

place where the flow takes the shape of a “trapezoid” as shown by the velocity 

distribution.   

Another reason for the reduction of structure sizes in comparison to the nozzle structure 

is the solidification of the filament.  There is also shrinkage in the volume of polymers 
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due to density changes and thermal expansion as the polymer cools down.  These are 

contributing factors for the reduction in the size and shape of the extrudate.   

For patterns 1 and 2 which have high aspect ratios, the achieved heights of the structures 

are 5.82 μm and 5.91 μm respectively.  Which indicates an average 63.7% decrease in the 

height of the structures.  For patterns 3 and 4 which have higher aspect ratios, there has 

been a 57.6% and 48.5% decrease in structure height.  This indicates as the aspect ratio 

is increased, the structures created also have the tendency to be relatively larger (in terms 

of height) respective to the nozzle structures.  The velocities in the larger nozzle structures 

are higher than the smaller structures.  Therefore, the amount of swelling increases with 

velocity as discussed in chapter 4 which ultimately produces larger structures.   

Figure 6-17 shows the effect of the nozzle aspect ratio on the printed structure aspect ratio.  

The aspect ratio of the printed structures is described according to the following equation: 

𝐴𝑅𝑝𝑟𝑖𝑛𝑡𝑒𝑑 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 = 𝐻1/(
𝑊1 + 𝑊2

2
) 

(6.3) 

Where 𝐻1 is the structure height, 𝑊1 and 𝑊2 are the lower and upper base of the printed 

structure respectively (trapezoid).  Figure 6-19 is a schematic representation of the 

trapezoid structure.  

 

 

Figure 6-17 Comparison of aspect ratios of the nozzle and printed structures. 
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It is evident that the increase in the aspect ratio of the nozzle structures for printing at 

reference conditions (Table 4-5) results into a linear increase of aspect ratio for the printed 

microstructures.  However, in general the printed structures have a lower aspect ratio in 

comparison to the nozzle structures.  The aspect ratio for different printing speed is 

expected to follow a similar incremental trend, however the y intercept might vary with 

different printing speed.  

 

6.4.2.3 Effect of printing speed on the final shape of structures 

The printing speed (injection rate) has been identified as an important parameter that can 

affect the formation of the structures.  Hence, several simulations at different printing 

speeds have been performed to observe the effects of printing speed on the final shape of 

the structures.  The pattern simulated is pattern number 4 as described in section 6.4.2.1.  

The simulation parameters are set up according to Table 6-5. 

Table 6-5 Simulation parameters to assess the effect of printing speed on shape of 

microstructures. 

Printing parameters Quantity 

Print Temperature 180 oC 

Polymer properties Variable according to temperature 

Nozzle diameter 0.4 mm 

Cooling procedure Water at 20 oC 

Printing Speed 30,40,50,70 mm/s 

 

The deformation of the polymer after exiting the nozzle occurs instantly and with water 

as the cooling fluid, the solidification happens less than 100 μm for all cases.  For this 

reason, in order to see the evolution of the polymer, the shape profiles of the structures 

are taken from 10 μm, 50 μm, and 90 μm directly away from the nozzle in the “z” 

direction.  The profile of the nozzle structure (pattern 4) is presented at 0 μm which is 

located at the nozzle exit where “z” is zero.  The structure solidification is observed to be 

completed at z=90 μm.  Figure 6-18 shows the profile changes for different printing speeds 

at different z intervals. 
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(a)     (b) 

 

(c)     (d) 

Figure 6-18 The shape of printed microstructure at different locations normal to the exit 

for different printing speeds.  (a) 30mm/s; (b)40mm/s; (c) 50mm/s; (d) 70mm/s. 

 

It is observed that the largest deformation between the original structure and the printed 

structure occurs within the first 10 μm for all printing speeds.  From 10 μm until the 

solidification of the structures at 90 μm, the rate of deformation becomes less.  This is 

due to an increase in the viscosity of the polymer near the solidification point.  As the 

viscosity increases, the deformation becomes more difficult.   

The printed structures have significantly changed in shape in comparison to the nozzle 

structure.  At the lower base of the printed structures, the size of the base has seen an 

increase with the rise in printing speed.  This observation is in agreement with the 

experimental evaluation of the geometrical ratio “R” in chapter 4.  A printing speed 

between 30 mm/s and 40 mm/s would produce a structure with a similar lower base size 

to the nozzle structure.  However, the height of the structure in all cases appears to be 

smaller than the height in nozzle structures and the height of the structures also seems to 
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increase with the increase in printing speed.  The reason for this is illustrated in Figure 

6-16 by the velocity profiles.  There tends to be smaller flow speed near the top side of 

the structures (height) which results in less flow and causing shrinkage in terms of height 

in comparison to widths.   In general, it can be said that the higher the printing speed, the 

higher the swell is.   

If the structures are dimensionally close to the intended nozzle structures, the printed 

structures are considered to be more accurate.  The results show that an increase in 

velocity would produce structures with larger heights.  Therefore, the printing accuracy 

is increased for the height of the structures with an increase in printing speed.  However, 

an increase in printing speed leads to a less accurate structure width (lower, W1, and 

upper, W2, bases of structures). 

 

Figure 6-19 Schematic drawing of the nozzle structure and printed structure. 

 

Figure 6-19 is a schematic representation of the nozzle structure and printed structure.  𝐻0 

and 𝑊0 are the width and height of the nozzle structure respectively.  𝐻1, 𝑊1 and 𝑊2 

represent the height, lower base and higher base of the printed structure respectively.  The 

accuracy of the printed structures in comparison to the nozzle structures can be 

determined.  A new parameter 휁 is introduced in order to compare the printing results in 

dimensionless numbers.  휁1, 휁2 and 휁3 represent 𝑊1/𝑊0, 𝑊2/𝑊0 and 𝐻1/𝐻0 respectively.  

The results of 휁1, 휁2 and 휁3 for different printing speeds are shown in Figure 6-20. 
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(a) 

 

      (b) 

 

(c) 

Figure 6-20 Dimensionless parameter ζ as a function of printing speed. (a) 휁1; (b) 휁2; (c) 

휁3. 
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Several conclusions can be made from the obtained results.  The lower base of the printed 

structures, 𝑊1, appears to increase linearly as the printing speed is increased.  Printing at 

a low speed of 30 mm/s would ensure the printed structure have similar dimensions in 

their lower base when comparing the value of 휁1.  As the printing speed is further 

increased, the base of the structure gets larger.  However, the limit of expansion or 

swelling for the lower base needs to be identified through either further experimentation 

or simulation modelling.  It is observed that within the specified printing speeds, the lower 

base increases linearly as indicated by experimental results from section 5.3.3.  The upper 

base of the printed structures, 𝑊2, exhibits an exponential growth as the printing speed is 

increased.  By controlling the upper base and reducing its size, it is possible to create 

“sharper” structures where the upper base is much smaller than the lower base.  This will 

give the possibility to create “triangular” structures.  As the graph exhibits exponential 

behaviour, there is a limit as to how small the upper base can get.  The graph tends to 

become flat below 30 mm/s printing speed and the smallest possible structure would have 

a 휁2 value of 0.353 at 10 mm/s.  On the other hand, an increase in printing speed causes 

an accelerated increase in the 휁2 value.  At the speed of just over 100 mm/s, the value of 

unity can be achieved for  휁2.  From Figure 6-20(c), the results for 휁3 at different printing 

speeds exhibit an asymptotic behaviour.  From the current results, it can be seen that the 

value of 휁3 can never reach unity even at extremely high printing speeds.  The significant 

decrease in structure height is linked due to the fact that in the narrow region of the 

structure, the velocity profile is extremely small.  Using the equation provided in Figure 

6-20(c), the maximum value of 휁3 can be evaluated at a printing speed of 165 mm/s to be 

0.653.  

Finally, the final shapes of the printed structures at different printing speeds are shown in 

Figure 6-21.  
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Figure 6-21 Final shapes of structures at different printing speeds. 

 

An increase in flow rate causes an increase in fluid velocity which ultimately increases 

the shear rate of the polymer.  An increase in shear rate will result in an increase in 

swelling as experimentally confirmed in microscale extrusion [240].  There is a 

significant reduction in the height and upper base of the printed structures.  However, the 

lower base of the structures is differently affected and keeps expanding with respect to 

the intended dimension as the printing speed is increased.  It must be noted that the 

trapezoids must assume symmetrical shapes.  However, due to un-avoidable numerical 

errors, this is difficult to achieve.   

In order to determine the swelling factor with respect to printing speed, Figure 6-21 is 

produced.  The hydraulic diameters are calculated for the nozzle structure (rectangular 

shape) and extrudate structure (trapezoid).  As the shapes are not circular, the formula for 

the swelling ratio is slightly modified.  The formula of swell for microstructure with 

change in shape is: 

𝑆𝐻 =
𝐷𝐻𝐸

𝐷𝐻𝑁
 

 

(6.4) 
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where 𝑆𝐻 is the swelling ratio, 𝐷𝐻𝐸  is the hydraulic diameter of the extruded structures 

and 𝐷𝐻𝑁 is the hydraulic diameter of the nozzle structures.  It is assumed that the 

trapezoids are equilateral.  The formulations for calculating the hydraulic diameter of 

rectangle and trapezoid are shown in appendix B.  Table 6-6 shows the data of hydraulic 

diameters and swelling ratio. 

Table 6-6 Values of hydraulic diameter and swelling ratio of printed structures. 

Printing 

speed (mm/s) 

Hydraulic diameter of 

trapezoid(μm) 

Hydraulic diameter of nozzle 

structure(μm) 

Swell 

ratio 

30 12.83 15.78 0.813 

40 14.64 15.78 0.928 

50 16.56 15.78 1.049 

70 19.21 15.78 1.217 
 

A swelling value under 1 can be regarded as shrinkage.  It can be observed that the 

swelling value is at 0.813 for a printing speed of 30 mm/s and increases as the printing 

speed is increased.  There would be shrinkage until nearly 45 mm/s printing speed.  At 

nearly 45 mm/s, the value of swelling reaches unity.  Thereafter, as the velocity is 

increased, the expansion occurs and the swelling continues to grow.  This falls well within 

the behaviour of polymers and the swelling theory. 

These results show that the swelling of the structures is independent of the swelling of 

the filament itself presented in chapter 4 and that structures and the filament swell at 

different rates. 

6.4.3 Different geometrical shapes of microstructure 

In order to further test the flexibility of the proposed modelling technique, different 

shapes of nozzle microstructures are simulated.  In doing so, the effect of different 

geometries on the hydraulic swell and the final shape of the printed structures can be 

determined.  The mesh settings and the physical parameters of the simulations are based 

on the settings described in Table 6-1 and Table 6-5 respectively.  The simulation setups 

and boundary conditions are stated in section 6.2.2.  As printing speed is found to be an 

important influential factor in the deformation of the shape of the microstructures, it is 

decided to carry out this investigation on different geometrical shapes of the nozzle with 

different printing speeds.  The tested microstructures are semi-circles and equilateral 

triangles.  This also further proof that the proposed modelling approach is not limited to 

rectangular shapes and can be extended to more geometries. 
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6.4.3.1 Triangular microstructures 

The first geometrical shape tested is an equilateral triangle with the size of each side set 

to 16 μm which is close to the dimensions of the rectangular pattern 4 described in Table 

6-3.  The deformation/swell of the triangular structure due to flow and heat transfer is 

shown in Figure 6-22.  

 

Figure 6-22 Phase fraction of PLA during extrusion of triangular microstructure. 

 

The shape differences between the nozzle microstructure and the solidified extruded 

microstructure for different printing speeds are presented in Figure 6-23.   

 

 

Figure 6-23 Final shapes of triangular structures at different printing speeds. 
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Generally, the increase in print speed results in increase of swell in the microstructures as 

explained in section 6.4.2.3.  As the printing speed is increased, the overall size of the 

extruded structures also increases.  The printed structures lose the sharpness at the tip of 

the triangles due to surface tension forces.  The shapes of the triangles seem to transition 

into semi-circular shapes which is also caused due to surface tension affects.  This was 

also observed in the rectangular cases, but it is even more noticeable in triangular shapes 

because they are seemingly more dimensionally similar to semi-circles.  Similar to the 

rectangular case, nearly 40% decrease in height is observed in the height of the printed 

structures at 70 mm/s and this loss of height increases as the printing speed is decreased 

which is explained by the fact that swell decreases with a fall in printing speed. 

The hydraulic swell ratio for triangular structures is calculated in Table 6-7 according to 

equation (6.4). OriginPro is used to determine the area and perimeter of the printed 

structures for the calculation of hydraulic diameters.  The formulation of hydraulic swell 

calculation is shown in appendix B.  

Table 6-7 Values of hydraulic diameter and swelling ratio for triangular microstructures. 

Printing 

speed (mm/s) 

Hydraulic diameter of 

triangles (μm) 

Hydraulic diameter of nozzle 

structure(μm) 

Swell 

ratio 

30 6.03 9.24 0.65 

40 6.86 9.24 0.74 

50 7.98 9.24 0.86 

70 9.33 9.24 1.01 

 

It is observed that the swelling value is at 0.65 for a printing speed of 30 mm/s and 

increases as the printing speed is increased.  These results are in agreement with the 

rectangular structures, however, a smaller swell is observed with respect to print speed.  

The printed structures shrink in terms of hydraulic swell until nearly 70mm/s printing 

speed where a hydraulic swell value of unity is achieved.  Therefore, triangular structures 

require higher printing speed to reach hydraulic swell of 1.  This is explained due to the 

triangle having sharper/narrower corner in comparison to rectangular structure which 

means the velocity near the tip/corner must be lower.  Therefore, the printing speed needs 

to increase in order for the polymer to flow near the sharp corner.  
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6.4.3.2 Semi-circular microstructures 

Another interesting geometrical shape to simulate would be semi-circles since all 

previous cases have shown a tendency to go towards semi-circular shape.  A semi-circular 

microstructure is therefore modelled on the nozzle with a diameter of 16 μm.  Figure 6-24 

shows the phase fraction and the transition of the microstructure as it exits the nozzle and 

solidifies.  

 

Figure 6-24 Phase fraction of PLA during extrusion of semi-circular microstructure. 

 

The shape differences between the nozzle microstructure and the solidified extruded 

microstructure for different printing speeds are presented in Figure 6-25. 

 

Figure 6-25 Final shapes of semi-circular structures at different printing speeds. 
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Similar to previous cases, the increase in printing speed, results into a rise in the overall 

swell value of the microstructures.  However, in contrast to other geometries, the semi-

circles have retained their overall shape which is the result of surface tension forces.  

However, a great difference in the overall size of the microstructures is observed as the 

printing speed is incrementally increased.  Expect for the case where printing speed is 

30mm/s, all other cases have produced nearly perfect semi-circular microstructures.  As 

an example, for printing speed of 70mm/s, the height produced is 11.4 μm and the width 

is 22.1 μm which can be regarded as nearly a semi-circle.  Therefore, by simply adjusting 

the print speed and using the proposed manufacturing technique, semi-circular 

microstructures can be achieved with a very high degree accuracy. Another reason for 

such behaviour is the lack of sharp corners which means the velocity must be distributed 

evenly from the wall to the microstructures as opposed to squares and triangles.  

The hydraulic swell ratio for semi-circular structures is calculated in Table 6-8 according 

to equation (6.4).  OriginPro is used to determine the area and perimeter of the printed 

structures.  The formulation of hydraulic swell calculation is shown in appendix B.  

Table 6-8 Values of hydraulic diameter and swelling ratio for triangular microstructures. 

Printing 

speed (mm/s) 

Hydraulic diameter of 

semi-circle (μm) 

Hydraulic diameter of nozzle 

structure(μm) 

Swell 

ratio 

30 6.9 9.77 0.71 

40 8.3 9.77 0.85 

50 10.6 9.77 1.01 

70 13.6 9.77 1.39 
 

From these results, a hydraulic swell value of unity is achieved at nearly 50 mm/s printing 

speed for the semi-circular structures.  

6.4.4 Reverse engineering approach for microstructured nozzle design 

The microstructures modelled up to now have shown similar trends where increasing the 

printing speed increases the overall hydraulic swell value and the dimensions of height 

and width increase at different rates for different structures.  Therefore, the changes in 

geometry and dimensions have been unpredictable.  From the studies conducted in section 

6.4.2 it is found out that the extrusion of rectangular microstructures results into formation 

of trapezoid shapes.  By using and extrapolating the results from section 6.4.2, a reverse 

engineering approach can be adopted to determine the geometrical requirements of a 

nozzle which will lead to the extrusion of rectangular shaped microstructures.  For the 
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purposes of consistency, the mesh setting of the simulations is based on the on Table 6-1 

and the physical properties of the model are shown in Table 6-9.  The simulation setups 

and boundary conditions are stated in section 6.2.2. 

Table 6-9 Simulation parameters for reverse engineering a rectangular structure. 

Printing parameters Quantity 

Print Temperature 180 oC 

Polymer properties Variable according to temperature 

Nozzle diameter 0.4 mm 

Cooling procedure Water at 20 oC 

Printing Speed 40mm/s 

 

The purpose of this simulation is to extrude a rectangular structure (pattern 4) as described 

in Table 6-3. Figure 6-26 shows the simulated structure on the nozzle and the shape 

transition due to polymer flow and heat transfer.  

 

 

Figure 6-26 Phase fraction of PLA during extrusion for reverse engineering and 

fabrication of a rectangular microstructure. 
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Interestingly, the solidification pattern on the surface of the polymer shows that the 

microstructure has affected the heat transfer in this area which was also discussed in 

section 6.4.2.1.  This means the larger the microstructure on the surface, the extruded 

filament cools down further away from the exit.  

The reverse engineered microstructure on the nozzle was calculated based on the result 

of extrusion at printing speed of 40 mm/s from Figure 6-21.  It was observed that the 

printed microstructure had its height and upper width reduced by 48% and 61% 

respectively and the lower width was increased by 7.1%.  Therefore, the rectangular 

pattern 4 had its height and upper width increased by 48% and 61% respectively and the 

lower base was reduced by 7.1%.  Figure below shows the dimensions of reverse 

engineered microstructure for producing a structure with similar dimensions to pattern 4, 

the result of the extrusion from the reverse engineered microstructure and the size of 

pattern 4 as a reference for comparison purposes.  

 

Figure 6-27 Dimensions of the reverse engineered microstructure, the extruded 

microstructure printed from the engineered microstructure and the intended shape 

(pattern 4). 

 

From the results observed in Figure 6-27, it can be seen that the extruded microstructure 
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such microstructure shape on the nozzle, it would be possible to accurately manufacture 

customised microstructures which makes the proposed technique highly controllable. In 

fact, by comparing the cross-sectional area of the printed and intended rectangular 

structures, there is only 8% discrepancy between the results.  The difference between the 

extruded part and the intended part is mainly due to the surface tension effects on the 

outer edges of the microstructures, as observed in Figure 6-27 the sides of the extruded 

structure are slightly curved. Therefore, the current result of the extrusion can be corrected 

by introducing similar curves on the reverse engineered microstructure in the opposite 

direction.  As can be seen from Figure 6-21, the printed trapezoid structures all have small 

curves inwards.  By accounting for this curve, the model can be further improved to 

produce straight edges.  

The role of velocity profile was discussed in section 6.4.2.2 where the shape of the 

velocity profile would be an indication of the shape of the microstructures at the tip of the 

nozzle.  Figure 6-28 shows the of the velocity profile for the reverse engineered case. 

 

 

Figure 6-28 Rectangular shape of velocity profile in the microstructure. 

 

From velocity profiles it can be seen that the flow has very small velocity near the tips 

and edges of the reverse engineered microstructure which would explain the formation of 

a rectangular structure to some extent.  There is simply not enough momentum in the 

corners for the fluid to move and hence only higher velocity fluids can exit the nozzle.  It 

must be noted that further deformation occurs beyond the nozzle tip until solidification 
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has occurred.  Therefore, it is not possible to exactly determine the final shape of the 

structures only by analysing the velocity profiles, however, they are good indication of 

possible shapes that the structures might take. 

 

6.5 Discussion on swell contribution on the final shape of structures 

As indicated by the governing equations in section 3.5, the change in size and shape of 

the structure is due to density changes, rheological properties of the polymer and thermal 

expansion of the material.  It is important to measure how much each factor contributes 

to the change in size and shape of the printed structures. 

• Density 

It is simple to calculate the effect of density change on the size of the structures.  As 

temperature changes during the extrusion, the density of the polymer also changes which 

causes the structures to shrink until a steady temperature is reached.  The specific volume 

of the PLA polymer against temperature is presented in Figure 2-9. 

Since the specific volume is reciprocal of the density, the value of density change for a 

temperature difference of 180K (difference between melt and room temperature PLA) 

can be evaluated at 10%.  That means the volume of the structures must have shrunk by 

10% for this temperature drop as a result of density changes alone.   

• Areal thermal expansion 

Thermal expansion is regarded as the tendency of a material to change its shape and size.  

This change can be 1D (linear), areal and volumetric depending on the shape of the 

material.  All materials have a thermal expansion coefficient which dictates how much a 

material elongates or shrinks per unit of temperature.  The thermal expansion coefficient 

of PLA is evaluated to be 68*10-6 K-1.  To find how much thermal expansion contributes 

to the shrinkage of the polymer, the formula below can be used.  It must be noted that 

taking the areal thermal expansion would suffice.  A cross-section of the solidified 

structure is chosen to perform the calculation.   

𝐴𝑓 = 𝐴0(1 − 2𝛼𝑝𝛥𝑇) 

 

(6.5) 

where 𝐴𝑓 is the final area, 𝐴0 is the initial area, 𝛼𝑝 is the thermal expansion coefficient 

and 𝛥𝑇 is the temperature difference.  Assuming a temperature difference of 180K similar 
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to before and an initial area of 250 𝜇𝑚2 (area of pattern 4), the new area would be 

243.9𝜇𝑚2.  243.9𝜇𝑚2 is the value of new area if thermal expansion is the only factor 

considered which has caused the shrinkage of the structure.  This means the contribution 

of thermal expansion is only 2.45% in reduction from the original size of the structure.   

However, when the final size of the structures indicated in Figure 6-21 are compared to 

the intended size, a much larger reduction in size is observed.  As an example, taking the 

results of printing at 70 mm/s, it can be seen that a cross-section of the solidified printed 

structure has an area of 163 𝜇𝑚2.  Therefore, there is a 53.4% difference between the 

intended and printed structures.  From these results, it can be concluded that the effects 

of thermal expansion and density changes are less significant than the main contributing 

factor.  It is believed that the main contributing factor to the shrinkage of the structures is 

the swelling of the polymer.  Unlike density and thermal expansion, the swelling of the 

structures depends on many factors other than temperature.  But from the current results, 

it can be speculated that the swelling of the polymers contributes to nearly 87.5% of the 

deformation in the extrusion process as opposed to the 12.5% of the density and thermal 

expansion changes.  

 

6.6 Summary 

In this chapter, we devised a simulation to accurately represent the extrusion of PLA 

through a structured nozzle.  The aim was to predict the behaviour of PLA flow with a 

focus on the formation of microstructures on the surface of the filament.  The constructed 

model was successfully validated against the experimental data with less than 11% 

difference in terms of surface area.  It has been found that the printed structures have 

changed from their intended shape and transition towards a semi-circular shape.  The total 

cross-sectional surface area of the printed structures has seen significant shrinkage in 

comparison to their intended shape at reference printing conditions.  Such behaviours are 

owed to surface tension forces, swelling phenomena, density changes and thermal 

expansion of the polymer. 

The effect of printing speed on the rate of solidification of the polymer was also evaluated 

and discussed.  The results show that printing speed has a negligible effect on the 

solidification of the polymer.  Therefore, it can be concluded that printing at high speeds 

would be possible without affecting the solidification rate of the polymer and structures.  
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The effects of having several structures on the nozzle, aspect ratio of the structures and 

printing speed on the shape of structures were also investigated.  Having several structures 

on the nozzle is not different from having a singular structure for the final shape of the 

microstructures therefore the spacing between the structures is irrelevant.  However, it 

has been found that the solidification occurs further away from the nozzle exit as the 

structures grow in size.  Simulations with different aspect ratios were also created which 

show a linear increase in printed structure’s aspect ratio as the nozzle structure aspect 

ratio was increased.  This is most likely because the velocity field in the larger structure 

is greater in comparison to smaller structures.  Further analysis of the result shows that 

the length of structures is not an important parameter as the structures begin to take shape 

in the last 60 μm of the nozzle structures.  Therefore, it would be recommended that the 

structures created by FIB would not need to be longer than this value.  Finally, the effect 

of printing speed on the final shape was evaluated which shows an increase in swell with 

a rise in printing speed.  The dimensional evolution of each edge on the printed structures 

occurs at different rates.  As an example of the trapezoidal structures, the upper edge of 

the printed structure undergoes the largest deformation whereas the lower has a smaller 

deformation.  This is greatly related to the of the velocity profiles in the structures.  

Regardless of printing speed, the heights of the printed structures are always smaller than 

the intended structures. 

Our findings are beneficial to practical applications. Based on the requirements of the 

user, the size and shape of the structures can be predicted in advance.  For example, if it 

is required that the lower base of the structure needs to be the same as the intended 

structure, then the printing speed must be kept at 30 mm/s.  If the height is of importance, 

then the printing speed must be set to maximum to achieve the largest height possible  

Both simulation and experimental results demonstrated that it is feasible to fabricate 

microstructures using FDM technology.  The simulation model developed in this work 

can be seen as a complimentary step to the fabrication method described in chapter 5 for 

manufacturing and predicting micropatterns.  

Several micropattern geometries were simulated in order to show the versatility of the 

proposed modelling approach which indicates that the model is not limited in terms of 

geometry.  The geometries included rectangles, triangles and semi-circles. A hydraulic 

swell value for each pattern for each was calculate according to different printing speed.  

The optimal printing speed of each pattern for obtaining a swell value of unity was 
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identified and reported.  It was found that the triangular structure requires the highest 

print speed at nearly 70 mm/s in order to reach swell of 1 due to its sharp corner.  It can 

be concluded that the swell or deformation of the polymer is also dependant on the 

geometrical shape of the microstructures as well as the processing parameters and 

material properties. 

Lastly to further demonstrate the flexibility of the model and controllability of the 

proposed manufacturing method in this work, a reverse engineered nozzle geometry was 

designed in order to create a predetermined rectangular shape. This is extremely 

beneficial for manufacturing accurate and customised microstructures where the final 

geometry is known.  Hence the microstructure on the nozzle can be designed in order to 

fabricate the required geometry or shapes.  
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Chapter 7 Conclusion 

 

7.1 Research Assessment 

To meet the needs of the main objective of this research, a modelling approach for the 

fabrication and prediction of microstructures using FDM technology is developed.  The 

accuracy of the printed filaments heavily depends on the swelling during the extrusion 

process.  With this in mind, the thesis starts by identifying the temperature-dependent 

parameters involved in the FDM process, going on to provide a modelling approach for 

controlling the filament swell and the prediction of surface topography of the 

microstructures on the extruded filaments via common desktop 3D printers.  The polymer 

characterisation is realised by several rheological and thermal analyses.  The governing 

equations for modelling the polymer flow are based on the Navier-Stokes equations where 

the deformation due to swelling and solidification could be evaluated.  The influence of 

several process parameters on the extrudate swell is determined using the proposed 

simulation models. The simulation models are then validated through experimental trials.  

A new fabrication technique based on FDM technology is also introduced by utilising 

FIB manufactured nozzles.  Through simulations, the relationship between the extrusion 

rate and nozzle geometry on the final deformation and swelling of the microstructures are 

studied.  The simulation model proposed in this thesis can predict the formation of the 

microstructures and eliminate the need for experimental trials. Several different 

geometrical micropatterns were simulated to demonstrate the ability of the proposed 

model in terms of geometrical complexities.  A reverse engineering case for optimal 

nozzle microstructure shape was designed to show the ability of the proposed modelling 

approach and manufacturing technique for producing micropatterns in a controllable 

manner.  

 

The novelty and contribution from this thesis lie in: 

• An in-depth investigation into temperature dependant rheological and thermal 

properties of PLA specific for 3D printing extrusion.  

• Evaluation and prediction of swelling value under different manufacturing 

parameters.  

• The development of a fabrication technique for manufacturing micropatterns on 

the filament surface using common 3D printers. 
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• The development of a modelling simulation method to accurately predict the 

deformation and topography in the filament and microstructures as a result of 

swell and solidification.  

• Proposed printing conditions for reducing the deformations on the filament and 

its subsequent microstructures 

 

7.2 Conclusions  

In this research, the accuracy of the FDM technique utilised in 3D printers has been 

evaluated through numerical simulation analysis.  The polymer interface is tracked by 

using a fluid-fluid interface and utilising the moving mesh technique which is an 

inexpensive method of simulation in comparison to complex multiphase models which 

also eliminates the need for introducing a turning parameter for defining the interface 

thickness.  Unlike most literature, the modelling approach takes the fluid surrounding the 

polymer into consideration meaning any cooling fluid can be used due to moving mesh 

and interface tracking technique used in this approach. Since the surface tension forces 

can be directly applied to the interface, the model does not suffer from instabilities due to 

contrast between the physical properties of the two phases.  Different geometrical shapes 

of microstructure were also simulated which further shows the model is not limited in 

terms of geometrical complexities.  This approach was validated through both 

experimental and theoretical means and the results are in good agreement.  The 

solidification behaviour of the extruded polymer can be observed throughout the printing 

process via simulation.  Hence, the deformation of the polymer can be predicted and then 

manipulated according to the user's requirements by adjusting the process parameters.  

The effect of different process parameters such as printer’s settings and material 

properties on the swelling of the filaments has been captured through 2D simulations.  By 

reducing and controlling the swell, the accuracy of the extruded filaments can be 

improved.  As an example, by reducing the printing speed from 70 mm/s to 30 mm/s, the 

swelling is decreased by 7%.   The model is further developed into 3D to complement the 

micro-fabrication technique detailed in this study.  Through the 3D simulation it was 

discovered that the geometrical shape of the microstructures is an important factor in the 

deformation of the polymer.  Several micropatterns including rectangles, triangles and 

semi-circular micropatterns are discussed in this work and the each reach a swelling value 
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of 1 at different printing speed.  Therefore, swell rate is also dependant on the geometrical 

shape of the nozzle as well as the processing parameters and material properties.  

The major results come from this research can be summarised as follows: 

• The swelling effect is the major cause of printing inaccuracies in the FDM and 

micro-FDM fabrication processes. The deformations due to the solidification of 

the filament and its subsequent structures are less significant in comparison.  

• Each process parameter affects the swell value at different rates.  Printing speed 

and ambient temperature are the two most practical parameters to reduce the swell.  

The filament swell value can be decreased to 1.1% by printing in water at 10 oC. 

• Printing in water is suitable for the formation of microstructures since the 

solidification happens very close to the nozzle. Microstructures cooled by air 

appear to be inconsistent and not “well defined”. 

• A new technique proposed recently for the fabrication of microstructures using 

common 3D desktop printers has been further developed. A patterned nozzle is 

fabricated using FIB and installed on the printers to achieve microstructures in a 

fast and controlled manner.  

• The modelling approach developed in this thesis can accurately predict the 

solidification and formation of the three-dimensional microstructures in the 3D 

printing process with an error of less than 11% in terms of surface area for the 

reference case in water.  The modelling provides a solid foundation for achieving 

deterministic microfabrication by FDM.  The model can be further used to analyse 

the effect of more process parameters on the final surface topography of the 

filament and microstructures.  It was also found that change in printing speed has 

no effect on the solidification rate of the filament.  

• The swelling behaviour of the microstructures is independent of the filament 

swell.  The circular filament swells uniformly in the radial directions.  However, 

as for the microstructures on the filament surface, the geometrical dimensions 

change non-uniformly leading to different shapes than the original structures.  

Specific design parameters have been identified to manufacture microstructures 

with a swelling value of 1. A reverse engineered pattern was simulated in order to 

show the flexibility of the model which makes the proposed method of fabrication 

and modelling a controllable way of manufacturing micropatterns with high 

accuracy.  
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7.3 Recommendations and future work 

As regarding future work, the following is recommended: 

• Further development of the simulation approach.  Even though the current model 

can evaluate the topography of the extrusion process, it is limited to the domain 

from the nozzle up to the solidification point.  The model needs to be improved to 

include the deposition of the filament on top of each other and onto a substrate. In 

doing so, the effects of heat transfer and stress of the subsequent layers on the 

microstructures and incoming filaments can be investigated.  However, as 

explained before, the 3D printing process is complex and the domain of the 

simulation needs to be significantly larger.  Even though the model is efficient, it 

has to be combined with simulations from the literature to capture the full essence 

of the 3D printing micro-manufacturing process.  This will help in improving the 

accuracy of any manufactured parts using 3D printers at a cost of high 

computational power demand. 

• Printing in different cooling fluids.  Although printing in gel formations has been 

accomplished with 3D printers [241], the manufacture of complex parts in water 

proves to be a difficulty that needs to be overcome.  This requires the development 

of new hardware for the fabrication of complex parts in liquid domains where the 

cooling of the filaments can be significantly quicker than the conventional 

methods.  

• Extension of the proposed model to hierarchical structures.  The manufacturing 

method and model developed in this work can be used further to investigate the 

fabrication of hierarchical microstructures. Hierarchical structures are found to be 

extremely beneficial in engineering antibacterial super surfaces [242]. Printing the 

hierarchical structures could prove to be difficult as polymer undergoes instant 

deformation as it exits the nozzle. An effective cooling method or a new printable 

polymer/material that can lose heat rapidly would be beneficial in printing more 

complex structures.   

• Investigating the effects of several process parameters.  In this work, the effects 

of process parameters on the formation of the filament have been studied 

individually.  It would be interesting to see the outcome where two or more 

process parameters are changed.   
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• The current study examines the formation of microstructures.  Decreasing the size 

of the structures on the nozzle does not show a linear decrease in the size of the 

printed structures.  Therefore, moving into the nano region would yield interesting 

results which require further investigations.  The current technique would be 

feasible for smaller structures by keeping in mind the value of the Knudsen 

number.  
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Appendix A 

There are mainly two methods employed for simulating the phase change phenomena 

including front tracking methods and fixed domain methods. The formulations of these 

methods are described here. 

• Front tracking method formulations 

Two independent heat equations are used to determine the temperature evolution in liquid 

𝛺𝑙 and solid 𝛺𝑠 part of the domain: 

𝑐𝑝𝑙𝜌𝑙

𝜕𝑇𝑙

𝜕𝑡
= 𝛻 ∙ (𝑘𝑙𝛻𝑇𝑙) 

 

(A1.1) 

 

𝑐𝑝𝑠𝜌𝑠

𝜕𝑇𝑠

𝜕𝑡
= 𝛻 ∙ (𝑘𝑠𝛻𝑇𝑠) 

 

(A1.2) 

where 𝑐𝑝𝑠 and 𝑐𝑝𝑙 are the specific heat capacity of solid and liquid parts, respectively and 

𝑇𝑠 and 𝑇𝑙 are the solid and liquid temperatures, respectively.  The 𝑘𝑙 and 𝑘𝑠 represent the 

thermal conductivity of the material in liquid and solid phases respectively.   

The interface can be identified by a specific condition of energy balance at the interface 

which is called the Stefan condition.  The energy balance at the interface can be presented 

by using the thermal gradient between solid and liquid material and the latent heat, which 

can be presented under constant volume. 

𝑘𝑠

𝜕𝑇𝑠

𝜕𝑛
− 𝑘𝑙

𝜕𝑇𝑙

𝜕𝑛
= 𝐿ℎ𝜌

𝑑𝛤𝑠𝑙

𝑑𝑡
 

 

(A1.3) 

where 𝛤𝑠𝑙 is the solid-liquid interface, 𝐿ℎ is the latent heat and 𝑛 is the vector normal to 

the surface. 

• Fixed domain method formulations 

There are three main principal methods in this group which are enthalpy method, 

equivalent heat capacity method and temperature transforming model.   
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1. Enthalpy method: It is the most commonly used method where governing 

equation applies to the entire region of the phase change material and the heat 

equation is written in terms of enthalpy.  The heat equation is written as [192]: 

 

𝜌
𝜕𝐻𝐿

𝜕𝑡
= 𝛻 ∙ (𝑘𝛻𝑇) 

 

(A1.4) 

where the enthalpy (𝐻𝐿) is a function of temperature (𝑇).  It is assumed that the density 

of liquid and solid are equal in the interface.  Considering a non-isothermal process, the 

enthalpy function can be written as [192]: 

𝐻(𝑇) =

{
 
 
 

 
 
 ∫ 𝑐𝑝𝑠(𝑇)𝑑𝑇,     𝑇 < 𝑇𝑠

𝑇𝑠

𝑇𝑟𝑒𝑓

                                      

∫ 𝑐𝑝𝑠

𝑇𝑠

𝑇𝑟𝑒𝑓

(𝑇)𝑑𝑇 + ∫
𝜕𝐿𝑠

𝜕𝑇

𝑇𝑙

𝑇𝑠

𝑑𝑇,     𝑇𝑠 < 𝑇 ≤ 𝑇𝑙   

∫ 𝑐𝑝𝑠(
𝑇𝑠

𝑇𝑟𝑒𝑓

𝑇)𝑑𝑇 + 𝐿𝑠 + ∫ 𝑐𝑝𝑙(
𝑇𝑠

𝑇𝑙

𝑇)𝑑𝑇,   𝑇 > 𝑇𝑙

 

 

 

 

(A1.5) 

where 𝑙 and 𝑠 are subscripts for liquid and solid regions, respectively and 𝑇𝑟𝑒𝑓 is the 

reference temperature.  At the melting point of the phase change material (PCM), the 

enthalpies of solid and liquid are 0 and 𝐿.   

 

2. Equivalent heat capacity method 

During the phase change process, the PCM absorbs/releases heat at a constant melting 

temperature 𝑇𝑚, meaning the temperature does not change implying that the heat capacity 

of the PCM is infinite at 𝑇𝑚.  In this method, the heat equation is written as a function of 

specific heat.  For a conduction melting/solidification problem, the energy equation of the 

system can be expressed as the following equation: 

𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
= 𝛻 ∙ (𝑘𝛻𝑇) 

 

(A1.6) 

The specific heat 𝑐𝑝(T) varies with temperature and the latent heat is converted into an 

equivalent heat capacity.  The specific heat for a non-isothermal phase change process 

can be given by the following equations: 
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𝑐𝑝(𝑇) =

{
 

 
𝑐𝑝𝑠,     𝑇 ≤ 𝑇𝑠                                                           

𝐿𝑠

𝑇𝑙 − 𝑇𝑠
+ 𝑐𝑚,     𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙                   

𝑐𝑝𝑙,     𝑇 > 𝑇𝑙                                                             

 

 

 

(A1.7) 

where 𝑐𝑚 is the specific heat capacity of the mushy area and given by: 

𝑐𝑚 =
𝑐𝑝𝑠 + 𝑐𝑝𝑙

2
 

 

(A1.8) 

 

The thermal conductivity is also a function of temperature and is given as such: 

𝑘(𝑇) =

{
 

 
𝑘𝑠,     𝑇 ≤ 𝑇𝑠                                                           

𝑘𝑠 +
𝑘𝑠

2(𝑇𝑠 − 𝑇𝑙)
,     𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙                        

𝑘𝑙 ,     𝑇 > 𝑇𝑙                                                             

 

 

 

(A1.9) 

This conventional computational methodology for conduction problems is sufficient for 

solving phase change problems.  However, the difficulty arises when selecting time steps, 

grid size and if there is a range of temperature in the phase change process.  A poorly 

selection of these variables can cause unrealistic oscillation of the phase change interface. 

3. Temperature transforming model 

This method was developed by Cao and Faghri [195] which takes advantage of the 

combination of both enthalpy and heat capacity models.  The heat equation can be given 

as follows: 

𝜌
𝜕𝑐𝑝𝑇

𝜕𝑡
= 𝛻 ∙ (𝑘𝛻𝑇) − 𝜌

𝜕𝑓

𝜕𝑡
 

 

(A1.10) 

where 𝑐𝑝 is given by: 

𝑐𝑝(𝑇) =

{
 

 
𝑐𝑝𝑠,     𝑇 ≤ 𝑇𝑠                                                           

𝐿𝑠

𝑇𝑙 − 𝑇𝑠
+ 𝑐𝑚,     𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙                                 

𝑐𝑝𝑙,     𝑇 > 𝑇𝑙                                                             

 

 

 

(A1.11) 

and the function 𝑓(𝑇) can be given by: 
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𝑓(𝑇) =

{
 

 
𝑐𝑝𝑠(𝑇𝑙 − 𝑇𝑠),     𝑇 ≤ 𝑇𝑠                                                           

𝐿𝑠

2
+ 𝑐𝑚(𝑇𝑙 − 𝑇𝑠),     𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙                                         

𝑐𝑝𝑙(𝑇𝑙 − 𝑇𝑠) + 𝐿𝑠,     𝑇 > 𝑇𝑙                                                            

 

 

 

(A1.12) 

When 
𝜕𝑓

𝜕𝑡
= 0, the energy equation in the temperature transforming model is reduced to 

the equivalent heat capacity model and the specific heat capacity 𝑐𝑝, is independent of 

the spatial variables x,y,z and time.  Equation (A1.10) can be used in many numerical 

methods available. 
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Appendix B 

Formulations for calculating the hydraulic diameters are shown in this section. 

The hydraulic diameter of any object is given as: 

𝐷𝐻 =
4𝐴

𝑝
 

 

(B.1.1) 

 

 

where 𝐷𝐻 is the hydraulic diameter, 𝐴 is the cross sectional area of the geometrical 

shape and 𝑝 is the wetted perimeter of the geometrical shape.  

 

 

Rectangular duct 

For a rectangular geometrical shape, the hydraulic diameter is given by the following 

equation:  

𝐷𝐻𝑁 = 4𝑎𝑏/(2(𝑎 + 𝑏) 

 

(B1.2) 

 

 

𝑎  and 𝑏 are the width and height of the rectangle.  In this case, 𝐷𝐻𝑁 is the nozzle 

structures which are rectangular shapes which equals to the hydraulic diameter of a 

rectangular shape.  
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Trapezoidal duct 

For a trapezoidal geometrical shape, the hydraulic diameter is given by the following 

equation [243]: 

The wetted perimeter is given by the following equation: 

𝑝 = 𝑏 + 2𝑦(1 + 𝑧2)
1
2 

Cross sectional area is given by: 

𝐴 = 𝑦(𝑏 + 𝑧𝑦) 

Therefore, the hydraulic diameter of trapezoid is given as: 

𝐷𝐻𝐸 = 4𝑦(𝑏 + 𝑧𝑦)/((𝑏 + 2𝑦(1 + 𝑧2)
1
2) 

 

Note, Pythagoras theorem needs to be used to find the size of w.  

 

For triangles and semi circles, we used Originlab Pro graph analyser to determine the 

area and perimeter of the irregular shapes in order to find the hydraulic swell. 𝐷𝐻 =
4𝐴

𝑝
 

was used to calculate the hydraulic diameter for deformed triangle and semi-circular 

structures.  

.  
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