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Abstract 

 

Abstract 

The use of micro- and nanostructured surfaces has been explored as a new strategy to 

enable special surface functions in a variety of areas such as wettability control, anti-

biofouling, optical properties, tribology studies, and adhesion resistance. Many 

manufacturing methods can be applied for producing structured surfaces, including 

lithographic techniques, femtosecond laser machining or single point diamond turning. 

However, the cost has often been a critical barrier for the fabrication of functional surfaces 

on a mass scale. 

3D printing techniques have recently emerged as a viable technology due to low material 

consumption, and high energy efficiency. Among these, Fused Deposition Modelling 

(FDM) provides a simpler manufacturing process and a more cost-effective method than 

other prominent 3D printing techniques. Despite the constant improvements in the 

resolution of this method, FDM still has the disadvantage of excessive extrudate 

expansion, limiting its application in precision manufacturing of functional structured 

surfaces. 

This work aims to develop a novel manufacturing method based on FDM for the 

fabrication of functional microstructures on thermoplastic polymers in a more cost-

effective manner with high throughput on very large scales, which potentially could be 

applied in the fabrication of bioinspired functional surfaces. For this purpose, the study 

first assesses the manufacturing accuracy of FDM by measuring the die swell effect of 

extrudate PLA filaments under varied working conditions in terms of extrusion 

temperatures (170 ⁰C – 210 ⁰C), printing speeds (10 mm/s – 80 mm/s), layer heights (0.10 

mm – 0.40 mm) and nozzle sizes (0.20 mm – 0.40 mm). Different cooling methods are 

also applied in the printing process to suppress the die swell effect and therefore improve 

the manufacturing accuracy.  

By revealing the limitations of conventional theoretical models for predicting filament 

die swell in FDM process, a numerical model based on the level-set technique is 

developed to predict FDM extrudate die swell under different extruding conditions. This 

simulation method is also applied for studying the expansion of patterned structures 

during the extrusion process. The functions of structured surfaces are demonstrated by 

enhancing the wettability of a variety of polymers, including polyvinyl chloride (PVC), 

polyethylene 1000 (PE 1000), polypropylene copolymer (PP), and 
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polytetrafluoroethylene (PFTE). It has been found that materials initially exhibiting 

common wettability properties (θ ≈ 90°) can exhibit “superhydrophobic” behaviour (θ ˃ 

150°). 

 



Dedications 

 

Dedications 

I dedicate this thesis to my parents who have always encouraged me to pursue my dreams. 

 



Acknowledgments 

 

Acknowledgments 

First of all, I especially want to thank Heriot-Watt University and the School of 

Engineering and Physical Sciences for the financial support which made this research 

possible. 

This PhD thesis is the result of a research carried out at Heriot Watt University for more 

than three years and in that process, I came across a great number of people who in various 

ways have contributed to the development of my research, and it is a real pleasure to 

express my gratitude to all of them. 

I want to express my immense gratitude and my debt to my former supervisor, Dr. Jining 

Sun, for offering me the amazing opportunity to do a PhD. Dr. Jining Sun has given me 

his advice and guidance from the earliest stages of this research. He showed me the 

importance of small details in research, and he taught me to deepen in the subjects. Above 

all, he trusted me. 

I am thankful to Dr. Xianwen Kong, Dr. Yeaw C. Lee, and Dr. Baixin Chen for their 

advice, supervision, and guidance in the final process of elaboration of this work. Their 

contribution and assistance have been essential in the final result of this thesis. I am proud 

to say that I had the opportunity to receive the advice of scientists with that level of 

experience in the field of research. 

I also want to show my gratitude to Dr. Uwe Wolfram and Dr. Michael Crichton for 

allowing me to use the laboratory facilities. 

I express my appreciation to the Faculty and Staff members of the Department of 

Mechanical Engineering for their continued encouragement and suggestions. I specially 

acknowledge the technicians of the Mechanical Engineering Department, John Mason 

and Nathan Oo. 

My gratitude to PhD students Behnam Andi, Rayson Pang, Meshari Alsharari, Devon 

Vehlow, and Alexandros Stamatiou for their support and cooperation during this work.  

My parents, Carlos and Lidia, deserve a special mention for their unconditional support. 

They are the people who have shown me the joy of intellectual pursuit since I was a child. 

I thank you sincerely for raising me with affection and love. 



Acknowledgments 

 

I also thank my friends for their understanding and patience during the time that I have 

not been with them. I also thank Miguel Molina for the special support provided. 

Finally, I thank God for giving me strength during this research work. 

Nicolás Cabezudo García 

 



       

 

 

DECLARATION STATEMENT 

 

Research Thesis Submission  

 
 

Name: Nicolás Cabezudo García 

School: School of Engineering and Physical Sciences 

Version:  (i.e. First, 

Resubmission, Final) 
Final Degree Sought: 

(Award and Subject 

area) 

PhD Mechanical Engineering 

 

 

Declaration  

 
In accordance with the appropriate regulations, I hereby submit my thesis and I declare that: 

   

1. The thesis embodies the results of my own work and has been composed by myself. 

2. Where appropriate, I have made acknowledgement of the work of others. 

3. The thesis is the correct version for submission and is the same version as any electronic versions submitted*.   

4. My thesis for the award referred to, deposited in the Heriot-Watt University Library, should be made available for loan, or 

photocopying and be available via the Institutional Repository, subject to such conditions as the Librarian may require. 

5. I understand that as a student of the University I am required to abide by the Regulations of the University and to conform to 

its discipline. 

6. I confirm that the thesis has been verified against plagiarism via an approved plagiarism detection application e.g. Turnitin. 
 

 
 

Signature of 

Candidate: 

 Date: 21-06-2021 

 

 

Submission  

 

Submitted By (name in capitals): NICOLÁS CABEZUDO GARCIA 

 

Signature of Individual Submitting:  

Date Submitted: 

 

 

 
 

 

For Completion in the Student Service Centre (SSC) 

 

Limited Access  Requested Yes  No  Approved Yes  No  

E-thesis Submitted (mandatory for final theses)  

Received in the SSC by (name in capitals):  Date:  

 

 



Table of Contents 

i 

Table of Contents 

Chapter 1. Introduction .................................................................................................. 1 

1.1 Bioinspired Surfaces, Manufacturing Methods and Application. ................... 1 

1.1.1 Bioinspired surfaces. ................................................................................... 1 

1.1.2 Manufacture of bioinspired surfaces. ......................................................... 4 

1.1.3 Applications. ............................................................................................... 6 

1.2 Aims and Objectives of the Thesis. ................................................................ 9 

1.3 Structure of the Thesis. ................................................................................. 10 

Chapter 2. Literature Review ...................................................................................... 13 

2.1 Surface Manufacturing Technologies. .......................................................... 13 

2.1.1 Manufacture of nanostructures according to the growth media. .............. 15 

2.1.2 Manufacture of nanostructures according to the shape of the products. . 15 

2.1.3 Manufacture of nanostructures according to the fabrication approach. .. 15 

2.1.4 Classification of manufacturing techniques for nanostructures according to 

the type of nanostructures that are going to be manufactured. .............................. 20 

2.2 3D Printing Technologies. ............................................................................ 22 

2.2.1 Fundamentals of 3D printing. ................................................................... 22 

2.2.2 Factors that affect accuracy in 3D printing. ............................................. 22 

2.2.3 Classification of different 3D printing techniques. ................................... 23 

2.2.4 Micro and nanotechnologies in 3D printing. ............................................ 25 

2.3 Fundamentals of Fused Deposition Modelling (FDM)................................. 27 

2.3.1 Fundamentals of FDM. ............................................................................. 27 

2.3.2 PLA properties. ......................................................................................... 27 

2.3.3 Factors affecting manufacturing accuracy in FDM. ................................ 29 

2.3.4 Advantages and disadvantages of FDM. .................................................. 29 

2.3.5 Application fields for FDM. ...................................................................... 30 



Table of Contents 

ii 

2.4 Printing Parameters of Fused Deposition Modelling (FDM). ...................... 30 

2.5 Fundamentals of Extrusion. .......................................................................... 34 

2.5.1 Classification of different extrusion methods. ........................................... 34 

2.5.2 Defects of the extrusion process. ............................................................... 36 

2.6 Fundamentals of Rheology. .......................................................................... 36 

2.6.1 Inelastic fluids (time-independent fluids). ................................................. 37 

2.6.2 Time dependent fluids. .............................................................................. 40 

2.6.3 Viscoelastic or elastic - viscous fluids. ..................................................... 41 

2.7 PLA Rheology in FDM................................................................................. 42 

Chapter 3. Thermo-Mechanical Study of the FDM Process ..................................... 45 

3.1 Introduction of the Die Swell Effect. ............................................................ 45 

3.1.1 Fundamentals of the die swell effect. ........................................................ 45 

3.1.2 Semi-empirical models for calculating the swelling factor....................... 48 

3.2 PLA Phase Changing .................................................................................... 51 

3.2.1 Phase transition in PLA. ........................................................................... 51 

3.2.2 PLA structural behaviour. ......................................................................... 52 

3.2.3 PLA surface indentation. ........................................................................... 53 

3.3 PLA Rheological Study. ............................................................................... 53 

3.3.1 Conditions of the rheological study. ......................................................... 53 

3.3.2 Results of the rheological tests. ................................................................. 54 

3.3.3 Analysis of the rheological results. ........................................................... 55 

3.4 Thermo-Mechanical Study of PLA Properties. ............................................ 56 

3.4.1 Nanoindentation analysis. ......................................................................... 56 

3.4.2 Surface indentation test. ............................................................................ 58 

Chapter 4. Extrusion Experimental Results ............................................................... 67 

4.1 Experimental Procedure. ............................................................................... 67 



Table of Contents 

iii 

4.1.1 Manufacturing working conditions. .......................................................... 67 

4.1.2 Scaffold fabrication and characterization. ............................................... 68 

4.1.3 Manufacturing working plan applied in the experimental research. ........ 69 

4.1.4 Nozzle characterization. ............................................................................ 70 

4.2 Experimental Results of Die Swell for Extrudate Parts Cooled Down at Room 

Temperature. ............................................................................................................... 71 

4.2.1 Evolution of the die swell with extrusion temperature. ............................. 71 

4.2.2 Evolution of the die swell with printing speed. ......................................... 74 

4.3 Experimental Results of Die Swell for Extrudate Parts Cooled Down with 

Water.  ...................................................................................................................... 76 

4.3.1 Experimental results of die swell for extrudate parts cooled down with 

water at 20 ºC. ......................................................................................................... 76 

4.3.2 Experimental results of die swell for extrudate parts cooled down with 

water at 13.5 ºC. ...................................................................................................... 79 

4.3.3 Experimental results of die swell for extrudate parts cooled down with 

water at 7.5 ºC. ........................................................................................................ 82 

4.3.4 Summary of results for extrudate filaments cooled down with water. ...... 85 

4.4 Experimental Results of Die Swell for Extrudate Filaments Cooled by a 

Blower Fan. ................................................................................................................. 86 

4.4.1 Die swell results for filaments cooled down by a blower fan at 0.10 m/s. 86 

4.4.2 Die swell results for filaments cooled down by a blower fan at 0.30 m/s. 90 

4.4.3 Die swell results for filaments cooled down by a blower fan at 0.50 m/s. 93 

4.4.4 Die swell results for filaments cooled down by a blower fan at 0.70 m/s. 96 

4.4.5 Summary of experimental results. ............................................................. 99 

4.5 Analysis of Extrudate Die Swell Results in FDM. ..................................... 100 

4.6 Discussion of the Experimental Results of the Extrudate Die Swell. ......... 103 

4.7 Comparison of Experimental Results with Simulation Models.................. 106 

4.7.1 Evolution of the swelling factor with extrusion temperature. ................. 107 

4.7.2 Evolution of the swelling factor with printing speed. ............................. 109 



Table of Contents 

iv 

4.7.3 Evolution of swelling factor with the nozzle size. ................................... 111 

4.7.4 Conclusions of the comparison between experimental and theoretical 

results.  ................................................................................................................. 113 

Chapter 5. Novel Manufacturing Method for Patterning Micro- and Nanostructures 

on Thermoplastic Surfaces Based on FDM. ............................................................. 116 

5.1 Fundamentals of Focused Ion Beam. .......................................................... 116 

5.2 Novel Manufacturing Method for Patterning Micro- and Nano Structures 

Based on FDM. ......................................................................................................... 119 

5.2.1 Aims of this new technique. ..................................................................... 119 

5.2.2 Working principle.................................................................................... 120 

5.3 Experimental Methodology ........................................................................ 122 

5.3.1 Nozzle characterization. .......................................................................... 122 

5.3.2 Manufacture of patterns in the nozzle. .................................................... 123 

5.3.3 Nozzle conditioning and inspection. ....................................................... 124 

5.4 Accuracy Assessment of The Novel Method. ............................................ 127 

5.4.1 Calculation of the geometrical ratio. ...................................................... 127 

5.4.2 Calculation of experimental errors. ........................................................ 128 

5.5 Experimental Results .................................................................................. 129 

5.5.1 Patterning results for extruded filaments cooled by air. ........................ 129 

5.5.2 Patterning results for extruded filaments cooled by water at 20 ⁰C. ...... 130 

5.5.3 Conclusions. ............................................................................................ 134 

Chapter 6. Modelling of the Filament Evolution in the FDM Process Applying the 

Level Set Method. ........................................................................................................ 136 

6.1 Interface Tracking Techniques. .................................................................. 136 

6.1.1 Introduction to interface tracking techniques. ........................................ 136 

6.1.2 Mathematical fundamentals of interface tracking techniques. ............... 139 

6.2 Fundamentals of The Level Set Method. .................................................... 140 



Table of Contents 

v 

6.2.1 Principles of the level set method............................................................ 140 

6.2.2 Analysis of complex curves. .................................................................... 142 

6.3 Implementation of a Numerical Method Based on the Level Set Method for 

Simulating the Extrudate Die Swell in FDM. ........................................................... 144 

6.4 Results for Extrudate Swelling Predicted by the Level Set Method........... 150 

6.4.1 Evolution of the extrudate die swell with the printing temperature when the 

filaments were cooled down at room temperature. ............................................... 150 

6.4.2 Evolution of the extrudate die swell with printing speed when the filaments 

were cooled down at room temperature................................................................ 151 

6.4.3 Evolution of the extrudate die swell with the nozzle diameter when the 

filaments were cooled down at room temperature. ............................................... 152 

6.4.4 Evolution of the extrudate die swell with the extrusion temperature when 

the filaments were cooled down with water at 20 ⁰C. ........................................... 153 

6.4.5 Analysis of the simulation results. ........................................................... 154 

6.5 Simulation of Patterning Accuracy by the Level Set Method. ................... 156 

6.5.1 Patterning accuracy at different extrusion temperatures. ...................... 157 

6.5.2 Patterning accuracy at different printing speeds. ................................... 157 

6.5.3 Patterning accuracy at different nozzle diameters.................................. 158 

6.5.4 Patterning accuracy at different extrusion temperatures cooling with water 

at 20 ⁰C. 159 

6.6 Comparison of Experimental and Theoretical Patterning Results. ............. 160 

Chapter 7. Applications of Surface Patterning ........................................................ 163 

7.1 Applications of structured surfaces............................................................. 163 

7.2 Fundamentals of Wettability. ...................................................................... 165 

7.3 Manufacture of Superhydrophobic Surfaces. ............................................. 169 

7.4 Fundamentals of Single Point Diamond Turning. ...................................... 170 

7.5 Experimental Procedure. ............................................................................. 171 

7.6 Characterization of Surface Topography. ................................................... 173 



Table of Contents 

vi 

7.7 Results of Wettability for the Manufactured Surfaces. ............................... 174 

7.8 Study of Antibacterial Properties. ............................................................... 182 

7.8.1 Introduction of antibacterial surfaces. .................................................... 182 

7.8.2 Experimental antibacterial results. ......................................................... 184 

Chapter 8. Conclusions and Future Work ................................................................ 187 

8.1 Research Assessment. ................................................................................. 187 

8.2 Conclusions. ................................................................................................ 188 

8.3 Future Work. ............................................................................................... 189 

8.3.1 Nanoindentation at different temperatures. ................................................. 190 

8.3.2 Development of the proposed surface patterning manufacturing technique. .... 

  ................................................................................................................. 190 

8.3.3 Further development of the implemented level set method. .................... 190 

References .................................................................................................................... 192 

Appendix A. A Numerical Analysis of the FDM Process ........................................ 217 

Appendix A.1 Material Feed Mechanism .............................................................. 217 

Appendix A.2 Liquefier Dynamic. ......................................................................... 218 

Appendix A.3 Filament Spreading Dynamics in the Platform. .............................. 220 

Appendix B. Technical Specifications of ARES G-2 ................................................ 223 

Appendix C. 3D Printer Technical Specifications .................................................... 225 

Appendix D. 3D Printer Upgrade .............................................................................. 227 

Appendix D.1 Replacement of the Extruder .......................................................... 227 

Appendix D.2 Replacement of the thermal barrier tubes ....................................... 227 

Appendix D.3 Design of a New Mount Bar ........................................................... 228 

Appendix D.4 Replacement of Hot Block in the 3D Printer .................................. 228 

Appendix D.5 Replacement of the Printer Nozzles................................................ 230 



Table of Contents 

vii 

Appendix E. Experimental Set Up for the Tested Cooling Procedures ................. 232 

Appendix E.1 Experimental Set Up for Cooling the Extrudate Filaments with Water.

   ......................................................................................................... 232 

Appendix E.2 Experimental Set Up for Cooling the Extrudate Filaments with an 

External Blower Fan. ................................................................................................ 232 

Appendix F. Specification of FEI Quanta 3D FEG FIB System ............................. 234 

Appendix G. Implementation of the Level Set Method ........................................... 237 

Appendix G.1 FDM2dv6 ........................................................................................ 237 

Appendix G.2 Structurednozzle2d ......................................................................... 238 

Appendix G.3 Calculate_phi .................................................................................. 238 

Appendix G.4 Polymer_rheology ........................................................................... 238 

Appendix G.5 Interfacetracking2d ......................................................................... 238 

Appendix G.6 Meshiterations2d ............................................................................. 238 

Appendix G.7 Upwind_2d...................................................................................... 239 

Appendix G.8 Advection_2d .................................................................................. 239 

Appendix G.9 Propagation_2d ............................................................................... 239 

 

 



List of tables 

viii 

List of Tables 

Table 1.1 - Overview of organisms from living nature and their selected functions [3]. . 2 

Table 1.2- List of surface design parameters and their description [2]. ............................ 3 

Table 1.3 - Summary of the different manufacturing techniques for producing bioinspired 

surfaces. ............................................................................................................................. 4 

Table 1.4 - Classification of the different engineering applications for bioinspired surfaces 

of well-known natural species. [2] [4]. ............................................................................. 6 

Table 2.1 - Main applications of micro- and nanostructures in the different scientific and 

engineering fields. ........................................................................................................... 14 

Table 2.2. Manufacture of nanostructures according to the growth media. .................... 15 

Table 2.3. Manufacture of nanostructures according to the shape of products............... 15 

Table 2.4 - Summary of the different top-down manufacturing techniques. Advantages, 

disadvantages, and resolution of each fabrication technique. ......................................... 17 

Table 2.5 - Summary of the different bottom-up manufacturing techniques. ................. 19 

Table 2.6 Different classification techniques for creating functionalized nanostructures.

 ......................................................................................................................................... 21 

Table 2.7 - Advantages and disadvantages of 3D printing. ............................................ 22 

Table 2.8 – Source of errors in additive manufacturing.................................................. 23 

Table 2.9– Advantages and disadvantages of the different manufacturing techniques .. 26 

Table 2.10 - Chemical properties of PLA [114]. ............................................................ 28 

Table 2.11 - Factors that determine the accuracy in FDM. ............................................. 29 



List of tables 

ix 

Table 2.12 - Advantages and disadvantages in FDM [116]. ........................................... 30 

Table 2.13- Summary of the different FDM printing parameters. .................................. 31 

Table 2.14 - Summary of the different extrusion methods. ............................................ 35 

Table 2.15 – List of the main defects that affects the extrusion process. ....................... 36 

Table 2.16 - Summary of the different rheological models for non-ideal fluids. ........... 42 

Table 3.1 - Constant values for the Power law and the Cross rheological models. ........ 55 

Table 3.2 - Nanoindentation parameters for the polymer PLA. ...................................... 57 

Table 3.3 - Johnson Matthey PZT tri-morph specifications. .......................................... 59 

Table 4.1 - Tested working range for the different manufacturing parameters. ............. 68 

Table 4.2 - Tested cooling conditions for the extrudate filaments. ................................. 68 

Table 4.3 - Characterization of nozzles geometries ........................................................ 71 

Table 4.4 - Evolution of the die swell with extrusion temperature for different nozzle 

materials, nozzle diameter and layer heights when extrudate parts were cooled down at 

room temperature. (P.S = 40 mm/s). ............................................................................... 72 

Table 4.5 - Evolution of the die swell with printing speed for different nozzle materials, 

nozzle diameters, and layer heights when the extrudate parts were cooled down at room 

temperature (T = 210 ⁰C). ............................................................................................... 74 

Table 4.6 – Evolution of die swell with extrusion temperature for different nozzle sizes 

and layer heights when extrudate parts were cooled with water at 20 ºC (P.S = 40 mm/s).

 ......................................................................................................................................... 76 

Table 4.7 – Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 20 C⁰ (T = 210 ⁰C).

 ......................................................................................................................................... 77 



List of tables 

x 

Table 4.8 - Evolution of the die swell with extrusion temperature for different nozzle sizes 

and layer heights when extrudate parts were cooled with water at 13.5 C⁰ (P.S = 40 mm/s).

 ......................................................................................................................................... 79 

Table 4.9 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 13.5 ºC (T = 210 ⁰C).

 ......................................................................................................................................... 80 

Table 4.10 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down with water at 7.5 C⁰.  

 (P.S = 40 mm/s). ............................................................................................................ 82 

Table 4.11 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 7.5 C⁰ (T = 210 ºC).

 ......................................................................................................................................... 83 

Table 4.12 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.10 mm/s (P.S = 40 mm/s). ............................................................................................ 87 

Table 4.13 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.10 mm/s   

(T = 210 ºC). ................................................................................................................... 88 

Table 4.14 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.30 mm/s (P.S = 40 mm/s). ............................................................................................ 90 

Table 4.15 – Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.30 mm/s  

(T = 210 ⁰C). ................................................................................................................... 91 

Table 4.16 – Evolution of the die swell with extrusion temperature for the different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.50 mm/s (P.S = 40 mm/s). ............................................................................................ 93 



List of tables 

xi 

Table 4.17 - Evolution of the die swell with the printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled down by a blower fan at 0.50 mm/s 

(T = 210 ⁰C). ................................................................................................................... 94 

Table 4.18 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.70 mm/s (P.S = 40 mm/s). ............................................................................................ 96 

Table 4.19 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.70 mm/s  

(T = 210 ⁰C). ................................................................................................................... 97 

Table 4.20 – We number values at different extrusion temperatures (N = 0.40 mm,  

PS = 40 mm/s, LH = 0.25 mm). .................................................................................... 108 

Table 4.21 – Experimental and theoretical swelling factors values at different 

temperatures (N = 0.40 mm, PS = 40 mm/s, L.H = 0.25 mm). ..................................... 108 

Table 4.22 – We number values at different extrusion speeds (N = 0.40 mm, T = 210 ⁰C, 

L.H = 0.25 mm). ............................................................................................................ 109 

Table 4.23 – Experimental and theoretical swelling factors values at different extrusion 

speeds (N = 0.40 mm, T = 210 ⁰C, L.H = 0.25 mm). .................................................... 110 

Table 4.24–Experimental and theoretical swelling factors values at different extrusion 

temperatures for 0.30 mm and 0.20 mm nozzle diameters (P.S = 40 mm/s,  

L.H = 0.25 mm). ............................................................................................................ 111 

Table 4.25 – Experimental and theoretical values of swelling factors at different extrusion 

temperatures for 0.30 mm and 0.20 mm nozzle diameters (P.S = 40 mm/s,  

L.H = 0.25 mm). ............................................................................................................ 112 

Table 5.1 – Width of the patterned structures on the nozzle manufactured by FIB. .... 128 



List of tables 

xii 

Table 5.2 – Evolution of the patterned structures widths on the filament surfaces at 

different extrusion temperatures (P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when 

the filaments were cooled down at room temperature. ................................................. 129 

Table 5.3 – Evolution of the geometrical ratio (R) at different extrusion temperatures  

(P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when the filaments were cooled down at 

room temperature. ......................................................................................................... 129 

Table 5.4 – Evolution of the patterned structures widths on the filament surfaces at 

different printing speeds (T = 210 ⁰C, L.H = 0.25 mm, N = 0.40 mm) when the extrudate 

filaments were cooled down at room temperature. ....................................................... 130 

Table 5.5 – Evolution of the geometrical ratio (R) at different printing speeds  

(T = 210 ⁰C, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down at room temperature. ........................................................................................... 130 

Table 5.6 – Evolution of the patterned structures widths at different extrusion 

temperatures (P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments 

were cooled down with water at 20 ⁰C. ......................................................................... 131 

Table 5.7 – Evolution of the geometrical ratio (R) at the different extrusion temperatures 

(P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down with water at 20 ⁰C. ............................................................................................. 131 

Table 5.8 – Evolution of the patterned structures widths at different the printing speeds 

(T = 210 ℃, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down with water at 20 ⁰C. ............................................................................................. 132 

Table 5.9 – Evolution of the geometrical ratio (R) at different printing speeds   

(T = 210 ℃, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down with water at 20 ⁰C. ............................................................................................. 132 

Table 6.1 Advantages and disadvantages of the different techniques for simulating 

evolving interfaces. ....................................................................................................... 138 

Table 6.2 - Values given to FS at different printing speeds. ......................................... 147 



List of tables 

xiii 

Table 6.3 - Values given to FC at different cooling conditions. ................................... 148 

Table 6.4– Values of the different simulation parameters applied in the introduced 

numerical method. ......................................................................................................... 150 

Table 6.5 - Evolution of the experimental and theoretical results of extrudate die swell 

with the extrusion temperature when the filaments were cooled down at room temperature 

(P.S = 40 mm/s, N = 0.40 mm, and L.H = 0.25 mm). .................................................. 151 

Table 6.6 - Evolution of the experimental and theoretical results of extrudate die swell 

with the printing speed when the filaments were cooled down at room temperature (T = 

210 ⁰C, N = 0.40 mm, and L.H = 0.25 mm). ................................................................. 152 

Table 6.7 - Evolution of the experimental and theoretical results of extrudate die swell 

with the nozzle diameter when the filaments were cooled down at room temperature. 

(T = 210 ⁰C, P.S = 40 mm/s and L.H = 0.25 mm). ....................................................... 153 

Table 6.8 – Evolution of the experimental and theoretical results of the extrudate die swell 

with the extrusion temperature when the filaments were cooled down with water at  

20 ⁰C  (P.S = 40 mm/s, N = 0.40 mm, and L.H = 0.25 mm). ........................................ 154 

Table 6.9 – Results of the geometrical ratio of structures (R) under different extrusion 

temperatures (P.S = 40 mm/s and N = 0.40 mm). ......................................................... 157 

Table 6.10 – Results of the geometrical ratio of structures (R) at different printing speeds 

(T = 210 ⁰C and N = 0.40 mm). .................................................................................... 158 

Table 6.11 – Results of the geometrical ratio of structures (R) at the different nozzle 

diameters (T = 210 ⁰C and N = 0.40 mm). .................................................................... 159 

Table 6.12 – Results of the geometrical ratio of structures (R) at different extrusion 

temperatures when the filaments were cooled down with water at 20 ⁰C (P.S = 40 mm/s 

and N = 0.40 mm). ........................................................................................................ 160 

Table 6.13 – Geometrical deformation ratios for structures obtained applying the novel 

patterning method (T = 210 ⁰C, P.S = 40 mm/s, L.H = 0.25 mm and N = 0.40 mm). .. 161 



List of tables 

xiv 

Table 6.14 – Geometrical deformation ratios for structures calculated numerically by the 

level set method (T = 210 ⁰C, P.S = 40 mm/s, L.H = 0.25 mm and N = 0.40 mm). ..... 161 

Table 7.1 - Main manufacturing characteristics of the SPDT technology. ................... 171 

Table 7.2 - Roughness factor and packing parameter estimation for the different materials.

 ....................................................................................................................................... 174 

Table B.1 - Technical specifications of the rheometer ARES G-2. .............................. 223 

Table C.1. Technical specifications of the Makerbot Replicator 2X. ........................... 225 

Table G.1 – Assignment of the default values of the simulation parameters. .............. 237 

 

 



List of figures. 

xv 

List of Figures 

Figure 1.1.- Examples of organism surfaces templates for bioinspired surfaces [4] ........ 3 

Figure 1.2.- Typical precision and size for bottom-up and top-down nanomanufacturing 

[17] [18]. ........................................................................................................................... 5 

Figure 1.3 – Applications of bioinspired surfaces [4]. ...................................................... 8 

Figure 1.4.- Schematic representation of the proposed manufacturing technique .......... 10 

Figure 2.1 – Chemical structure of PLA [114]. .............................................................. 28 

Figure 2.2 - Visual explanation of the different processing parameters in FDM [120]. . 32 

Figure 2.3 –Different rheological models for inelastic fluids. a) Relation between shear 

stress and shear rate. b) Relation between viscosity and shear rate [137]. ..................... 40 

Figure 2.4 - Representation of shear stress – shear rate behaviour for thixotropic and 

rheopectic materials [137]. .............................................................................................. 41 

Figure 2.5 - Numerical simulation of the relationship between viscosity, shear rate and 

temperature [140]. ........................................................................................................... 44 

Figure 3.1 - Phase transformation transition for polymers [158]. ................................... 52 

Figure 3.2 - Rheological results at different extrusion temperatures in FDM. ............... 54 

Figure 3.3 - Values of Power law coefficients (K and n) obtained from viscosity versus 

shear rates plots. .............................................................................................................. 55 

Figure 3.4 - Loading profile in nanoindentation. ............................................................ 57 

Figure 3.5 - Nanoindentation diagram for the PLA polymer. ......................................... 57 

Figure 3.6 – Schematic representation of the Piezoelectric cantilever [162] .................. 59 



List of figures. 

xvi 

Figure 3.7 - a) Picture of the piezoelectric cantilever. b) Scheme of the electrical set up.

 ......................................................................................................................................... 60 

Figure 3.8 - a) CCD Camera, Frame and PZT Bender. b) Frame and PZT Bender Showing 

connections. ..................................................................................................................... 61 

Figure 3.9 - Relationship between deflection in the piezoelectric cantilever and voltage.

 ......................................................................................................................................... 61 

Figure 3.10 - Schematic of Experimental Set-up. ........................................................... 62 

Figure 3.11 - Photo of the schematic setup applied in the experiments. ......................... 62 

Figure 3.12 - Setup of the piezoelectric cantilever on the 3D printer. ............................ 63 

Figure 3.13 - Piezoelectric attachment. ........................................................................... 63 

Figure 3.14 - Removable heating block. ......................................................................... 64 

Figure 3.15 - a) Preparation of a sample. b) Sample after heating.................................. 64 

Figure 3.16 - a) SEM Image of the needle. b) Indentation. ............................................ 66 

Figure 3.17 - SEM Images of the indented pattern. ........................................................ 66 

Figure 4.1 - Schematic diagram of the experimental setup of 3D printing applying water 

cooling. ............................................................................................................................ 69 

Figure 4.2 – Schematic design of the nozzle geometry .................................................. 71 

Figure 4.3 -. Evolution of the swelling factor with extrusion temperature for different 

nozzle diameters and layer heights when the extrudate filaments were cooled at room 

temperature (P.S = 40 mm/s). ......................................................................................... 73 

Figure 4.4 - Evolution of the swelling factor with extrusion temperature for 0.40 mm 

diameter copper and steel nozzles when the extrudate filaments were cooled down at room 

temperature. (P.S = 40 mm/s). ........................................................................................ 73 



List of figures. 

xvii 

Figure 4.5 - Evolution of the swelling factor with printing speed for different nozzle sizes 

and layer heights when the extrudate parts were cooled down at room temperature  

(T = 210 ⁰C). ................................................................................................................... 75 

Figure 4.6 - Evolution of the swelling factor with printing speed for 0.40 mm diameter 

coper and steel nozzles when the extrudate parts were cooled down at room temperature 

(T = 210 ⁰C). ................................................................................................................... 75 

Figure 4.7 - Evolution of the swelling factor with extrusion temperature for different 

nozzle sizes and layer heights when extrudate parts were cooled down with water at   

20 ºC. (P:S: 40 mm/s) ...................................................................................................... 77 

Figure 4.8 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 20 ⁰C (T = 210 ⁰C).

 ......................................................................................................................................... 78 

Figure 4.9 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down with water at 13.5 C⁰.  

(P.S = 40 mm/s). ............................................................................................................. 80 

Figure 4.10 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 13.5 ⁰C  (T = 210 ⁰C).

 ......................................................................................................................................... 81 

Figure 4.11 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down with water at 7.5 ⁰C   

(P.S =40 mm/s). .............................................................................................................. 83 

Figure 4.12 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 7.5 ⁰C  (T = 210 ⁰C)

 ......................................................................................................................................... 84 

Figure 4.13 - Evolution of the die swell with extrusion temperature for the different water 

cooling down procedures (20 ⁰C, 13.5 ⁰C and 7.5 ⁰C) (P.S = 40 mm/s,  N= 0.40 mm,  

L.H = 0.25 mm). .............................................................................................................. 85 



List of figures. 

xviii 

Figure 4.14 - Evolution of the die swell with printing speed for the different water cooling 

down procedures (20 ⁰C, 13.5 ⁰C and 7.5 ⁰C) (P.S = 40 mm/s, N= 0.40 mm,  

L.H = 0.25 mm) ............................................................................................................... 86 

Figure 4.15 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.10 mm/s (P.S = 40 mm/s). ............................................................................................ 88 

Figure 4.16 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.10 m/s  

(T = 210 ⁰C). ................................................................................................................... 89 

Figure 4.17 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.30 m/s (P.S = 40 mm/s). ............................................................................................... 91 

Figure 4.18 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan  at 0.30 mm/s  

(T = 210 ⁰C). ................................................................................................................... 92 

Figure 4.19 - Evolution of the die swell with the extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at 0.50 

m/s (P.S = 40 mm/s). ....................................................................................................... 94 

Figure 4.20 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.50 m/s  

(T = 210 ⁰C). ................................................................................................................... 95 

Figure 4.21 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.70 m/s (P.S = 40 mm/s). ............................................................................................... 97 

Figure 4.22 -Evolution of the swelling factor with printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled by a blower fan at 0.70 m/s  

(T = 210 ⁰C). ................................................................................................................... 98 



List of figures. 

xix 

Figure 4.23 - Evolution of the swelling factor with the extrusion temperature when the 

filaments were cooled down by an external air fan at different fan speeds (P.S = 40 mm/s).

 ......................................................................................................................................... 99 

Figure 4.24 - Evolution of the swelling factor with printing speed when the filaments were 

cooled down with an external air fan at different fan speeds  (T = 210 ⁰C). ................ 100 

Figure 4.25 - Dependence of the die swell with respect to extrusion temperature and 

printing speed (LH = 0.25 mm, N = 0.40mm). ............................................................. 101 

Figure 4.26 - Dependence of the die swell with respect to the extrusion temperature and 

the layer height (PS = 40 mm/s, N = 0.40mm) ............................................................. 102 

Figure 4.27 - Dependence of the die swell with respect to the extrusion temperature and 

the nozzle diameter (P.S = 40 mm/s, L.H = 0.25 mm) ................................................. 102 

Figure 4.28 - Evolution of the swelling factor with temperature applying the different 

cooling procedures (PS = 40 mm/s, N= 0.40 mm, L.H = 0.25 mm, copper nozzle). ... 105 

Figure 4.29 - Evolution of experimental and theoretical swelling factors with extrusion 

temperature for the 0.40 mm diameter nozzle (P.S = 40 mm/s, L.H = 0.25 mm). ....... 109 

Figure 4.30 - Evolution of experimental and theoretical swelling factors with printing 

speed for the 0.40 mm diameter nozzle (T = 210 ⁰C, L.H = 0.25 mm). ....................... 110 

Figure 4.31 - Evolution of the experimental and theoretical values of the swelling factors 

with temperature for 0.30 mm diameter nozzle (P.S = 40 mm/s,  L.H = 0.25 mm). .... 112 

Figure 4.32 - Evolution of the experimental and theoretical values of the swelling factors 

with temperature for 0.20 mm diameter nozzle (P.S = 40 mm/s,  L.H = 0.25 mm). .... 113 

Figure 5.1 - Schematic diagram of the setup of an FIB-SEM dual beam system [167].

 ....................................................................................................................................... 117 

Figure 5.2 - Schematic diagram of the sputtering process and ion-solid interactions [166].

 ....................................................................................................................................... 118 



List of figures. 

xx 

Figure 5.3 - CAD image of the nanopatterned nozzle by FIB. ..................................... 120 

Figure 5.4 - CAD image of the patterned filament extruded through the nozzle. ........ 121 

Figure 5.5 - Full patterned nozzle manufactured by FIB. ............................................. 121 

Figure 5.6 - Picture of a full patterned filament extruded by the proposed manufacturing 

technique. ...................................................................................................................... 122 

Figure 5.7 - Images of 0.40 mm diameter brass copper nozzle obtained by SEM 

microscopy. ................................................................................................................... 123 

Figure 5.8 - Images taken by SEM microscopy of the different structures patterned on the 

copper nozzle. ............................................................................................................... 124 

Figure 5.9. a) SEM image of the standard nozzle. b) SEM image of the E3D-ONLINE 

nozzle. ........................................................................................................................... 125 

Figure 5.10 - Evolution of the average geometrical ratio of the patterned structures cooled 

with water and at room temperature with respect to temperature  (P.S = 40 mm/s,  

N= 0.40 mm, L.H = 0.25 mm). ..................................................................................... 131 

Figure 5.11 - Evolution of the average geometrical ratio of the patterned structures cooled 

down at room temperature and cooled down with water, with respect to the printing speed 

(P.S = 40 mm/s, N= 0.40 mm, L.H = 0.25 mm) ........................................................... 133 

Figure 5.12 - a) Patterned structures on extruded filament at T = 190 ⁰C, P.S = 40 mm/s, 

L.H= 0.25 mm, water cooling at 20 ⁰C. b) Patterned structures on extruded filament at  

T = 210 ⁰C, P.S = 40 mm/s, L.H= 0.25 mm, water cooling at 20 ⁰C. ........................... 133 

Figure 6.1- Volume of fluid method [194].................................................................... 138 

Figure 6.2 - Transformation of front motion into initial value problem. ...................... 141 

Figure 6.3 - Schematic representation of simulation axes in FDM............................... 144 



List of figures. 

xxi 

Figure 6.4 - Schematic representation of the patterned nozzle as well as its different 

regions. .......................................................................................................................... 146 

Figure 6.5 - Evolution of the experimental and theoretical values of the extrudate die swell 

with the extrusion temperature when the filaments were cooled down at room 

temperature. (P.S = 40 mm/s, N= 0.40 mm, and L.H = 0.25 mm) ............................... 151 

Figure 6.6 - Evolution of the experimental and theoretical results of extrudate die swell 

with the printing speed when the filaments were cooled down at room temperature  

 (T = 210 ⁰C, N= 0.40 mm, and L.H = 0.25 mm).......................................................... 152 

Figure 6.7 -. Evolution of the experimental and theoretical results of extrudate die swell 

with the nozzle diameter when the filaments were cooled down at room temperature.  

(T = 210 ⁰C, P.S = 40 mm/s and L.H = 0.25 mm). ....................................................... 153 

Figure 6.8 - Evolution of the experimental and theoretical results of the extrudate die 

swell with the extrusion temperature when the filaments were cooled down with water at 

20 ⁰C (P.S = 40 mm/s, N = 0.40 mm, and L.H = 0.25 mm). ......................................... 154 

Figure 6.9 - Image of the extrudate filament diameter obtained by the implemented 

simulation model in 2D (T = 210 ⁰ C, P.S = 40 mm/s, cooled at room temperature). .. 156 

Figure 6.10 - Image of the extrudate filament diameter obtained by the implemented 

simulation model in 3D (T = 210 ⁰ C, P.S = 40 mm/s, cooled at room temperature). .. 156 

Figure 6.11 - Evolution of the geometrical ratio (R) of structures at different extrusion 

temperatures (P.S = 40 mm/s, N = 0.40 mm, L.H= 0.25 mm). ..................................... 157 

Figure 6.12 - Evolution of the geometrical ratio (R) of structures at different printing 

speeds (T = 210 ⁰C, N = 0.40 mm, L.H= 0.25mm). ...................................................... 158 

Figure 6.13 - Evolution of the geometrical ratio (R) at different nozzle diameters   

 (T = 210 ⁰C and P.S = 40 mm/s). ................................................................................. 159 



List of figures. 

xxii 

Figure 6.14 - Evolution of the geometrical ratio (R) of structures under different extrusion 

temperatures when the filaments were cooled down with water at 20 ⁰C  (P.S = 40 mm/s 

and N = 0.40 mm). ........................................................................................................ 160 

Figure 6.15 - Evolution of the structures geometrical deformation ratios obtained for the 

novel patterning method and for the numerical method (T = 210 ⁰C, P.S = 40 mm/s,  L.H 

= 0.25, mm and N = 0.40 mm). ..................................................................................... 161 

Figure 7.1 – Schematic representation of the sessile droplet [220]. ............................. 165 

Figure 7.2 Schematical representation of the advancing angle (θa) and receding contact 

angles (θr). ..................................................................................................................... 166 

Figure 7.3 - The contact angle for a rough surface (θ) as a function of the roughness factor 

(Rf) for various contact angles for smooth surfaces (θ0) [228]. .................................... 167 

Figure 7.4 - Fractional area fLA required for a hydrophilic surface to be hydrophobic as 

a function of the roughness factor (Rf) and the ideal contact angle (θ0). [228]. .......... 168 

Figure 7.5 - Sketches of a liquid droplet in (a) the Wenzel state with an apparent contact 

angle θW and (b) the Cassie–Baxter state with an apparent contact angle θCB [220]. ... 168 

Figure 7.6 - Schematic figure of the SPDT machining process [235]. ......................... 171 

Figure 7.7 - Overall manufacturing process: (a) experimental setup of diamond turning 

process; (b) microscope image of the diamond cutting process; (c) an aluminium sample 

with four different structures in 4 μm (Area 1), 2 μm (Area 2), 1 μm (Area 3), and  500 

nm (Area 4). .................................................................................................................. 172 

Figure 7.8- SEM images of micro and nanostructures on different materials: (a) 4 μm 

gratings on aluminium; (b) 2 μm gratings on aluminium; (c) 0.5 μm gratings on 

aluminium; (d) 0.5 μm gratings on PE1000; (e) 0.5 μm gratings on PTFE; and (f) 0.5 μm 

gratings on PVC. ........................................................................................................... 173 

Figure 7.9 - Contact angle measurements for aluminium. ............................................ 174 



List of figures. 

xxiii 

Figure 7.10 - Contact angle measurements for PE 1000. .............................................. 175 

Figure 7.11 - Contact angle measurements for PP. ....................................................... 175 

Figure 7.12 - Contact angle measurements for PTFE. .................................................. 176 

Figure 7.13 - Contact angle measurements for PE 500. ................................................ 176 

Figure 7.14 - Contact angle measurements for PVC .................................................... 177 

Figure 7.15 - SEM images of 1 μm gratings on PE 1000 (a) and PE 500 (b) (scale bar is 

10 μm). .......................................................................................................................... 180 

Figure 7.16 - Biophysical model of the interactions between cicada wing nanopatterns 

and bacterial cells [259]. ............................................................................................... 183 

Figure 7.17 – Batch reactor applied for bacteria cultivation. ........................................ 185 

Figure 7.18 – SEM images of E. coli cultivation experiment on aluminium a) flat surface 

b) 500 nm micro-structured surface. ............................................................................. 185 

Figure A.1. A schematic view of the roller mechanism [267]. ..................................... 217 

Figure A.2. Liquefier regions [122]. ............................................................................. 219 

Figure A.3. Illustration of road spreading and the force balance. ................................. 222 

Figure B.1 - Technical specifications of ARES G-2. .................................................... 223 

Figure C.1. Photo of the Makerbot Replicator 2X. ....................................................... 225 

Figure D.1. Photo of the Bondtech extruder kit. ........................................................... 227 

Figure D.2. Photo of the Bondtech thermal barrier tube. .............................................. 228 

Figure D.3. Picture of the manufactured copper hot block. .......................................... 229 



List of figures. 

xxiv 

Figure D.4. Draft of the manufactured copper hot block. ............................................. 229 

Figure D.5. Picture of the 0.40 mm plated copper nozzle applied in the different 

experiments. .................................................................................................................. 230 

Figure D.6. Draft of the different E3D-ONLINE plated-copper nozzles ..................... 231 

Figure E.1. Experimental set up used for cooling filaments with water. ...................... 232 

Figure E.2. Experimental set up used for cooling filaments with an external blower fan.

 ....................................................................................................................................... 233 

Figure F.1. FEI Quanta 3D FEG FIB system in Heriot-Watt University. .................... 234 

 

 



Nomenclalture 

xxv 

Nomenclature 

r  Extrusion ratio. 

A0  Starting cross-sectional area. 

Af  Cross-sectional area of the final extrusion. 

pp  Total extrusion pressure. 

pf  Friction pressure. 

pe  Extrusion pressure assuming no friction. 

Yf  Fluence stress. 

Qe  Factor of extrusion. 

Kx  Shape factor. 

L  Length of the billet. 

Cx  Perimeter of the extruded cross-section. 

Cc  Perimeter of a circle with the same area. 

µ  Viscosity. 

γ  Shear rate. 

Ꞇ  Shear stress. 

μ∞  Viscosity when shear rate tends to infinity. 

K  Power-law fit parameters. 

n  Power-law fit parameters. 

KC  Consistency index of the Cross viscosity model. 

mC  Flow index of the Cross viscosity model. 

KHB  Consistency index of the Herschel – Bulkley model. 

nHB  Flow index of the Herschel – Bulkley model. 

μ0  Initial viscosity. 

λ  Relaxation time of the fluid. 

acy  Constant of the Carreau -Yasuda model. 

Ꞇ0  Threshold stress. 

µB  Constant viscosity value of Bingham plastic fluids. 



Nomenclalture 

xxvi 

Ɛ  Strain. 

ƹ  Parameter of the thixotropic model 

Ṫ  Stress rate. 

έ  Strain rate. 

e  Bagley correction factor. 

Q  Flow rate. 

RN  Radius of the nozzle. 

v  Printing speed. 

A  Nozzle orifice. 

µ0  Zero-shear rate viscosity. 

Ꞇ*  Critical stress at the transition to shear thinning 

µ*  Reference viscosity. 

Α  Temperature dependent adimensional factor. 

A1  Adimensional rheological fit parameter. 

A2  Adimensional rheological fit parameter. 

DF  Diameter of the extrudate filament. 

D0  Nozzle diameter. 

B  Swelling factor. 

N1  Normal stress. 

Ꞇw  Wall shear stress. 

mt  Constant of the Tanner model. 

Re  Reynold number. 

𝜌   Density. 

u   Speed. 

α0  Die angle of the nozzle. 

ΔPen  Pressure drop. 

Dp  Diameter of the liquefier. 

DN  Diameter of the nozzle. 



Nomenclalture 

xxvii 

σ  Cauchy stress tensor 

IK  Kronecker delta 

p  Hydrostatic pressure 

τv  Viscoelastic polymeric contribution to the shear stress. 

τn  Newtonian solvent contribution to the shear stress. 

λr  Retardation time. 

∇  Upper-convected time derivative 

Rs  Parameter that describes the recoverable shear. 

βR  Retardation parameter. 

We  Weissenberg number. 

λd  Relaxation time. 

λd
*  Reference relaxation time. 

Tm  Melting temperature. 

Tg   Glass transition temperature. 

T   Temperature. 

B Oldroyd-B  Extrudate die swell calculated following the Oldroyd-B model. 

B Giesekus   Extrudate die swell calculated following the Giesekus model. 

B PTT   Extrudate die swell calculated following the PTT model. 

B Tanner   Extrudate die swell calculated following the Tanner model. 

R  Geometrical ratio. 

NW1  Width of the structure 1 in the nozzle. 

NW2  Width of the structure 2 in the nozzle. 

NW3  Width of the structure 3 in the nozzle. 

NW4  Width of the structure 4 in the nozzle. 

FW1  Width of the structure 1 in the filament. 

FW2  Width of the structure 2 in the filament. 

FW3   Width of the structure 3 in the filament. 

FW4   Width of the structure 4 in the filament. 



Nomenclalture 

xxviii 

∆NW  Width error of the structure in the nozzle. 

∆FW  Width error of the structure in the filament. 

Г   Surface function. 

F  Speed function. 

T(x,y)  Arrival time surface 

Φ  Level set function 

Φ0  Initial level set function 

nᶲØ  Normal function of the surface 

U  Velocity field 

h  Grid distance 

i  Iteration number 

Δt  Time step 

k  Curvature function of the surface 

ɛ  Smooth fitting parameter 

Φx  First derivative of the levels set function in the x direction. 

Φxx  Second derivative of the levels set function in the x direction. 

Φy  First derivative of the levels set function in the y direction. 

Φyy  Second derivative of the levels set function in the y direction. 

𝛻+  Positive gradients for the upwind schemes. 

𝛻−  Negative gradients for the upwind schemes. 

Dij
+x  Forward operator. 

Dij
+y  Backward operator. 

nf  Number of iterations. 

ttotal  Total time. 

𝑁𝑥  Number of points in the x directions of the meshing grid. 

𝑁𝑦  Number of points in the y directions of the meshing grid. 

Δx  Distance between between points in the x direction. 

Δy  Distance between between points in the y direction. 



Nomenclalture 

xxix 

rnozzle  Radius of the nozzle. 

𝑢𝑥  Filament expansion speeds in the x direction. 

𝑢𝑦  Filament expansion speeds in the y direction. 

ΔL  Variation of longitudinal dimension. 

αL  Coefficient of linear expansion. 

Θ  Contact angle. 

γlv  Surface tension of the liquid/ vapor interface. 

γsl  Surface tension of the solid/liquid interface. 

γsv  Surface tension of the solid/vapor interface. 

θa  Advancing contact angle. 

θr  Receding contact angle. 

θH  Hysteresis angle. 

𝑟  Roughness factor. 

𝜃𝐶𝐵  Contact angle of the Cassie-Baxter model. 

θ1  Contact angles of the liquid–vapor interface. 

θ2  Contact angles of the liquid– solid interface. 

f1  Apparent area fractions of liquid–vapor. 

f2  Apparent area fractions of liquid– solid. 

𝜃𝑊  Contact angle of the Wenzel model. 

fw  Projected area fraction for fully wetting space. 

Rf   Roughness parameter 

P  Packing parameter 

NR  Road width 

Wr  Angular velocity 

Rr  Radius of the rollers 

HET  Extrudate thickness 

Tq  Torque 

FR  Required force 



Nomenclalture 

xxx 

EFIL  Modulus of the filament 

Lf  Filament length 

df  Filament diameter 

PCr  Critical pressure 

HA  Function of the Arrhenius model 

T0  Reference temperature 

αact  Activation energy 

QFlux  Heat flux 

Cp  Heat capacity 

DLIQ  Diameter of the liquefier 

Texit  Temperatures at the exit of the liquefier 

Tent  Temperatures at the entrance of the liquefier 

∆P  Pressure drop 

D1  Diameter of the thicker section of the liquefier. 

D2  Diameter of the thinner section of the liquefier. 

βN  Nozzle angle 

v  Printing speed 

Tα  External temperature of the liquefier 

vprint  Printing speed of the printing head 

hpz  Height of the print nozzle opening above the print surface 

WF  Filament width 

F(θ)/l  Driving spreading force per unit length of the bead 

Ꞇy  Yield strength of the melt 

θ  Contact angle of the filament with respect the platform. 

ɸ  Contact angle of the filament with respect the platform. 

Asect  Cross sectional area 

T∞  Temperature of the liquefier. 

Ω  Function that define the road cooling. 



Nomenclalture 

xxxi 

ϰ  Function that define the road cooling. 

α  Factor that describes mobility in a polymer 

E  Young modulus 

𝜃𝑖𝑑𝑒𝑎𝑙  Ideal contact angle. 

 



Abreviations 

xxxii 

Abreviations 

FDM Fused deposition modelling 

SNC Swela Nano Clean 

OLED  Organic Light Emitting Diodes 

LED Light Emitting Diodes 

3D Three dimensions 

SLS Solution liquid-solid 

MBE Molecular beam epitaxy 

ALD Atomic layer deposition 

EBL Electron beam lithography 

NIL Nanoimprint lithography 

NP Nanoparticles 

CVD Chemical vapour deposition 

FIB Focused ion beam lithography 

APCVD Atmospheric pressure chemical vapor deposition 

LPCVD Low pressure chemical vapor deposition 

UHVCVD Ultra-High Vacuum Chemical Vapor Deposition 

LIGA Lithographie, Galvanoformung, Abformung 

PLA Polylactic acid 

PVC Polyvinyl chloride 

PE1000 Polyethylene 1000 

PP Polypropylene 

PFTE Polytetrafluoroethylene 

CAD Computer-aided design 

AM Additive manufacturing 

MSL Micro-stereolithography techniques 

UV Ultraviolet 



Abreviations 

xxxiii 

DOPsL Dynamic-optical-projection stereolithography 

ABS Acrylonitrile butadiene styrene 

PPSU Polyphenylenesulfone 

PA Polyamide 

PC Polycarbonate 

PS Polystyrene 

SEM Scanning electron microscope 

T Extrusion temperature 

P.S Printing speed 

L.H Layer height 

N.M Nozzle material 

PTT Phan-Thien-Tanner 

N Nozzle diameter 

FC Fan cooling 

WC Water cooling 

NW Width of the patterned structures on the nozzle 

FW Pattern width on the extrudate filament surface. 

VOF Volume-of-fluid 

SPDT Single point diamond turning 

PMMA  Methyl methacrylate 

FDM2dv6 the main file of the novel numerical method 

 



List of publications 

xxxiv 

List of Publications 

Journal Papers 

[1] N. Cabezudo, J. Sun, Enhancement of Surface Wettability via Micro- and 

Nanostructures by single point diamond turning, Nanotechnology and Precision 

Engineering, 2 (1), 8-14 (2019). 

 

 



 

1 

Chapter 1. Introduction 

Nanotechnology is currently aiding to improve a wide range of industrial and scientific 

sectors, including information technology, environmental science, medicine, 

transportation, homeland security, food safety and energy, among others. Great strides 

forward in the design and manufacture of micro- and nanostructures on functional 

materials are being made for a host of innovative applications [1]. 

The properties exhibited by natural material surfaces have sparked the attention of the 

scientific community and new lines of research have emerged with the aim of better 

understanding smart surface architectures and implementing these designs to provide 

advanced functionalities from manufactured nanodevices and nanomaterials [2]. The 

manufactured surfaces inspired by biological templates are called bioinspired surfaces. 

This chapter begins with an introduction to the fundamentals of bioinspired surfaces, as 

well as their scientific and industrial applications. In addition, it aims to present the 

various manufacturing techniques available on the market for the fabrication of 

bioinspired surfaces. Current nanofabrication techniques face several challenges that limit 

their capacity to manufacture bioinspired materials on a mass scale. In this work FDM is 

proposed as a potential technique for the manufacture of functional structures in 

particular, bioinspired surfaces. This chapter goes on to outline the aims and objectives 

of this thesis work, together with a summary of the structure.  

1.1 Bioinspired Surfaces, Manufacturing Methods and Application. 

1.1.1 Bioinspired surfaces. 

Over millions of years, different biological organisms have been living in harsh 

environmental conditions, and through the process of evolution Nature has managed to 

produce highly efficient organisms that exhibit unique properties which are close to 

perfection [3]. 

The outstanding characteristics exhibited by different organisms can be attributed to the 

high degree of hierarchical organization from the nanoscale to the molecular level, as well 

as the chemical and physical properties their structures present [3]. The unique 

combination of these properties enables the creation of a great diversity of functional 

parts. These exceptional features can be equally observed in aquatic animals, insects, 

plants, and seashells. 
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Table 1.1 - Overview of organisms from living nature and their selected functions [3]. 

Natural species Engineering need 

Lotus leaf, rice leaf, water strider leg, butterfly wings, red rose 

petal. 
Self-cleaning 

Shark skin, Salvinia molesta. Drag reduction 

Desert beetle, spider silk, cactus spines, namib desert grass, Cotula 

fallax, spider silk, butterfly wings. 
Water collection 

Lotus leaf, fish scales, pitcher, carps, pilot whales, shark skin, 

seaweed, jewelweed, water fern, eelgrass, lady mantle, Indian cress, 

butterfly wing, Moth eyes. 

Anti-biofouling 

Cicada wing, gecko skin, dragon fly wing, shark skin scale. Anti- bactericidal 

Fly eyes, mosquito compound eyes, lotus leaf. Anti-fogging 

Moth eye, butterfly eye, cicada wing. Anti-reflection 

Lotus leaf, pitcher plant, water strider legs, antifreeze proteins 

found in Arctic fish and insects. 
Anti-icing 

Filefish skin, springtails, leafhoppers. Oil-water separation 

Wings of butterfly, peacock feather, chameleon skin, beetle cuticle, 

skin of tropical fish, fruit. 
Structural coloration 

Wings of butterfly, peacock feather, blue penguin feathers, 

Japanese jewel, beetle skin. 
Optical properties 

Leaf surfaces. Energy scavenging 

Both the engineering industry and the scientific community have been interested in the 

unique properties exhibited by Nature’s materials and new lines of research are emerging 

with the aim of studying these surface architectures and applying their designs to provide 

advanced functionalities into manufactured nanomaterials and nanodevices [2]. 

Among the different properties of natural organisms, the scientific community has mainly 

focused on research into biological surfaces which have evolved to a higher state of 

intelligent functionality. The unique properties of natural organisms are achieved by a 

combination of functional designs along with unique chemical and physical strategies. 

These physical strategies are based on features such as structure and texturing, whereas 

chemical strategies apply sensing and actuation. The combination of both strategies has 

allowed the creation of functional surfaces with hierarchical structures with feature 

dimensions ranging from the macroscale to the nanoscale. The stand-out properties 

exhibited by natural organism surfaces include antibiofouling, energy scavenging, anti-

reflection, superhydrophobicity and thermal regulation [2]. 
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Figure 1.1.- Examples of organism surfaces templates for bioinspired surfaces [4] 

Bioinspired surfaces are manufactured surfaces that have been created by mimicking 

biological templates. These surfaces exhibit an organization of building blocks with 

different chemical and physical properties that impart a concrete shape and function. 

Understanding the design parameters in Nature would allow scientists to mimic these 

surfaces and optimize the interdependent parameters to provide materials with surface 

functionalities. The characterization of bioinspired surfaces requires high precision 

techniques in order to precisely study such architecture designs.  

Table 1.2- List of surface design parameters and their description [2]. 

Parameter Description 

Texture/topography 
Collective assembly of features with different shapes and sizes 

resulting in unique morphologies with certain periodicity. 

Scale 
Dimensions of the features and their arrangement in multiple 

directions. 

Chemistry 
Surface and subsurface chemistries and material properties in 

order to achieve desired functionality. 

Shapes at multiple scales 
Multiple building blocks hierarchically arranged at different 

scales to provide surface functionality 

Integration of parameters 

The integration and interaction among the above selected 

ensemble of parameters to provide sustainable and evolving 

structures 
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1.1.2 Manufacture of bioinspired surfaces. 

Nanomanufacturing techniques can be applied for manufacturing bioinspired surfaces 

that mimic the surface architecture of biological templates [4]. Such techniques are 

applied in the range of 1–100 nm for the fabrication of 1D, 2D or 3D nanostructures [5] 

and can be classified depending on the manufacturing approach, the applied materials, 

and the desired feature size. Depending on the applied manufacturing strategy, 

nanotechnological techniques can be classified as bottom-up (additive) and top-down 

(subtractive) methods. 

Bottom-up technologies include techniques such as chemical deposition, electrospinning, 

dip-pen nanolithography (DPN), self-assembly, sol-gel method and 3D printing. Top-

down processes include techniques such as lithography, templating, surface wrinkling, 

plasma etching and phase separation. These technologies are not necessarily independent 

of each other and can be used in combination. 

Table 1.3 - Summary of the different manufacturing techniques for producing bioinspired 

surfaces. 

Group Method Natural species 

Bottom-up 

Chemical vapour 

deposition 
Lotus leaves [6], legs of water striders [6]. 

Electrospinning 
Bamboo leaves [4], lotus leaves [4], silver ragwort leaves 

[4], goose feathers [4] or water strider's legs [4]. 

Dip-pen 

nanolithography 

Proteins [7], DNA [7], peptides [7], enzymes [7], viruses 

[7], bacteria [7], lipids [7]. 

Self-assembly 
Butterfly wings [4], rice leaf [4], lotus leaf [4], green 

bottle fly eyes [4] and natural photonic crystals [4]. 

Sol-gel method Moth-eye [8], lotus-leaf [8]. 

3D printing Shark denticles [9], honeycombs [10]. 

Top-down 

Chemical vapour 

deposition 
Cacti and pitcher plants [5] . 

Lithography Cicada and dragonfly wings [1] , gecko hair [1]. 

Templating 
Rose petals [11], lotus leaves [12], rice leaves [13], 

cicada wing [14], butterfly wings [13], gecko feet [15]. 

Surface wrinkling 
Lotus wrinkles [4], ultrathin white beetle [4] and gecko 

feet scales [4]. 

Plasma etching 
Lotus leaf [6], gecko feet [6], moth eye [6], cicada wings 

[6], dragonfly [6] and butterfly wings [6]. 

Phase separation Lotus leaves [16]. 
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The relationship between structure dimensions and manufacturing precision of the 

different nanomanufacturing technologies in top-down and bottom-up approaches are 

illustrated in figure 1.2. 

 

Figure 1.2.- Typical precision and size for bottom-up and top-down nanomanufacturing 

[17] [18]. 

Current nanofabrication techniques present certain limitations that restrict the possibility 

of applying such techniques in the manufacture of bioinspired materials on a mass scale. 

Most nanomanufacturing techniques experience the issue of low production rates. Aside 

from these limitations, manufacturing technologies face other disadvantages, for 

example, photolithographic techniques offer limited choices in photoresist and substrates; 

x ray lithography requires a mask which is difficult to produce, and electron beam 

lithography has the disadvantage of being a low throughput manufacturing method that 

cannot be applied on a large scale [19].  

3D printing has attracted tremendous attention due to its high resolution (few tens of μm 

[20]), fast manufacturing (speed manufacturing near 50 mm/s [21]) and compatibility 

with multiple materials, and it is expected to become one of the leading methods for 

manufacturing bioinspired surfaces. Among the various 3D printing techniques, over the 

last few years FDM, has emerged as a fast-developing manufacturing technology due to 

the availability of affordable models of 3D printers together with open-source files that 

make it possible to apply this technique in both research and industrial fields. 

However, FDM has the drawback of excessive extrudate expansion. This effect can 

negatively influence the dimensional accuracy of the technique, as well as the mechanical 

strength of the manufactured parts. This problem has limited the application of FDM for 

precision manufacturing, in particular for the fabrication of functional surfaces. 
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The main aim of this work is to assess the printing accuracy of FDM under the different 

manufacturing conditions. In addition, different cooling methods for the extrudate parts 

in FDM were tested, with the aim of enhancing the dimensional accuracy of this technique 

to enable the application of the technology in precision manufacturing. 

This work also proposes an alternative, versatile and highly controllable technique, based 

on FDM, for manufacturing micro- and nano structures on the surfaces of thermoplastic 

polymers with high accuracy. This novel method combines the advantages of high 

production rates and low manufacturing costs and could potentially be used for 

manufacturing bioinspired surfaces in a cost-effective manner.  

1.1.3 Applications. 

The manufacture of bioinspired surfaces involves several scientific fields - engineering, 

chemistry, physics, and biology. The applications of bioinspired materials are related to 

the interrelation between unique multiscale (micro- and nanoscale) structures of 

biological surfaces with intrinsic material properties. Improved superhydrophilicity, 

optical properties, antireflection, superhydrophobicity, drag reduction, adhesion and 

structural coloration are some of the common examples found in biological systems in 

Nature. 

Table 1.4 - Classification of the different engineering applications for bioinspired surfaces 

of well-known natural species. [2] [4]. 

Natural species Engineering need Application of bioinspired surfaces 

Lotus leaf, rice leaf, water strider 

leg, butterfly wings, red rose petal 
Self-cleaning 

Lacquers for vehicles, waterproofed 

clothes, self-cleaning glass lenses, 

coatings, windows and textiles 

Shark skin, Salvinia molesta Drag reduction 
Speedo Fastskin swimsuit, plastic 

sheets for aircrafts, Sharkle 

Desert beetle, spider silk, cactus 

spines, namib desert grass, Cotula 

fallax, spider silk, butterfly wings 

Water collection 
Water harvesting surface, fog-

collection 

Lotus leaf, fish scales, pitcher, 

carps, pilot whales, shark skin, 

seaweed, jewelweed, water fern, 

eelgrass, lady mantle, broccoli, 

coralline algae, Indian cress, 

butterfly wing, Moth eyes 

Anti-biofouling 

Swela Nano Clean (SNC), 

schoeller-WBformula, Schoeller –

Canyon, marine coatings 
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Natural species Engineering need Application of bioinspired surfaces 

Cicada wing, gecko skin, dragon 

fly wing, shark skin scale 
Anti- bactericidal Sharklet SafeTouch 

Fly eyes, mosquito compound 

eyes, lotus leaf 
Anti-fogging Eyewear 

Moth eye, butterfly eye, cicada 

wing 
Anti-reflection 

Antireflection surface/coating, 

surface-emitting laser, solar cells, 

OLEDs, LEDs 

Lotus leaf, pitcher plant, water 

strider legs, antifreeze proteins 

found in Arctic fish and insects. 

Anti-icing. Ice phobic surface/coating. 

Filefish skin, springtails, 

leafhoppers. 

Oil-water 

separation. 

Industry and daily wastewater 

purifying, marine antifouling. 

Wings of butterfly, peacock 

feather, chameleon skin, beetle 

cuticle, skin of tropical fish, fruit. 

Structural 

coloration. 

Textile fabrics, cosmetics, and 

paints, electrically tuneable 

photonic crystal, LED. 

Mimosa leaf, beetle, butterfly 

wing. 

Sensitivity to 

external stimulus. 
Sensor, textile. 

Wings of butterfly, peacock 

feather, blue penguin feathers, 

Japanese jewel, beetle skin. 

Optical 

properties. 

Textile fabrics, cosmetics, paints, 

forgery protection and printing 

technology. 

Leaf surfaces. 
Energy 

scavenging. 

Solar cells, batteries, wind turbines, 

aerospace industry, large 

ventilation fans. 

The analysis of Nature has allowed scientists to mimic the structures of living organisms 

with highly tuned wettability, and consequently a diversity of biomimetic 

superhydrophobic surfaces is manufactured. Some of the most common natural templates 

that have been applied for the production of bioinspired surfaces are the lotus leaves [6] 

[4] ,the rice leaf [6], the water strider legs [6] and the rose petals [11]. 

Recently, it has been also discovered that bioinspired surfaces with certain surface pattern 

geometry exhibit antibacterial properties [22]. Surfaces with features at the micrometric 

scale have been reported as ineffective for use as antibacterial surfaces due to the fact that 

bacteria can easily become attached in the grooves [23]. Likewise, surfaces with size 

patterns lower than the microorganism dimensions have been also proved undesirable for 

antibacterial purposes [24]. On the other hand, features on the nanoscale that have the 

same size as the microorganism have been reported as effective for preventing bacteria 

attachment on the surface topology [25]. Apart from the size of the patterns, some studies 

suggest a relation between the antimicrobial activity and other factors - such as the shape 
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of the patterns, the distance between them [26] and the chemical composition of the 

surfaces [27]. Further research is still needed for a better understanding of the relationship 

between these surface factors and the bacterial adhesion. 

 

Figure 1.3 – Applications of bioinspired surfaces [4]. 

With the aim of preventing bacterial infections in medical devices, traditional strategies 

involved coating surfaces [28] or impregnating them with antimicrobial solutions [29]. 

These approaches present several limitations - such as their time limited effect, toxicity 

problems, potential biocompatibility issues and high manufacturing costs. In addition, the 

application of chemicals for killing bacterial colonies can result in more resistant strains 

of pathogenic bacteria. 

The antibacterial properties of bioinspired surfaces can be used to help create implantable 

medical devices and prevent healthcare-related infections from endotracheal tubes, 

pacemakers, orthopaedic devices, catheters, and the like. This work proposes a versatile 

and highly controllable technique based on FDM for manufacturing micro and nano 

structures on the surfaces of thermoplastics polymers with high accuracy. This novel 
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technique could potentially be applied in the manufacturing of antibacterial tubing for 

medical applications (for example, catheters) through a customized 3D printing process. 

Antibacterial properties could be obtained through manufacturing micro and 

nanostructures on outer / inner surface of polymer tubes through 3D printing. To achieve 

this, micro- and nanostructures can be machined inside a 3D printing nozzle via focused 

ion beam lithography. During the extrusion process, the structured nozzle transfers the 

shape of the patterned structures onto the surface of the extrudate filaments. 

1.2 Aims and Objectives of the Thesis. 

The overall aim of this project is to assess the dimensional accuracy of FDM under 

different manufacturing conditions, in order to evaluate the suitability of FDM for 

precision manufacturing. Likewise, a new cost-effective manufacturing technique was 

introduced for patterning micro and nano structures on the surfaces of thermoplastics 

polymers that could potentially be applied in the manufacture of bioinspired surfaces. 

This work has eight main research objectives: 

• The in-depth investigation of PLA rheological behaviour within the full working 

range of extrusion temperatures and their influence on filament expansion during 

extrusion. This filament expansion is directly related to the die swell and thereby the 

printing accuracy of the FDM method. 

• The introduction of a new high-throughput and cost-effective manufacturing method 

for patterning microstructures on the surfaces of thermoplastic polymers. The 

accuracy of this method over different manufacturing temperatures was also studied. 

• An assessment of the dimensional accuracy of the FDM process within the full 

working range of different manufacturing conditions.  

• An assessment of the enhancement of the dimensional accuracy of the FDM process 

when the extrudate parts are cooled down using a variety of cooling methods. The 

novel methods tested involved cooling the extrudate parts with water or with a 

blower fan. 

• The introduction of a new FDM-based manufacturing technique for patterning micro 

and nano structures on the surface of thermoplastics. 
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With this manufacturing technique, micro patterns were created in the nozzles of 3D 

printers by focus ion – beam lithography (FIB). During the extrusion process, the 

shapes of the patterns are transferred to the surface of the thermoplastic polymers.  

 

Figure 1.4.- Schematic representation of the proposed manufacturing technique 

• The implementation of a novel simulation method based on the level set technique 

for assessing the dimensional accuracy of the FDM process under different 

fabrication conditions. This method monitors the filament expansion of the extrudate 

filaments under different manufacturing conditions. The same theoretical method 

was also applied for studying the dimensional accuracy of patterning structures on 

the surface of PLA. 

• The manufacture of the structures on the surfaces of various polymers with the aim 

of producing superhydrophobic materials. 

• An antibacterial research that studies the bacteria attachment on surfaces patterned 

by single point diamond turning. 

1.3 Structure of the Thesis. 

This thesis is presented in eight chapters, the contents of which are summarized as 

follows. 

Chapter 1 introduces the fundamentals of bioinspired surfaces and their potential 

applications, accompanied by a description of the different manufacturing techniques 

available on the market for the fabrication of bioinspired surfaces. This chapter also 

outlines the aims and objectives of this thesis, which principally intends to assess the 
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manufacturing accuracy of FDM under various fabrication conditions, as well as 

introducing a new patterning technique for manufacturing structures on the surfaces of 

polymers.  

Chapter 2 provides a review of the literature consulted during this thesis work. It starts 

by looking at the different micro and nano manufacturing techniques available on the 

market for the fabrication of functional materials. It goes on to present the essential 

features of 3D printing technology and FDM and describe the main fused deposition 

parameters which influence the mechanical properties, dimensional accuracy, and surface 

finish of the extrudate parts. The fundamentals of rheology are also included in order to 

explain how the various FDM manufacturing parameters influence the flow capacity of 

the melted material inside the liquefier. 

Chapter 3 starts by focusing on an in-depth investigation of PLA rheological behaviour 

under the full working range of extrusion temperatures together with its influence on the 

elasticity of the melted polymer. A thermo-mechanical study of the surface of PLA was 

also conducted with the aim of studying its mechanical properties. For this purpose, a 

nanoindentation analysis was conducted in order to study the mechanical properties of 

PLA surface. In addition, a new method for patterning structures on PLA by indentation 

capable of overcoming the limitations of modern manufacturing methods was put 

forward. The deformability of the PLA surface over different temperatures was also 

researched. 

Chapter 4 focuses on assessing the dimensional accuracy of FDM technology. For this 

purpose, the die swell of the extrudate filaments under different manufacturing conditions 

was calculated. In addition, a study was made of the effect of the nozzle material on the 

dimensional accuracy of the FDM process. This work also assesses the improvement to 

the dimensional accuracy in the FDM process when new cooling methods were tested on 

the extrudate filaments. In addition, this chapter presents the results of a multivariate 

regression analysis on the experimental data of die swell under the different 

manufacturing conditions. Following this statistical analysis, an analytical formula was 

obtained that predicts the die swell under the various working conditions. Lastly, the 

experimental results of extrudate die swell were compared with the theoretical results 

obtained from viscoelastic and elastic simulation models. 

Chapter 5 focuses on introducing an innovative FDM-based technique for manufacturing 

micro and nano structures on the surfaces of thermoplastics. In previous stages of this 
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work, the dimensional accuracy of FDM was evaluated under different manufacturing 

conditions in order to determine the optimal processing parameters for its 

implementation. This new manufacturing method has the advantage of being both fast 

and cost-effective and can overcome the limitations of other fabrication techniques. 

Lastly, this chapter evaluates the dimensional accuracy of the proposed fabrication 

technique under the different working conditions. 

Chapter 6 introduces a numerical method based on the level set technique which predict 

the extrudate die swell in FDM under different working conditions. This simulation 

method was also applied for studying the expansion of patterned structures on the surface 

of PLA. The chapter starts by introducing the fundamentals of the different computational 

methods available for tracking the evolution of moving interfaces, focusing on the 

mathematical principles of the level set method. It then goes on to describe the 

methodology applied for implementation of this numerical method. It then continues by 

presenting the calculated theoretical results of extrudate die swell under the different 

manufacturing conditions. Lastly, it contrasts the values of the extrudate die swell 

obtained experimentally with the results obtained from the implemented numerical 

model. 

Chapter 7 aims to fabricate superhydrophobic materials by patterning periodic micro- and 

nanostructures on several polymer surfaces via ultra-precision single point diamond 

turning. It starts by introducing the fundamentals of the different wettability models for 

the rough surfaces. It goes on to describe the experimental methodology applied for 

manufacturing different polymer surfaces. It then explains the fundamentals of single 

point diamond turning. The chapter continues with a presentation of the experimental 

wettability results for both flat and structured surfaces of these polymers. The different 

experimental results are explained based on the various wettability models. Lasty, it 

presents antibacterial research into how the topography of structured surfaces affects 

bacterial attachment.  

Chapter 8 offers an assessment of the research conducted, its novelties, and the 

contributions of this work. There is a summary of the main conclusions of this thesis and 

suggestions for future lines of investigation. 
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Chapter 2. Literature Review 

This chapter focuses on a review of the literature employed for this thesis work. It begins 

by introducing the fundamentals of the different micro and nano manufacturing 

techniques available on the market for the fabrication of functional materials. It goes on 

to describe the fundamentals of 3D printing technology - which is seen as the future for a 

forthcoming industrial revolution, and which is continually improving its manufacturing 

processes.  

Among the different 3D printing technologies, this work focuses on FDM, due to its range 

of applications, high throughput (speed manufacturing near 50 mm/s) [21], the 

availability of affordable materials and the straightforward construction of FDM 3D 

printers. The fundamentals of FDM are addressed, as well as the key fused deposition 

parameters that influence the mechanical properties, dimensional accuracy, and surface 

finish of the extrudate parts. In FDM the melted filaments are extruded through the nozzle 

of the 3D printer. Melt extrusion additive manufacturing has the drawback of excessive 

extrudate expansion. This can negatively impact the final dimension of the part, as well 

as influencing the presence of porosity in the final design. This disadvantage of FDM has 

limited the application of the technique in precision manufacturing. 

This chapter also presents an overview of the fundamentals of rheology explaining how 

the different manufacturing parameters of FDM affect the flow capacity of the melted 

material inside the liquefier, thereby influencing the rheological behaviour of the melted 

thermoplastic. This flow capacity will impact on the strand diameter of the extruded 

filament and thereby affect the dimensional accuracy of the manufacturing technique. The 

application of the equations presented in this section allows the calculation of the 

rheological conditions of the extrudate melted material in FDM under varied 

manufacturing conditions.  

2.1 Surface Manufacturing Technologies. 

In the last year, micro- and nanotechnology has become a multidisciplinary field that is 

at the forefront of both engineering and scientific research. Giant steps forward have been 

conducted in the design and manufacture of nanostructures on functional materials for 

innovative applications. Microelectronic industry standards for faster and smaller 

computing hardware have advanced this development in the current years, mainly focused 
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on creating patterns with the smallest possible dimensions. At the same time, a host of 

other new application fields for miniaturized devices have emerged. 

Micro- and nano-structures on the surface of materials can affect their wettability [30] 

[31], antibacterial properties [32] [33] and the energy absorption on the surface of 

materials [34] as well as their mechanical properties such as strength, toughness, ductility, 

hardness, corrosion resistance, adhesion and abrasive wear resistance [35] [36] [37] [38] 

[39] [40] [41] [42]. 

Micro- and nanostructures have applications and are employed in a wide range of 

scientific fields. These main applications are summarized in table2.1. 

Table 2.1 - Main applications of micro- and nanostructures in the different scientific and 

engineering fields. 

Research field Applications 

Chemistry. 
Orientate the self-assembly of polymers [43], microliter 

chromatography [44]  or crystal nucleation [45]. 

Biology. 
Biocompatible films for gene delivery systems [46], biological 

recognition processes [47], biosensors [48] and DNA separation [49]. 

Biomedicine. Biocompatible films for drug [50] and tissue engineering [51]. 

Optics Component of subwavelength resolution optical devices [52] [53] . 

Photonics Lens, gratings, and photonic crystals [52] [53]. 

Microelectronics 

Devices for ultrahigh-density information storage [54], semiconductor 

devices [55] and luminescence of organic light-emitting diodes (LEDs) 

[56]. 

 

Due to the variety of micro- and nanostructure possibilities in multiple disciplines, the 

capacity to fabricate precise and repeatable features on different materials has a key 

importance in current science and engineering research. Novel techniques and 

manufacturing methods are being constantly developed to cope with the standards of 

current research and industrial progress. The various manufacturing technologies can be 

classified according to several criteria. In the following sections the most common ways 

of classifying different types of nanostructures are summarized. 
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2.1.1 Manufacture of nanostructures according to the growth media. 

The different techniques for manufacture nanostructures can be classified according to 

the growth media.  

Table 2.2. Manufacture of nanostructures according to the growth media. 

Vapour phase growth 
Laser reaction pyrolysis [57].  

Atomic layer deposition [57]. 

Liquid phase growth 
Colloidal techniques [58]. 

Self-assembly of monolayers [58]. 

Solid phase formation 
Two-photon polymerization [57]. 

Phase segregation [57]. 

Hybrid growth Vapour-liquid-solid growth of nanowires [57]. 

2.1.2 Manufacture of nanostructures according to the shape of the products. 

The different methods for manufacture nanostructures can be classified according to the 

shape of the products. 

Table 2.3. Manufacture of nanostructures according to the shape of products. 

Nanoparticles 

Flame combustion. 

Colloidal processing. 

Phase segregation. 

Nanowires 

Liquid-solid growth (SLS). 

Template-based electroplating. 

Spontaneous anisotropic growth. 

Thin films 
Molecular beam epitaxy (MBE). 

Atomic layer deposition (ALD). 

Nanostructured bulk materials Self-assembly of nanosized particles [59]. 

2.1.3 Manufacture of nanostructures according to the fabrication approach. 

The different techniques for manufacture nanostructures may be classified according to 

the followed fabrication approach as “top-down” and “bottom-up”. 

• Top-down approach. 

Top-down fabrication approach includes a group of subtractive manufacturing techniques 

in which material is eliminated to produce features of a intended shape and size with the 

aim of creating functional devices/nano-scaled structures with the desired characteristics 

and shapes [60]. 



Chapter 2: Literature Review 

16 

Top-down lithography techniques can be classified into two main groups: those applying 

a manufactured mask for pattern duplication, and mask-less techniques with direct write 

on resists for pattern manufacture. The first type uses a pre-designed and fabricated mask 

with nanostructures and duplicates these structures onto the material, while in the second 

method the exposed material is etched away using acids or a mechanical procedure 

(ultraviolet light, X-rays, or electron beams) [61]. The first type of lithographic techniques 

includes optical lithography, X-ray lithography, nanoimprint lithography, charged 

particle projection lithography and extreme ultra-violet lithography. The second type of 

top-down techniques is based on direct patterning and includes electron beam 

lithography, focused ion beam lithography, helium ion beam lithography, scanning probe 

lithography [62]. Other top–down approaches include techniques such as templating, 

surface wrinkling, plasma etching and phase separation. 

The best-known lithographic method is photolithography, which is based on transferring 

patterns of certain geometric dimensions in a mask to a thin layer of radiation-sensitive 

material that covers the surface of a semiconductor wafer. The radiation is transmitted 

through the not covered portions of the mask and makes the exposed photoresist insoluble 

in the applied solution, thereby allowing the direct transfer of the mask feature onto the 

wafer. Once the features have been fabricated, an etching process is carried out to 

selectively remove masked regions of the underlying layer [62].  

Top-down methods exhibit the advantage of being able to fabricate patterns with large-

scale order bindings. On the contrary, these techniques need a greater quantity of material 

and produce more waste. In addition, top-down techniques introduce stress to structures 

and thus surface defects [63]. As the size scale of devices decreases, conventional 

lithographic techniques become increasingly more difficult and expensive, especially at 

a minimum feature size of less than 45 nm. Consequently, innovative approaches may be 

needed to manufacture the intended features that avoid these manufacturing and cost 

problems [64]. 
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Table 2.4 - Summary of the different top-down manufacturing techniques. Advantages, disadvantages, and resolution of each fabrication technique. 

Method Advantages Disadvantages Resolution 

Photolithography 

Low- cost technique. [65]  

Highly efficient. 

Does not require any additional tool or material for etching 

patterns. 

Requires a master mask. 

Less resolution than other lithographic techniques. [65] 

Machining capability only in 2D. [66]  
20 nm. [67] 

Electron beam 

lithography 

Pattern can be drawn directly on the substrate with high 

resolution. 

Machines available for this technique are costly. 

The process is time taking and inefficient. 
3 nm. [68] 

Focused ion 

beam 

lithography 

Capable to machine almost any solid Material. 

High resolution. 

Can be used as physical sputtering etch, milling, and 

chemical assisted etch. 

Low throughput. ≈ 5 nm. [69] 

X-Ray 

Lithography 

Fast process. 

High resolution. 

Large depth of focus. 

This technique requires a mask which is difficult to fabricate. 

The resist (PMMA) is typically insensitive and need a long time to 

expose. 

≈ 15 nm. 

[70]  

Soft lithography 

Easy to operate. 

High precision. 

Useful for manufacture complex patterns on surfaces. [68] 

Requires a master mask. 

Low durability. 

Not a versatile technique. 

1 nm – 10 

nm. [13]  

Nanoimprint 

lithography 

Simple process. 

Low cost. 

High throughput. 

Require a prefabricated mask. 

High resolution template patterning is difficult for this technique.  
Template wear. 

Tens of nm. 

[71]   

Scanning probe 

lithography 

High resolution. 

Ability to manipulate big molecules and individual atoms. 

[17]  

Expensive process, particularly in the case of ultra-high-vacuum based 

scanning probe lithography. [17]. 

Limited for high throughput applications. [17] 

Tens of nm 
[60] .  

Surface 

wrinkling 

Good tunability and reversibility in compared with other 

techniques. 
Poor thermal and chemical stability. 

Hundreds of 

nm. [72]  

Plasma etching 

Simple technique. 

Low- cost technique. 

Capability of automation. 

Reduced material consumption. 

Reduced selectivity. 

Requirement of a mask material. 

≈ 10 nm. 

[73]  

Phase separation 
Simple procedure. 

Requires minimal apparatus. 
Not versatile technique. Limited to a few polymers. 

Tens of nm. 

[74]  
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• Bottom-up approach. 

Bottom–up nanofabrication approach is based on the construction of multifunctional nano 

structural materials by the self-assembly of atoms or molecules applying chemical or 

physical forces [64]. This manufacturing approach has the advantage of not requiring the 

elimination of parts of the final system or producing any waste. Likewise, bottom-up 

lithography techniques also have the advantages of lower fabrication costs than top-down 

techniques and greater efficiency for short and long-distance ordering, as well as 

presenting a more homogeneous chemical composition. On the other hand, bottom-up 

techniques are slow procedures and are normally applied to synthetize short-range order 

nanostructures [64]. Besides, some technological issues need to be addressed, such as the 

quality of the reactants, the control of impurities and site uniformity, the surface 

conditioning, and the requirement of preparation for controlling the deposition of the 

atoms [17]. 

As nanomanufacturing component dimensions reduce, the bottom-up strategy may be 

applied to complement top-down techniques, as the physical limits of conventional 

lithographic methods become an obstacle to patterning at smaller resolution [64]. Several 

bottom-up approaches have been developed for producing nanoparticles, ranging from 

condensation of atomic vapour on surfaces to coalescence of atoms in liquids. The most 

common bottom-up technologies are molecular self-assembly, atomic layer epitaxy 

(ALE), sol–gel method, vapour phase deposition, electrospinning, and DNA-scaffolding 

[75].  

Some lithographic techniques can be considered that follow the bottom-up manufacturing 

approach, such as nanosphere lithography, block co-polymer lithography and dip-pen 

nanolithography. Nanosphere lithography is one popular bottom-up fabrication technique 

where nanosized spheres are assembled to form periodic structures. However, forming a 

uniform monolayer sphere for sub-100 nm sphere size, is still challenging [48]. 
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Table 2.5 - Summary of the different bottom-up manufacturing techniques. 

Method Advantages Disadvantages Resolution  

Molecular self-

assembly 

Versatile technique. 

Carries out many of the most difficult steps in nanofabrication. 

It can be used with biological samples. 

Produce structures that are relatively defect-free. 

Difficult to predict and control accuracy of structures. 
Hundreds of 

nm. [76]  

Atomic layer 

epitaxy 

Can be precisely controlled at the atomic level. 

Uniform deposition of conformal films with controllable 

thickness. 

Slow technique [77].  

Very high energy waste rate [77]. 

Expensive equipment [77]. 

Nano-particle emissions [77]. 

Nanometric 

scale. [77]  

Sol–gel method 

No need for expensive equipment. 

Less energy consumption. 

It can produce materials within a high composition range. 

It can produce structures of different geometries. 

High cost of raw materials in some cases. 

Problem of shrinkage and cracking during the process. 

Difficult to avoid residual porosity. 

Sensitivity to process conditions. 

< 10 nm. [78]  

Vapour phase 

deposition 

High deposition rates. 

Useful for surface coating. 

Not requirement of solvents. 

The process depends on the properties of the precursors. 

Precursors require to be volatile. 

Limitation on the substrates that may be used. 

Tens of nm. 
[79]  

Electrospinning 

Flexible. 

Cost-effective. 

Possibility to control fibre morphology. 

Possibility of scaling the process. 

Requires simple equipment. 

Use toxic solvents. 

Problematic to obtain certain 3D structures. 

Process depends on many variables. 

Only can be applied in polymers. 

Tens of nm. 
[80]  

DNA-

scaffolding 

Allows high-precision assembling of nanoscale components into 

programmable arrangements. 

Lower cost than other techniques. 

Many issues need to be explored, such as novel unit and integration processes, 

compatibility with CMOS fabrication, line edge roughness, throughput, and 

cost [81].   
< 10 nm. [82]   

Nanosphere 

lithography 

Low cost [83]. 

Simple to implement [83]. 

High throughput [83]. 

Requires mask preparation. [83] 
20−1000 nm. 

[83]  

Block co-

polymer 

lithography 

High-throughput. 

Low-cost method. 

Suitable for large scale densely packed nanostructures [17]. 

Dependent on other lithography techniques to generate the template [17]. 

Difficult to make self-assembled nanopatterns with variable periodicity [17]. 

High defect densities [17]. 

5–20 nm. [84]  

Dip-pen 

nanolithography 

Scalable. 

Biocompatible. 

No needs of masks. 

Expensive technique. 

Slow-throughput technique. 

Tens of nm. 

[84]  

3D printing 

Not requires masks. 

Fast manufacturing. 

Compatibility with multiple materials. 

Rapid prototyping. 

Not applicable for all materials. 
Tens of nm. 

[85]  
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New alternatives overcome the limitations of lithographic methods and combine a “top-

down” approach with self-assembly processes (a “bottom-up” approach). Some 

techniques that combine both fabrication approaches are block copolymer lithography 

[64], scanning probe lithography [60] and colloidal lithography [86]. 

2.1.4 Classification of manufacturing techniques for nanostructures according to 

the type of nanostructures that are going to be manufactured. 

• Manufacturing of zero-dimensional nanostructures: nanoparticles [87]. 

The preparation of nanoparticles can be produced by different approaches (homogeneous 

or heterogeneous nucleation) and growth media (gaseous, liquid, or solid medium). 

• One-dimensional nanostructures: nanowires and nanorods [87]. 

Nanowires and nanorods can be synthesized in several ways, which are classified into 

four groups: spontaneous growth, template-based synthesis, electrospinning, and 

lithography. 

• 2D nanostructures: thin films [87]. 

Growth of thin layers in a procedure involving nucleation and growth on a substrate. The 

nucleation influences the crystallinity and microstructure of the finished layers as well as 

the thickness of the final layer. Different techniques may be employed, such as 

evaporation, molecular beam epitaxy, sputtering, chemical vapour deposition (CVD), 

atomic Layer Deposition (ALD), self-assembly, electrochemical deposition and sol-gel 

process. 

• 3D nanostructures 

Different techniques are available for manufacturing nanostructures; these include 

lithographic techniques (photolithography, phase shifting optical lithography, electron-

beam lithography, X-ray lithography and focused ion beam lithography (FIB)), 

nanomanipulation, soft lithography (contact printing, micro moulding in capillaries, 

micro transfer moulding and replica moulding), self-assembly (capillary force induced 

assembly, shear force assisted assembly, electric-field assisted assembly, covalently 

linked assembly, gravitational field assisted assembly and template-assisted assembly), 

LIGA microfabrication and laser direct writing. 



Chapter 2: Literature Review 

21 

Table 2.6 Different classification techniques for creating functionalized nanostructures. 

 

Classification 

criteria 
Classification types Materials Comments 

Growth media 

Vapour phase growth Nanoparticle synthesis Includes laser reaction pyrolysis and atomic layer deposition [57]. 

Liquid phase growth Metal oxide nanoparticles Colloidal techniques and self-assembly of monolayers [57]. 

Solid phase formation Silicon materials Two-photon polymerization and phase segregation [57]. 

Hybrid growth Nanowires Vapour-liquid-solid growth  [57] . 

Shape of 

products 

Nanoparticles Metals and oxides [59]. Flame combustion, colloidal processing, and phase segregation [59]  . 

Nanowires Oxide nanowires [88]. 
Solution liquid- solid growth (SLS), template-based electroplating and spontaneous anisotropic growth 
[59]. 

Thin films 
Graphene, PbS, BN and MoS2 

[59]. 
MBE and ALD [59]. 

Nanostructured bulk 

materials 
Nanosized particles [59]. Self-assembly of nanosized particles [59]. 

Processing 

techniques 

Bottom-up approach  Solid, gas or liquid media [59]. 
Colloidal dispersion and quantum dot formation, chemical deposition, electrospinning, dip-pen 

nanolithography, self-assembly, sol-gel method, 3D printing [87]. 

Top-down approach  Solid, gas or liquid media [59]. 
Lithography, ball milling, vapour treatment or inkjet printing, templating, surface wrinkling, plasma 

etching, phase separation [59] . 

Type of 

nanostructures  

Zero-dimensional 

nanostructures 
Nanoparticles 

Techniques are homogeneous nucleation (synthesis of metallic, semiconductor nanoparticles) and 

heterogeneous nucleation (synthesis inside micelles or using microemulsions, aerosol synthesis, growth 

termination, spray pyrolysis, template-based systems, epitaxial core-shell nanoparticles) [87]. 

1D nanostructures Nanowires and nanorods 

Techniques are spontaneous growth (evaporation-condensation growth, dissolution-condensation 

growth (VLS) and stress-induced recrystallization), template-based synthesis (electrochemical 

deposition and electrophoretic deposition, colloid dispersion, melt and solution filling and conversion 

with chemical reaction), electrospinning and lithography (electron beam, X ray, STM lithography, near 

field) [87]. 

2D nanostructures Thin films 
Evaporation, MBE, sputtering, CVD (APCVD, LPCVD, UHVCVD), ALD, self-assembly, 

electrochemical deposition and sol-gel process [87]. 

3D nanostructures 

Nanowires, nanobelts, nanoballs, 

nanoshells, nanocoils, nanocones, 

nanopillars, nanoflowers. 

Lithographic techniques (photolithography, phase shifting optical, electron beam, X-ray and FIB), 

nanomanipulation and nanolithography (nanomanipulation and nanolithography), soft lithography 

(microcontact printing, moulding, nanoimprint and dip-pen nanolithography), self-assembly (capillary 

force induced assembly, shear force assisted assembly, electric-field assisted assembly, covalently 

linked assembly, gravitational field assisted assembly and template-assisted assembly) and other 

methods (LIGA, laser direct writing and excimer laser micromachining) [87]. 
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2.2 3D Printing Technologies. 

2.2.1 Fundamentals of 3D printing. 

3D printing is an automated process to produce scaled, 3D physical parts directly from 

CAD data. It is fundamentally based on the concept of layer-by-layer manufacturing and 

does not require any part-dependent device, such as milling or drilling tools. Conventional 

manufacturing processes were based on removing material. 3D printing, on the other 

hand, involves additive manufacturing (AM) where objects are produced by iterative 

cycles where the material is introduced layer by layer. The main advantages and 

disadvantages of this technique compared with conventional manufacturing techniques 

are listed in table 2.7 [89]. 

Table 2.7 - Advantages and disadvantages of 3D printing. 

Advantages of additive manufacturing Disadvantages of additive manufacturing 

Capacity of customize products. Slow building speed. 

Flexible technology. Restricted part resolution. 

Low-cost objects. Restricted part size. 

Minimum inventory turnover. High material cost. 

Reduction in the manufacturing time. Restricted part strength. 

Less material wastes.  

 

2.2.2 Factors that affect accuracy in 3D printing. 

Accuracy defines how close a created product is to a tolerance within a specified 

dimensional interval. The different types of inaccuracies in additive manufacturing are 

classified in the following table. 
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Table 2.8 – Source of errors in additive manufacturing. 

Group Source of errors Comments. 

Process related 

inaccuracies. 

Heat removal. 
Needs to be enough to let suitable melt 

solidification [90]. 

Speed of the deposition nozzle. 
May produce variations on the layer 

height. 

Errors in the build plane 

(x-y planes). 

The accuracy in this plane is determined 

by the positioning of the build mechanism 

[21]. 

Errors in the vertical plane  

(z planes). 

This axe is normally more precise than the 

others. 

Material 

related 

inaccuracies. 

Warping. The inaccuracies values are affected by 

the nature of the material to be 

manufactured and by the cooling 

procedure [91]. Shrinking. 

Design related 

inaccuracies. 

Error between the x − y CAD 

design dimension and the 

process beam/nozzle location 

[91]. 

 

Error associated with the file 

conversion between CAD and 

the software applied by the AM 

device [91]. 

 

 

2.2.3 Classification of different 3D printing techniques. 

3D printing techniques can be grouped according to the materials applied, the 

transformation process and the type of machine layout. The seven process categories are 

the following [89]. 

• Vat photopolymerization. 

This technique includes the stereolithographic process. It is based on the 

photopolymerization of photocurable polymers applying a layer-by-layer approach. In 

this technique a light is directed to a film of a resin through a baseplate with withdrawal 

of the cured part from the baseplate to enable the arrival of new uncured resin. This 

procedure is conducted several times in order to achieve the intended manufactured 

object. 
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• Powder bed fusion. 

Powder bed fusion techniques use an energy source, most commonly a scanning laser or 

electron beam, in order to manufacture objects in a powder bed. In this technique, the 

parts are fabricated via melting or sintering powder through a layer-by-layer approach, 

and the work must be performed at high temperatures. The most common type of powder 

bed fusion printers are selective laser sintering printers [92]. 

• Material extrusion (FDM). 

This technique fuses a solid thermoplastic situated in a container and extrudes it in order 

to dispense thin filaments and fabricate the desired part through a layer-by-layer strategy. 

The design of FDM devices is analogous to traditional polymer extrusion processes, 

except that the extruder is vertically assembled on a plotting system instead than staying 

in a fixed horizontal position. The nozzle influences the dimensions and shape of the 

filament and therefore the accuracy of the process [93]. 

• Material jetting. 

This technique includes ink-jet printing processes. It consists of depositing droplets of ink 

on a printing tray, layer by layer. During the process, droplets are dispensed when a 

voltage waveform is applied, and waveforms at high-pressure pulses lead to the deflection 

of a meniscus and the generation of a droplet. Material jetting can also apply metal, 

ceramics and even wax, dividing material jetting into three subgroups: PolyJet; 

NanoParticle Jetting (NPJ) and Drop on Demand (DOD). [90] 

• Binder jetting. 

This technique applies layers of powdered material in order to manufacture a part. During 

the process, the nozzle dispenses the binder through the first layer of the part and binds 

the powder together. The layer is then liquified and the platform moves down, and a new 

layer of material is dispensed across the part. This procedure is performed in several 

iterations in order to obtain the desired manufactured object [90]. 

• Sheet lamination. 

This technique manufactures parts by trimming sheets of material using a laser cutter and 

gluing them in a layer-by-layer approach. The most common example of this technique 

is laminated object manufacturing (LOM) [94]. 
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• Directed energy deposition. 

Processes that simultaneously deposit a material (usually powder or wire) and provide the 

energy to process that material through a single deposition device [95]. 

2.2.4 Micro and nanotechnologies in 3D printing. 

3D printing can be applied along with other manufacturing techniques to produce faster 

nano-structured features for a number of applications. 3D printing and nanotechnology 

have several advantages and unique properties that make them extremely attractive. In 

particular, over recent years nanotechnology has opened up a variety of possibilities for 

scaling down the dimensions of materials and devices, while 3D printing has allowed the 

production of objects with shapes impossible to achieve by conventional manufacturing 

techniques. The eventual combination of both fields could provide unique results that are 

undoubtedly of great interest at an industrial and scientific level [96]. For instance, the 

combination of 3D printing and nanotechnological techniques has allowed the 

optimization of certain properties in manufactured products, such as conductivity, 

chemical sensitivity, mechanical strength, and electrical capacities [96]. 

Combining polymers with other nanomaterials in 3D printing technique has been 

extensively researched [96]. For instance, different kinds of nanofillers have been 

successfully incorporated into hydrogels and polymer matrixes. Due to their excellent 

conductivity, metallic nanofillers (nanoparticles and silver nanowires) [97], as well as 

nanofillers such as carbon nanotubes, carbon nanofibers [98] and graphene are used as 

conductive elements in polymers with insulating properties [99]. 
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Table 2.9– Advantages and disadvantages of the different manufacturing techniques 

Group of 

techniques 
Technique Advantages Disadvantages Materials 

Conventional 3DP 

techniques 

Binding- based inkjet 

printing 
Very fast technique [100]. 

Low accuracy [100]. 

Expensive method [100]. 
Polymers, metals and ceramics [101]. 

Micro-stereolithography 

techniques (MSL) 

Fast. 

Economical technique [102]. 

Low resolution [102]. 

Requires to employ transparent and low 

viscosity materials [102]. 

Unable to manufacture high aspect ratio 

and complex 3D microstructures [102]. 

UV curable resin (epoxy derived 

resins and acrylate derived resins) 

[102]. 

Dynamic-optical-

projection 

stereolithography (DOPsL) 

Very high manufacturing rates [103]. 
Low resolution [103]. 

High costs [103]. 

UV curable resin (epoxy derived 

resins and acrylate derived resins) 

[103]. 

3DP by extrusion-

based direct-write 

Direct write assembly 

[104]. 
Apply many different materials [104]. Low printing rates [104]. 

Polymers, waxes, hydrogels, cell 

spheroids ceramics and metals [104]. 

FDM. 
Low cost [102]. 

Good resolution [102]. 

High viscosity of the molten materials 

[102]. 

Material degradation [102]. 

Thermoplastics polymers, metals and 

ceramic [102]. 

Liquid deposition 

modelling (LDM). 

Not heating requirements [105]. 

Reduced viscosity of the materials [105]. 

Easiness to perform [105]. 

Few choices of polymers available [105]. Some kind of polymers [106]. 

Conformal 3D printing. 
Low cost [101]. 

Good resolution [101]. 

Low choices of shapes can be 

manufactured [101] . 

Ceramics, polymers and metals   

[101] 

UV-assisted 3D printing. 
Useful for manufacturing nanocomposite 

materials with freeform [107]. 

The processing conditions are limited 

[107]. 

Resins derived from acrylate or 

epoxy. Possibility of combination 

with nanoparticles [107]. 

3D printing using 

nanomaterial 

solutions 

3D printing using 

nanomaterial solutions 

High resolution [108]. 

Low cost [108]. 

Simple process control [108]. 

Instability during the ejecting and 

stacking process [109]. 

Ink materials containing silver, 

copper, and cobalt nanoparticles 

[110]. 

Piezoelectric 

heads 

Binder jetting technology. 
Low cost [111]. 

Fast performance [111]. 

Few choices of materials [111]. 

Low accuracy [111]. 

Low colour quality [111]. 

Rough surface finish [111]. 

Few kinds of inks [111]. 

Material jetting. 
Low cost [112].  

Fast performance [112]. 

Low accuracy [112]. 

Low colour quality [112]. 
Few kinds of inks [112]. 
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2.3 Fundamentals of Fused Deposition Modelling (FDM). 

2.3.1 Fundamentals of FDM. 

FDM creates parts following a layer-by-layer approach. The first stage of FDM consists 

of the design of the desired part applying a CAD software. After that, the design of the 

model must be sliced into many layers using a specific program. The next step is to select 

the manufacturing conditions of the fabrication process. The next stage consists of 

introducing in the printer a thermoplastic filament to provide the raw material to extrude 

the object. This polymer is heated to a concrete temperature near to its melting point. The 

following stage consists of the extrusion of the melted thermoplastic along the nozzle in 

thin rods. The nozzle is assembled to a motor which enables to move it in a horizontal 

plane parallel to the bed platform. Once the thermoplastic has been dispensed, starts to 

cool down and begins to solidify creating the desired part. The filament roads are situated 

in a parallel configuration with a programmed gap to create the different layers. Once a 

layer is created, the platform of the printer moves down in the vertical direction with the 

aim of manufacturing the following one. The movement of the extruder head and the bed 

platform are both monitored by a software. This process is conducted in several stages 

until the part is manufactured. During this process, scaffolds support the fragile 

overhangs. Once the fabrication process is finished, the scaffolds are removed from the 

created part. The last step consists of post processing of the object with the aim of 

achieving the desired final properties [113]. 

2.3.2 PLA properties. 

Thermoplastic polymers are normally used as the extrusion materials in FDM. This kind 

of polymer presents the ideal properties for producing prototypes, due to their heat, 

chemical and mechanical resistance. The most used thermoplastics polymers for FDM 

are polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS).  

PLA is a covalent compound that adopts a semi-crystalline structure and is a brittle yet 

strong material. These properties are provided by the covalent bindings between the atoms 

of the polymer. Due to the covalent bonds between atoms, PLA would behave as a 

hydrophobic material. In this work, PLA has been applied for the different experiments. 

Figure 2.1 shows the structure of both the enantiomeric monomers that make up the PLA 

material. 
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Figure 2.1 – Chemical structure of PLA [114]. 

In table 2.10 are listed the most common chemical properties of the polymer PLA. 

Table 2.10 - Chemical properties of PLA [114]. 

Chemical formula C3H6O3 

Chemical name 2-hydroxy-propanoic acid 

Density (g/ml) 1.21 – 1.43 

Glass transition temperature (°C) 60 – 65 

Melting point (°C) 150 - 160 

Contact angle in water (°) 96 

Temperature may significantly affect the physical and mechanical PLA properties when 

it is above the glass temperature (Tg). Glass transition temperature can greatly alter the 

capacity to move of the polymer chain for amorphous PLA. Below Tg, PLA behaves as a 

glass with the capability to creep. Above Tg, amorphous PLAs changes from a glassy to 

rubbery state and will behave as a viscous fluid upon further heating. Controlling the 

stereochemical configuration also allows great control over the mechanical properties, the 

crystallinity of the PLA and the processing temperatures [114]. 

The physical and mechanical properties of PLA depend on their proportion of 

stereoisomers, molecular weight, thermal history of the polymer and degree of 

crystallinity [114]. These factors all affect the rheology of PLA and therefore the flow 

capacity of the melted thermoplastic. This flow capacity will have an impact on the strand 

diameter of the extruded filament and thus the dimensional accuracy of the manufacturing 

technique. 
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2.3.3 Factors affecting manufacturing accuracy in FDM. 

3D printing accuracy and final quality are affected by different processing parameters. 

The most important factors that determine the accuracy in FDM are listed below [91]. 

Table 2.11 - Factors that determine the accuracy in FDM. 

Factors Comments 

Nozzle diameter. 
Conditionate the layer thickness and therefore the 

manufacturing accuracy [91]. 

Extrusion temperature. 
Lower extrusion temperature improves dimensional 

accuracy. 

Layer height. Lower layer heights improve dimensional accuracy. 

Nozzle material. 
Nozzle that creates less friction with the extrudate 

filament improves the dimensional accuracy. 

Infill 
Lower infill means less contact between layers and less 

bonding improving the dimensional accuracy. 

Geometrical shape of the nozzle. 

The die angle of the nozzle affects the pressure drop 

inside the nozzle and therefore the quality of the extruded 

part [115]. 

Minimum distance the nozzle 

can displace in the Z axis. 

The accuracy is proportional to the minimum movement 

the nozzle can displace in the vertical axis (z) [91]. 

Ratio between the flow rate and 

the printing speed. 
It is advisable low flow rates for achieve high accuracy. 

Nature of extrudate material. 
The polymer flexural modulus and viscosity affects the 

surface finish of the part. 

Positioning accuracy [91]. 
It is advisable high positioning accuracy for achieve high 

accuracy. 

Road width [91] Lower road widths would mean higher accuracy. 

Deposition speed [91] Lower deposition speed is beneficial for high accuracy. 

Volumetric flow rate [91] 
It is advisable to minimize the flow rate for having more 

accuracy 

Envelope temperature  
The envelope temperature should remain constant in order 

to avoid irregularities on the extrudate part. 

Part geometry. Easier part geometries would achieve better resolution. 

2.3.4 Advantages and disadvantages of FDM. 

The main advantages and disadvantages of the FDM technique are listed in table 2.12. 
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Table 2.12 - Advantages and disadvantages in FDM [116]. 

Advantages Disadvantages 

Fast manufacturing method. 
The accuracy is constrained depending to the 

shape of the material applied. 

Low material waste. 
Only applicable materials with low melting 

points. 

Technology applicable in everywhere. Necessity of apply support structures. 

Highly-reliable process. Require low 

initial investment. 

Anisotropy in material properties. Products 

exhibit less strength in z direction. 

Enables to apply semi-finished objects to 

create parts. 

Potential stressed can be created by fast cooling 

which can lead to shrinkages and distortions. 

Apply different materials and colours.  

Easy post processing process (little 

necessity of clean up, easy support 

removal). 

 

Easy maintenance.  

2.3.5 Application fields for FDM. 

FDM technique is used in the following applications. 

• The fabrication of prototypes for analysis, design, and inspection. Applying this 

technique results in reduced costs and shorter development timelines.  

• The manufacture of concept models used in early stages of product development. 

• Fabrication of end-use parts. FDM manufacture produces end-use parts tough 

enough for assembly into the final product, avoiding the lead time and expense of 

traditional machining. This can be used in the designing of vehicles [117], 

aeronautics [118] and direct digital manufacturing of hand-tools for automobile 

assembly and inspection. 

• Fabrication of manufacturing tools. For instance, patterns for investment casting, 

vacuum forming, sand casting and moulding [118]. 

2.4 Printing Parameters of Fused Deposition Modelling (FDM). 

Nowadays, 3D printing processes deliver excellent parts quality, low cost, and fast rates 

of manufacture. The selection of FDM process conditions plays a significant role in 

improving dimensional accuracy, material behaviour, mechanical properties, build time 
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and surface roughness. The selection of the processing parameters in FDM must be 

determined for each application. FDM is a complex process where many manufacturing 

parameters with conflicting biases are involved in influencing the parts quality and 

dimensional accuracy.  

Table 2.13- Summary of the different FDM printing parameters. 

 Parameter Definition 

Slicing 

parameters 

Infill 
The amount of material that occupies the internal 

part of the piece. 

Nozzle diameter Diameter of the extruding orifice. 

Layer height 

Defines the thickness of layer deposited by the 

nozzle. This parameter is affected by the tip size 

and material. 

Raster width 

Width of the material bead used for raster. Their 

value depends on nozzle tip size. The stronger the 

interior is required the higher the value of this 

parameter should be.  

Raster angle 

Defines the angle of the raster pattern with respect 

to the X axis. This angle is measured on the 

bottom part layer. Values are ranged between 0° 

to 90°.  

Air gap 
Distance between adjacent raster tool paths on the 

same layer. 

Contour width 
Specify the width of the contour tool path that 

surrounds the object curves. 

Number of 

contours to build 

around parts 

Defines the number of sections that build around 

all the outer and inner part curves.  

Nozzle travel 

speed 

Speed at which the nozzle print head moves when 

it is not extruding 

Printing speed 
Rate at which the molten polymer is extruded and 

deposited. 

Temperature 

conditions 

Extrusion 

temperature 

Temperature of the nozzle when the filament is 

being extruded. 

Platform 

temperature 

Temperature of the platform where the extruded 

filaments are deposited after the extrusion. 

Build orientation  
Indicates how the object is oriented inside the 

build platform with respect to X, Y, Z axes. 

 

The printing parameters of the FDM process can be classified as follow [119] : 

• Slicing parameters: nozzle diameter, layer height, road width, raster width, 

raster angle, number of contours, air gaps, flow rate and printing speed. 
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• Temperature conditions: extrusion temperature and platform temperature. 

• Building orientation: Parts can be printed horizontally, laterally, or vertically. 

A visual explanation of the different processing parameters is shown in figure 2.2 [120]. 

 

Figure 2.2 - Visual explanation of the different processing parameters in FDM [120]. 

 

Other factors affecting the printing accuracy include the nature of the extruded 

thermoplastic (degree of crystallinity, crystalline group and by the number and size of 

spherulites) [121] as well as the cooling rate of the deposited filaments [122]. All these 

processing parameters influence the flow capacity, and therefore have an impact on the 

dimensional accuracy and the mechanical properties of the manufactured parts. In order 

to study how the different processing parameters, affect the dimensional accuracy and 

mechanical properties of the part, many researchers have suggested using appropriate 

statistical designs and optimization techniques [123]. 

The infill is the one manufacturing factor that most affects the surface quality and 

dimensional accuracy of the printed parts. A higher value of infill means an increase in 

the contact area between layers. The larger the contact area between layers, the higher the 

deformation of the filaments, thereby reducing dimensional accuracy [119]. According to 

the existing research, layer height also has a great impact on the dimensional accuracy of 

the manufactured parts. Lower values of layer height would result in better dimensional 

accuracy [124]. 

The nozzle diameter used during the extrusion process also affects the dimensional 

accuracy of the manufactured parts. Using nozzles with lower diameters leads to better 

dimensional accuracy on the extrudate parts [125]. Previous research also indicates that 

the extrusion temperature, printing speed and the number of contours to be built around 
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the parts can all influence the dimensional accuracy of the manufactured part [125]. 

Manufacturing at lower extrusion temperatures supposes less viscous extrudate parts. 

Extrudate filaments with lower flow capacity would have less expansion and therefore 

the final printing accuracy would be higher. Research also showed that the lower the 

printing speed the higher the dimensional accuracy. Previous studies also conclude that 

the lower the number of contours built around the parts the higher the dimensional 

accuracy [120]. 

There are other parameters that can also have an influence on the dimensional accuracy 

of the manufactured parts. The nozzle travelling speed can affect the quality of the printed 

parts. It is recommended that lower values of nozzle travelling speed are used for high 

dimensional accuracy [126]. The temperature of the bed platform can also affect 

dimensional accuracy due to its impact on the bonding and stacking performance of the 

filaments. The lower the temperature of the bed platform, the higher the dimensional 

accuracy of the manufactured parts [127]. 

Build orientation also plays a significant role in dimensional accuracy. This is due to 

dimensional changes that occur in FDM printed parts during the solidification of the 

extruded filaments. Previous studies reveal that there is a reduction in dimensions 

(shrinkage) in the X and Y-directions of the build platform and an increase in dimension 

(expansion) in the Z-direction [128]. From previous research studies, it can also be 

observed that for any combination of FDM process parameters, the dimensional accuracy 

of the top printed surface is higher than in the side surfaces. Therefore, it is recommended 

that build orientation is selected in such a way that the smallest dimension of a part to be 

printed is along the Z direction of the build platform, this would result in lower overall 

surface roughness [129].  

In regard to the mechanical strength of the parts, the following FDM process parameters 

are considered the most important: air gap (it is recommended that it is set at a negative 

value), layer height (smaller layer thickness increases the strength), raster angle, building 

orientation, and infill percentage. Interactions of these parameters play a particularly 

important role from a mechanical property perspective [120]. 

The optimization of single part parameters is rarely a practical solution for common 

applications, as one functional part generally needs to also fulfil the requirements of 

others. For this kind of functional part to obtain an optimum combination of parameters 

for multiple part characteristics, multi-objective optimization can be a useful approach. 
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More research work is still needed on optimizing the different manufacturing parameters 

for the FDM process [120]. 

2.5 Fundamentals of Extrusion. 

Extrusion is a manufacturing process used to fabricate parts with a constant cross-section 

such as profiles, bricks, pipes, etc. In this technique a raw material is pushed through the 

die, while its shape changes in a plastic deformation process to adopt the die’s shape. This 

manufacturing technique offers certain advantages, such as an excellent surface finish, as 

well as the capacity for producing very complex cross-sections and the ability to process 

brittle materials. The extrusion process has many applications in a diversity of fields 

ranging from plastics, ceramics, and metal processing to the food industry [130]. 

2.5.1 Classification of different extrusion methods. 

The different types of extrusion can be classified according to the direction of flow of the 

billet and the working temperature of the process. Table 2.11 presents a summary of the 

various extrusion methods [130]. 
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Table 2.14 - Summary of the different extrusion methods. 

Classification criteria Extrusion 

methods 
Fundamentals Advantages Disadvantages 

Direction of flow of 

the billet. 

Direct extrusion 
The screw pushes the workpiece 

through the die. 

Less affected by the impurities and 

defects on the billet's surface [131]. 

Needs applying a greater force to 

extrude the billet than indirect 

extrusion [130]. 

Indirect extrusion 

The die at the front end of the 

hollow stem moves relative to 

the container. 

Less tendency for extrusions to crack 

[130]. 

Less wear and a reduction of friction 

(25 % to 30 %) [130]. 

Affected by the impurities and defects 

on the billet's surface [130]. 

Temperature of the 

process. 

Cold extrusion. 

The working temperature is 

below the crystallization 

temperature. 

No oxidation at metal surface [131]. 

High mechanical properties [131]. 

High surface finish [131]. 

The product is obtained with strain 

hardening and high forces are needed. 

[131] 

Hot extrusion. 

The working temperature is 

above the recrystallization 

temperature [131]. 

Easy to manufacture in hot form [131]. 

Low force needed to compare to cold 

working [131]. 

The product is free from stain 

hardening [131]. 

Increase die wear [131]. 

Low surface finish [131]. 

High maintenance required [131]. 
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2.5.2 Defects of the extrusion process. 

An overview of the main defects that affects the extrusion process are summarized in 

table 2.15 [132]. 

Table 2.15 – List of the main defects that affects the extrusion process. 

Defects of the 

extrusion process 
Description 

Deformations at the 

exit of the die. 

Caused by a non-homogeneous extrusion rate between the different 

zones of the extrudate melt [132]. 

 

Caused by improper viscoelasticity of the extrudate material. The 

rheological behaviour of the melt depends on the nature of the 

material as well as the processing conditions [132]. 

Fractures. Caused by low plasticity of the material or the presence of impurities. 

Presence of internal 

fractures. 
Caused by the lack of plasticity of the extrudate material. 

Excessively rapid 

drying of the 

extruded material. 

The drying process needs to be slow enough for not to cause crack 

formation due to non-homogeneous shrinkage. 

2.6 Fundamentals of Rheology. 

Rheology researches the flow behaviour of complex fluids subjected to external forces. 

Rheological flow models consider a macroscopic flow length scale and use different 

variables such as density, pressure, velocity, and stresses. Various models have been 

implemented in order to study how the deformation of the fluid is affected by the applied 

stress. The rheological behaviour of ideal fluids (no colloidal particles, short chain 

molecules, etc.) can be described by the Newton’s model. This model considers that the 

shear rate (𝛾) of the fluid is proportional to the applied shear stress (Ꞇ) [133],  

                                                                µ = Ꞇ / 𝛾                                                     (2.1) 

The shear rate can be described as the rate of change in velocity at which one layer of 

fluid passes over an adjacent layer speed. The shear rate of a fluid in a pipe can be defined 

by [134], 

                                                γ =  (
3e+1

4e
) · (

4Q

πR𝑁
3)                                   (2.2) 
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where Q is the flow rate, RN is the radius of the nozzle and e is the Bagley correction 

factor (0.4 for most of thermoplastics [135]) that takes into consideration the pressure 

drop of a fluid in the die [133], 

                                            𝑄 =  𝑣 · 𝐴𝑁 = v · π · 𝑅𝑁
2                                                   (2.3) 

Substituting equation (2.3) into equation (2.2) the shear rate can be expressed as, 

                                                      γ =  (
3e+1

e
) · (

v

R𝑁
)                                               (2. 4) 

Most fluids do not follow this rheological behaviour (non-Newtonian fluids) and several 

models have been implemented in order to explain the relationship between the 

deformation rate and the applied stress. The rheological behaviour of these fluids is 

influenced by the kinematic history of the fluid as well as the flow conditions  

(γ, geometry, etc.), and may be classified into three groups: 

• Inelastic fluids (time-independent fluids). 

• Time dependent fluids. 

• Viscoelastic or elastic – viscous fluids. 

2.6.1 Inelastic fluids (time-independent fluids). 

Inelastic fluids have no memory of their past kinematic history and the value of Ꞇ within 

the fluid is dependent only by 𝛾. Depending on the relationship between both variables 

the inelastic fluids can be classified in three groups, shear-thinning (pseudoplastic) 

behaviour, viscous-plastic (without shear-thinning) behaviour, and shear-thickening 

(dilatant) behaviour. 

• Shear-thinning (pseudoplastic) behaviour. 

Shear-thinning fluids exhibit a reduction of viscosity (µ) with an increment of the shear 

rate (γ). At low values of γ, for polymeric melts, µ tends to a Newtonian plateau (µ0). 

Likewise, at high values of γ, pseudoplastic fluids finds easier to flow and therefore µ is 

reduced, until the viscosity achieves a constant value (µ∞). Below are summarized 

different models developed to study this behaviour: 
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• Power Law (Ostwald de Waele) equation. 

Power law model is the simplest and most frequently applied model to describe the shear-

thinning behaviour and defines the relationship between 𝛾 and µ with by the expression 

[136], 

                                                            µ = 𝐾 ·  (𝛾)𝑛−1                                                (2.5) 

where n and K are the power law index (n) and the consistency index (K) respectively 

that depends on the temperature, concentration, and molecular weight of the polymer. 

Most polymer melts exhibit a value of n in the range of 0.3 < n < 0.7 [137]. The smaller 

the value of n, the more accentuated the shear-thinning effect of the fluid, and therefore 

a larger deviation from the Newtonian behaviour. The power law model has its limitations 

and cannot be used for describing the rheology at low values of shear rate, because µ 

tends to infinite when 𝛾 approaches to zero, while polymeric flows exhibit a Newtonian 

plateau at very low 𝛾. 

• Cross-viscosity model. 

The Cross-viscosity model tries to correct the limitations of the power-law model at low 

values of 𝛾. This model is described by the expression [137], 

                                                      
𝜇− 𝜇∞

𝜇0− 𝜇∞
=  

1

1+𝐾𝐶· (𝛾)𝑚
                                             (2.6) 

where KC and mC are two constants that depends on the nature of the material and the 

thermal conditions. The Cross-viscosity model predicts a shear-thinning behaviour when 

n ˂  1. Furthermore, the Newtonian limit is recovered when K → 0. This rheological model 

correctly predicts µ = µ0 when 𝛾 → 0 and µ = µ∞ when 𝛾 → ∞. 

• Carreau -Yasuda model. 

This model is based on the Cross-viscosity model but include two new parameters such 

as the relaxation time of the fluid (λ) and a constant (acy) with the intention of providing 

more flexibility to the model for fitting the rheological data [134], 

                                                 µ =  µ0 ·  [1 + (𝜆 ·  Ꞇ)𝑎𝑐𝑦]
(𝑛−1)

𝑎𝑐𝑦                                     (2.7) 

 



Chapter 2: Literature review 

39 

• Viscous-plastic (without shear-thinning) behaviour. 

Viscous plastic fluids behave as an elastic solid behaviour when the value of Ꞇ is below 

the threshold stress (Ꞇ 0). Once the value of Ꞇ is above Ꞇ 0, the material is capable to flow 

exhibiting a Newtonian or shear-thinning behaviour. Several models have been developed 

for studying the viscous-plastic behaviour. 

• Bingham plastic fluid. 

A Bingham fluid is a viscoplastic material that behaves as a rigid body at low stresses but 

flows as a viscous fluid at high stresses. Bingham plastic fluids exhibit a constant value 

of viscosity (µB) when Ꞇ ˃ Ꞇ0. In 1D, this rheological model can be described by [134], 

                                             Ꞇ =  Ꞇ0  +  µ𝐵  · 𝛾                                 │ Ꞇ │ ˃ │ Ꞇ0│          (2.8) 

                                                      𝛾 =  0                                              │ Ꞇ │ ˂ │ Ꞇ0│           (2.9) 

• Herschel–Bulkley fluid model. 

Herschel – Bulkley fluids are known as yield-pseudoplastic fluids and are characterized 

by three parameters such as the consistency index (KHB), the flow index (nHB) , and the 

yield stress (Ꞇ0). This model predicts thinning behaviour when Ꞇ ˃ Ꞇ 0. This model can 

be presented by [134], 

                                             Ꞇ =  Ꞇ0  +  𝐾𝐻𝐵  · (𝛾)𝑛𝐻𝐵                       │ Ꞇ │ ˃ │ Ꞇ0│        (2.10) 

                                                      𝛾 =  0                                                  │ Ꞇ │ ˂ │ Ꞇ0│        (2.11) 

• Casson model. 

This model is described by [134], 

                                           √|Ꞇ|  =  √|Ꞇ0 | +  √𝜇 ∙ |𝛾|                     │ Ꞇ │ ˃ │ Ꞇ0│         (2.12) 

                                                      𝛾 =  0                                               │ Ꞇ │ ˂ │ Ꞇ0│          (2.13) 
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• Shear-thickening (dilatant) behaviour. 

This rheological behaviour is characteristic of concentrated suspensions. Shear-

thickening fluids does not show a threshold stress (Ꞇ0). At low values of 𝛾, the fluid 

lubricates the movement of each particle, thus the solid–solid friction is minimized and 

the values of Ꞇ are smaller than expected [134]. At high values of 𝛾, the substance 

experiment expansion slightly so that the available liquid is not enough capable to fill the 

increased void space and to prevent friction. This enables the development of higher Ꞇ 

than that seen in a pre-dilated sample at low 𝛾. This effect causes µ to increase rapidly 

with the rise of 𝛾 [134]. 

 

Figure 2.3 –Different rheological models for inelastic fluids. a) Relation between shear 

stress and shear rate. b) Relation between viscosity and shear rate [137]. 

2.6.2 Time dependent fluids. 

The rheological behaviour of time-dependent fluids is influenced by their former 

kinematic history as well as the duration and intensity of the shearing forces. Rheological 

models for time-dependent fluids assumes that the viscosity of the fluids depends on the 

degree of the entanglement of the structures. Thus, the viscosity will decrease when the 

entanglements are more broken down.  

• A thixotropic fluid exhibits a reduction of viscosity with time when shearing forces 

are applied on the fluid. When the shear forces increase, the time required to reach 

equilibrium is greatly reduced. The thixotropy model describes the relationship 

between shear stress and shear rate by [137], 

                                  Ꞇ =  (Ꞇ0 + Ꞇ01) +  (𝑚0 +  ƹ · 𝑚1) · 𝛾𝑛                                 (2.14) 
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where Ꞇ0 and m0 are the so-called permanent values of the yield stress and 

consistency coefficient, respectively. Ꞇ01 and m1 are the time dependent 

contributions. ƹ is a parameter that describes the state of the structure in a system and 

ranges from ƹ = 0 (completely broken-down structures) to ƹ = 1 (complete build-up 

of structure).  

• Rheopectic fluids exhibit negative thixotropy, increasing viscosity with time when 

shearing forces are applied on the fluid [137]. The hysteresis loop of these fluids is 

inverted to thixotropic substances as show in figure 2.4. 

 

Figure 2.4 - Representation of shear stress – shear rate behaviour for thixotropic and 

rheopectic materials [137]. 

2.6.3 Viscoelastic or elastic - viscous fluids. 

Viscoelastic substances have intermediate properties between elastic and viscous 

materials, and exhibit time-dependent strain. The most common viscoelastic models are 

the following: 

• The Maxwell model.  

This model has two elastic elements and describes the gradual relaxation of a material 

when is subjected to a constant strain (Ɛ). This rheological model predicts that shear stress 

is exponentially with time and applies the concepts of Young modulus (E) stress rate (Ṫ) 

and strain rate (έ). It can be defined by [138], 

                                                   Ꞇ +  
µ

𝐸
·Ṫ = µ·έ                                                      (2.15) 
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This model has the disadvantage of not being able to predict creep accurately.  

• The Kelvin–Voigt model. 

The Kelvin–Voigt model describes a solid under reversible viscoelastic deformation. 

During the application of constant tensile forces, the material deforms at a decreasing 

rate, approaching steady-state strain asymptotically. When the tension ceases, the 

material gradually relaxes to its original state. 

The constitutive relation is expressed as a linear first-order differential equation [138],  

                                                     Ꞇ = E· Ɛ + µ· έ                                                   (2.16) 

This model can describe appropriately creep in materials but does not predict accurately 

the relaxation time of materials [138]. 

Table 2.16 - Summary of the different rheological models for non-ideal fluids. 

Types of fluids Rheological behaviour Models 

Inelastic fluids. 

Shear-thinning (pseudoplastic). 

Power Law. 

Cross-viscosity model. 

Carreau - Yasuda. 

Viscous – plastic. 

Bingham plastic fluid. 

Herschel – Bulkley fluid. 

Casson model. 

Shear-thickening (dilatant).  

Time dependent fluids. 
Thixotropic.  

Rheopectic.  

Viscoelastic or elastic - 

viscous fluids. 

Maxwell model.  

Kelvin–Voigt.  

 

2.7 PLA Rheology in FDM. 

The filaments once extruded through the nozzle in the FDM process undergo three 

different steps in terms of their phase and rheological conditions. 
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• Liquid state. 

PLA is extruded through the nozzle in a liquid state above its melting temperature (Tm) 

and the polymer is spread over the base platform of the 3D printer. 

• High elastic. 

Once the filament rods are spread over the platform, the filament begins to experience a large 

decrease in temperature as well as increase in viscosity. The filament has a high elastic 

behaviour when its temperature is between the melting point and the glass transition 

temperature (Tg). During this step, the polymer is in a semi solid state and the volume, 

molecular structural entanglement, and enthalpy of the polymer experiences changes. 

The shear rate γ of the extrudate material during this state can be defined by equation (2.4). 

PLA behaves like a non-Newtonian fluid and exhibits "shear thinning" rheological 

behaviour. The rheological behaviour of PLA in FDM is difficult to model because many 

physical and chemical effects must be considered, such as phase change, crystallization, 

and chemical reactions [139]. Researchers have attempted to predict the rheological 

behaviour of PLA in FDM by applying the Williams-Landel-Ferry (WLF) model. This 

model can be applied for different types of fluids and consists of an empirical equation 

associated with the time-temperature superposition [139],  

                                                         µ =  (
𝜇0

1+ (
𝜇0·𝛾

𝜏∗
)

(1−𝑛))                                           (2.17) 

where µ0 is the zero-shear rate viscosity, γ is the shear rate, Ꞇ* is the critical stress at the 

transition to shear thinning, and n is a data-fitted parameter. 

For PLA extrusion these parameters have the values of Ꞇ* = 1.00861·105 Pa and n = 0.25 

[139]. The value of µ0 can be calculated by [139], 

                                                            µ0 =  𝜇∗ ·  𝛼                                                              (2.18) 

where µ* = 3.317·109 Pa·s and α is a temperature dependent adimensional factor defined 

by [140], 

                                                       𝛼 =  𝑒𝑥𝑝
(

− 𝐴1 · (𝑇 − 𝑇∗ )

𝐴2+ (𝑇 − 𝑇∗ )
)
                                           (2.19) 
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where T is the extrusion temperature, T* = 100 ⁰C and A1 and A2 are adimensional fitting 

constants which values are A1 = 20.194 and A2 = 51.6 [141]. The relationship between the 

three variables for PLA can be observed in the following figure [140]. 

 

Figure 2.5 - Numerical simulation of the relationship between viscosity, shear rate and 

temperature [140]. 

• Solid state. 

The polymer becomes solid when the temperature of the polymer falls below the glass 

transition temperature (Tg ≈ 60 °C). 

The rheology of PLA depends on the manufacturing parameters applied in this 

manufacturing technique and will influence the elasticity of the extruded polymer. The 

elasticity of the melted material would have a great impact on the expansion of the 

polymer after extrusion and, therefore, on the dimensional accuracy of the FDM 

technique in FDM. Therefore, a comprehensive understanding between polymer 

rheology, manufacturing parameter, and extrudate expansion is required to optimize the 

dimensional accuracy of this process. 

From equations (2.2 - 2.4) and equations (2.16 -2.19) it can be observed how the different 

FDM manufacturing parameters such as extrusion temperature (equation (2.19), printing 

speed (equation (2.4) and nozzle radius (equation (2.3) influence the viscosity (equation 

(2.17) of the melted PLA. 
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Chapter 3. Thermo-Mechanical Study of the FDM Process 

Melt extrusion additive manufacturing presents the disadvantage of excessive melt 

expansion, which reduces the dimensional accuracy of the FDM technique and limits its 

application for precision manufacturing. In previous stages of this work, it was exposed 

how the different manufacturing parameters of the process FDM influence the rheology 

of the extruded PLA and therefore the accuracy of FDM. The flowability of the melted 

material would affect the expansion of the extrudate and therefore the manufacturing 

precision of FDM. The dimensional accuracy of this technique can be measured by the 

swelling of the melted filaments in the die, which is defined as the increase in the diameter 

of the extrudate when a viscoelastic fluid is forced out of a die.  

This chapter starts by introducing the fundamentals of the die swell effect as well as the 

different existing numerical models available for predicting this expansion. The chapter 

goes on to describe the different phases of PLA during the extrusion process, which would 

affect the topological mechanical properties of this polymer, and thus the accuracy of 

surface patterning structures on the surface on this material. 

Different experimental studies have also been carried out in this chapter. First, it is a 

conducted rheological analysis of PLA under the full working range of extrusion 

temperatures in FDM (170 ⁰C - 240 ⁰C). Secondly, a PLA nanoindentation analysis has 

been performed in order to determine the mechanical properties of the PLA surface. 

Lastly, a new manufacturing technique was introduced in which structures are patterned 

on the surface of PLA by indentation. This study would enable an understanding of the 

deformability of PLA at the different temperatures and thereby assess the manufacturing 

accuracy of patterning structures on the surface of this polymer. This study is especially 

important in terms of determining the feasibility of potentially manufacturing functional 

structures on the surface of PLA. 

3.1 Introduction of the Die Swell Effect. 

3.1.1 Fundamentals of the die swell effect. 

Die swell, or extrudate swell, occurs in instances of polymer extrusion, where a polymer 

stream is compressed by entrance into a die and is followed by a partial recovery where 

the filament experiences an expansion in its shape. The swelling effect can be explained 

as the capacity of the polymer fluid to remember its kinematic history. If the residence 
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time of the melted material in the die is shorter than the time of its memory fading, it will 

try to return to its original shape and produce the die swell effect [142].  

Extrudate swell is a classic method used for studying the extrudate elasticity and thereby 

the polymer expansion after the extrusion process. The swelling effect can be measured 

by the swelling factor (B) which is the ratio between the die-swell diameter (DF) and the 

nozzle diameter (D0) [142], 

                                                                   𝐵 =
𝐷𝐹

𝐷0
                                                         (3.1) 

Traditional numerical models that describe the melted flow behaviour are based on the 

Navier-Stokes´s equations of motion applied in fluid dynamics. However, conventional 

models have certain limitations, and in most cases, an exact analytical solution cannot be 

obtained. New models have been created to overcome the limitations of traditional 

numerical models [143]. Different theoretical models have been reported to describe the 

non-linear relationship between normal stress (N1) and the swelling factor (B).  

Tanner proposed an elastic fluid model for describe the swelling factor in extrusion [144], 

                                                𝐵 =  [1 +  (
1

2
) · (

𝑁1

2Ꞇ𝑤
)

2

]

1

6

+ 0.13                                   (3.2) 

where Ꞇw is the wall shear stress and 0.13 is an addition factor to account for swelling 

observed in an inelastic Newtonian fluid. The first normal stress (N1) and the wall shear 

stress (Ꞇw) are related by  [144], 

                                                              𝑁1 =  Ꞇw
𝑚𝑡                                                      (3.3) 

The Tanner model presented certain limitations and was later revised in order to extent 

its application for a wider range of fluids with different rheological behaviour. The 

swelling factor was redefined by [145], 

                                                 𝐵 =  [1 +  (
3−𝑚𝑡

1+ 𝑚𝑡
) · (

𝑁1

2Ꞇ𝑤
)

2

]

1

4

                                       (3.4) 

The term mt is a constant that depends on the nature of the fluid. For thermoplastic 

polymers, mt equals to mt = 3.8, whereas for complete elastic materials mt = 2 [145]. 

However, this revision was an improvement of the original model, it could not be used 

for fluids exhibiting high elasticity. 
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Several authors have proposed different theoretical numerical models for describing the 

behaviour of extruded swell at polymer extrusion. Middleman proposed a model where 

the swelling factor for a Newtonian fluid can be related with the Reynolds number [146], 

                                                𝐵 = 0.25 ·  𝑒𝑥𝑝
(−[

𝑅𝑒

20
]

1.39
)

+ 0.87                                       (3.5) 

where Re is the Reynolds number that depends on the fluid density (𝜌), the fluid velocity 

(u), and the diameter of the pipe (D). Re is defined by equation (3.6) [147]. 

                                                             𝑅𝑒 =  
𝜌·𝑢·𝐷

𝜇
                                                         (3.6) 

According to the Middleman model, the die swell is affected by the length of the tube as 

well as the incomplete velocity profile development. Aside from that, other viscous 

effects must be taken into consideration [148]. The Middleman model predicts an increase 

of the extruded melt in 12 % for low values of Reynolds number, due to streamline 

rearrangement after leaving the die. 

Different authors have proposed different models to predict the effect of die swell in 

extrusion for thermoplastic polymers taking into consideration several factors such as the 

shear stress applied on the polymer, working temperature, pressure lost, entrance 

pressure, the nature of the polymer, and the residence time during the extrusion process. 

According to Sirisinha et al., the swelling effect can be described by [149], 

                                   𝐵 = 1 +  
1

3
· (𝑛 + 1) · 𝑘 · 𝑡𝑎𝑛2(𝛼0) ·

∆𝑃𝑒𝑛

Ꞇ𝑤
                                      (3.7) 

where n is the Power law index (equation (2.5)), Ꞇw is the wall shear stress 

(equation(2.1)), α0 is the die angle of the nozzle (α0 = 120⁰ in standard nozzles in FDM), 

ΔPen is the pressure drop in the nozzle (equations (A-10-A-13)), and k is defined by [149], 

                                                        𝑘 =  
𝑒·𝑙𝑛(

𝐷𝑝

𝐷𝑁
)

2·(
𝐷𝑝

𝐷𝑁
)

1
2

                                          (3.8) 

where Dp is the diameter of the liquefier (Dp = 1.75 mm in FDM) and DN is the diameter 

of the nozzle (0.20 < DN < 0.80 in FDM). 

Considering equations (2.1) and (2.5) the shear stress can be defined by [149], 
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                                                                 Ꞇ = 𝐾 · γ𝑛                                                  (3.9) 

where K and n are the values of the power law coefficients for polymers with a non-

Newtonian rheological behaviour such as PLA. 

3.1.2 Semi-empirical models for calculating the swelling factor. 

It has traditionally been difficult to find reliable theoretical models for predicting the die 

swell effect. Numerical simulation is a highly effective method now being applied to 

predict these complex phenomena and thereby explain the die swell effect over different 

rheological conditions.  

According to the fundamentals of computational fluid dynamics, the equations that define 

the behaviour of incompressible, steady, and isothermal flow viscoelastic fluids are [150], 

                                                             ∇𝑢 = 0                                                                  (3.10) 

                                                  𝜌 · (𝑢 · ∇𝑢) =  ∇ · 𝜎                                                        (3.11) 

where u is the velocity vector, ∇ is the Hamilton differential operator, ρ is the material 

density, and σ is the Cauchy stress tensor, which is defined by [150], 

                                                        𝜎 =  −p · I𝐾 +  𝜏                                                      (3.12) 

where p is the hydrostatic pressure, IK is the Kronecker delta, and τ is the extra stress 

tensor. The term τ is the addition of Newtonian solvent contribution (τn) and a viscoelastic 

polymeric contribution (τv), 

                                                       τ =  τ𝑣 +  τ𝑛                                                              (3.13) 

where τn is defined as follows [150], 

                                                   τ𝑛 = 2 · µ𝑛 · 𝐷𝑅𝑇                                                            (3.14) 

DRT is the deformation rate tensor that describes the relationship between the constitutive 

stress tensor (τ) and the rate of the deformation tensor (u) [150], 

                                                  𝐷𝑅𝑇 =  
(∇𝑢+ ∇𝑢𝑇)

2
                                                              (3.15) 

New numerical methods have been introduced to predict the extrudate die swell assuming 

the melted material as a viscoelastic [144], [149], [150] or viscoplastic fluid [151] [152]. 
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Some of the most common numerical models for predicting the swelling factor for 

viscoelastic fluids are the following ones: Oldroyd-B Model, Giesekus model, and Phan-

Thien-Tanner (PTT). 

• The Oldroyd-B model. 

This model describes the linear behaviour of a viscoelastic fluid under small deformation 

rates and is defined by [150], 

                                    𝜏 +  𝜆 · 𝜏∇ = 2 · µ · (𝐷𝑅𝑇 +  𝜆𝑟 · 𝐷𝑅𝑇
∇)                                    (3.16) 

where µ is the viscosity of the fluid, λ is the relaxation time, λr is the retardation time  

(λr < λ) and ∇ indicates the upper- convected time derivative. The relaxation time is the 

time required for the melted flow to return from the deformed state to its original 

equilibrium form. Retardation time is the delayed response to an external applied stress 

and can be described as "delay of the elasticity".  

The Oldroyd-B model defined the swelling factor by [153], 

                                      𝐵 =  0.19 +  [1 + (
1

3
) · (𝑅𝑠)2]

1

4
                                               (3.17) 

where Rs is a parameter that describes the recoverable shear and is defined by [153],  

                                            𝑅𝑆 = (1 −  𝛽𝑅) · 𝑊𝑒 · 𝛾                                                        (3.18) 

where We is the Weissenberg number and 𝛽𝑅 is the retardation parameter which depends 

on the nature of the polymer and is defined by [153], 

                                                                     𝛽𝑅 =  
λ𝑟

λ
                                                        (3.19) 

The We number is a temperature dependent variable and is defined by [151], 

                                                          𝑊𝑒 =  γ · λ𝑑                                                    (3.20) 

where λd is defined by [154], 

                                                          λ𝑑 =  𝜆𝑑
∗ · α                                                      (3.21) 

where 𝜆𝑑
∗ = 0.03 𝑠 for PLA and α is a factor that depends on the temperature [155]. 
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The Oldroyd-B model was a first approach for describing the viscoelastic flow and can 

only be used for dilute polymer solutions at low shear rates. This model can be applied to 

reproduce, at least qualitatively, several viscoelastic phenomena, but cannot be applied to 

describe the fluids that exhibit shear-thinning rheological behaviour (like PLA) because 

it gives an unrealistic representation of the viscosity [153]. 

• The Giesekus model. 

The Giesekus model is used to describe qualitatively the flow behaviour of unbranched 

polymer melts that exhibit a shear – thinning rheological behaviour and is based on the 

concept of a deformation-dependent tensorial mobility of dissolved molecules where the 

stress tensor τ is defined by [156],  

                                      𝜆 · 𝜏𝑣
∇  +  𝜏𝑣  +  

𝜆·𝛼

µ𝑣
·  𝜏𝑣

2 = 2 · µ𝑣 · 𝐷𝑅𝑇                                    (3.22) 

where µv is the viscoelastic-contribution viscosity, and α (0 ≤ α ≤ 0.5) is a factor that 

intends to describe the molecular mobility due to intermolecular polymer-polymer 

interactions. When the factor α = 0, the Giesekus model reduces to the Oldroyd-B 

rheological model, [156] whereas when α = 0.5 it is described the movement of long 

polymer chains. The term 𝜏𝑣 is defined as follows by [156], 

                                      𝜏𝑣
∇  =  

𝜕𝜏𝑣

𝜕𝑡
+ 𝑢 · ∇𝜏𝑣 −  𝜏𝑣 · ∇𝑢 − ∇𝑢

𝑇 · 𝜏𝑣                                (3.23) 

• Phan-Thien-Tanner model. 

The Phan-Thien-Tanner model (PTT) is used to describe the flow behaviour of 

viscoelastic fluids that exhibiting a shear – thinning rheological behaviour. This model is 

like the Giesekus model but has a different nonlinear term [156], 

                               𝜆 · 𝜏𝑣
∇  +  (1 +  

𝜆Ɛ

µ𝑣
· 𝑡 · 𝑟(𝜏𝑣)) · 𝜏𝑣 =  2 · µ𝑣 · 𝐷𝑅𝑇                            (3.24) 

where the nonlinear term containing 𝑡 · 𝑟(𝜏𝑣) considers the elastic energy of the 

entanglement. The term 𝜏𝑣
∇ is defined by [156], 

              𝜏𝑣
∇ =  

𝜕𝜏𝑣

𝜕𝑡
+  𝑢 · ∇𝜏𝑣 −  (∇𝑢 − 𝜉 · 𝐷𝑅𝑇 ) · 𝜏𝑣 − 𝜏𝑣 · (∇𝑢 − 𝜉 · 𝐷𝑅𝑇 )𝑇           (3.25) 
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The Phan-Thien-Tanner model is characterized by the parameter 𝜉 that takes into 

consideration the second normal stress difference and the parameter Ɛ that denotes the 

destruction speed of the viscosity [156] . 

Oldroyd-B, Giesekus and Phan-Thien-Tanner (PTT) models intends to correlate the 

extrudate die swell of melted materials with the Weissenberg number (We) defined by 

equations (3.20-3.21). The We number is an adimensional number that depends on the 

elastic and viscous forces of the fluid and, indicates the degree of anisotropy generated 

by the deformation which is appropriate to describe flows with simple shear [151].  

In future stages of this work, the experimental results of extrudate die swell in FDM are 

compared with the theoretical results obtained from various numerical models under 

different manufacturing conditions. To determine the theoretical values of the die swell, 

first the values of α (equation (2.19)) and λd (equation (3.21) must be calculated. Second, 

the We number is obtained from equation (3.20). Finally, the theoretical values of the 

swelling of the extrusion die are determined by interpolating the values of the We number 

in the different theoretical models. 

3.2 PLA Phase Changing 

3.2.1 Phase transition in PLA. 

The phase state of PLA affects the mechanical, rheological, optical, and electrical 

properties of the polymer. The main factors governing the phase state of this polymer are 

the following [157]: 

• Degree of crystallinity and crystalline group of the polymer. 

• Number and size of spherulites in the polymer. 

• Stereochemical composition. 

• Cooling rate. 

• Working temperature. 

Polymeric materials can be found in an amorphous and a crystalline state. The degree of 

crystallinity of a material will affect its atomic order and therefore its specific volume. 

Figure 3.1 shows the relationship between the specific volume and temperature for a 

polymeric material.  
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• Crystalline polymers. 

Crystalline polymers exhibit well-defined glass transition temperature (Tg) and melting 

temperature (Tm). In figure 3.1, line C-B indicates the relationship between temperature 

and the specific volume for crystalline polymers. 

• Amorphous polymers. 

Amorphous polymers exhibit low crystallinity and do not display well-defined states as 

crystalline materials. Amorphous polymers soften over a wide range of temperatures as 

the atoms are able to gain enough energy to break the bonding forces and move freely at 

different temperatures. At glass transition temperature (Tg) amorphous polymers start to 

shift from exhibiting a rigid and glassy state towards softer flexible behaviour. As the 

temperature of the material is increased up to melting point (Tm), the material becomes 

softer and an increase in viscosity is observed, making the material rubbery. Figure 3.1 

shows the relationship between an increase of temperature and the specific volume of an 

amorphous polymer follows curve D-A. 

 

Figure 3.1 - Phase transformation transition for polymers [158]. 

3.2.2 PLA structural behaviour. 

PLA can exist in crystalline, amorphous, and semicrystalline morphologies. The 

proportion of these phases depends mainly on the thermal history of the polymer, which 

governs the dominating nucleation mechanism of crystals. Other factors can also 

influence the phase proportions in the polymer such as the chirality of monomers, average 

molecular weight, and the number of lateral chains in the material structure [157]. For 

PLA, the most stable crystallographic form is the orthorhombic α-crystal that adopts two 
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antiparallel aligned 103 helical chain segments packed in an orthorhombic unit cell which 

is produced by crystallization at temperatures above 120 ºC [157]. Formation of α-crystals 

is replaced by formation of pseudohexagonal α´-crystals at temperatures lower than about 

120 ⁰C [157]. Both morphologies can coexist between about 100 ⁰C and 120 ⁰C, and at 

temperatures lower than 100 ⁰C only α´- crystals develop. The α´-crystals adopt the same 

helical structure as in α-crystals; however, they exhibit conformational disorder, and they 

exhibit a slight increase in lattice spacing [157]. 

3.2.3 PLA surface indentation. 

The phase state of PLA is one of the key factors governing the physical and mechanical 

properties of a thermoplastic material. Depending on the type of application, the material 

needs to be manufactured below or above its Tg. For applications requiring hard, strong 

materials, these are heated below the Tg, whereas if soft, flexible materials are required 

(such a rubber fittings) they are heated above their Tg. 

Structures are made on the amorphous polymeric material at the melting temperature (Tm) 

and will stay once it is cooled down rapidly to Tg. In order to manufacture micro- and 

nano patterns on surfaces by indentation, a working temperature is required of between 

Tg and Tm [158]. This thesis has included studies conducted to identify the optimal 

properties for the formation of microstructures and the accuracy of pattern structures on 

PLA surface by indentation. Determining the conditions where the material experiences 

the least deformation is of vital importance in order to optimize the manufacturing 

accuracy of the process. 

3.3 PLA Rheological Study. 

3.3.1 Conditions of the rheological study. 

PLA rheology (Pro white @RS of 1.75mm) was studied under the full range of extrusion 

temperatures in FDM (170 °C to 240 °C). For this purpose, the variation of viscosity (µ) 

with shear rate (γ) was studied at different extrusion temperatures ranging from 170 °C 

to 240 °C with intervals of 10 °C. The rheological study was carried out by a rotational 

rheometer ARES G-2 equipped with parallel-plate geometry. The pellets were moulded 

applying a compression force at 180 ˚C. For that purpose, it was used a press onto discs 

(25 mm diameter, 1 mm thick) and plates of 4 mm thickness. Plates and discs, used for a 

parallel-plates rheometer, were steadily cooled down to room temperature. Before 

conducting the different studies, the PLA samples were vacuum dried at 60 °C for 24 



Chapter 3. Thermo-Mechanical Study of the FDM Process 

54 

hours. Before each analysis, PLA pellets were preheated for 10 minutes to achieve a 

homogeneous temperature on the samples. A dynamic strain sweep was initially 

conducted to find out the linear viscoelastic region of PLA. The strain was selected at 1 

%, and the angular frequency was scanned from 0.01 to 500 rad/s. Steady-state shear tests 

at different temperature were also caried out to find out the relationship between viscosity 

(μ) and shear rate (γ). The influence of shear rate on viscosity was studied, as well as the 

effect of shear rate on shear stress (Ꞇ). Rheological measurements were conducted in 

triplicate for each temperature, and the obtained results were an average of these 

measurements. 

3.3.2 Results of the rheological tests. 

The results of the conducted rheological analysis for PLA under different FDM extrusion 

temperatures are shown below in figure 3.2. 

 

Figure 3.2 - Rheological results at different extrusion temperatures in FDM. 

The rheological values obtained for the different temperatures can be fitted by the Power 

law (equation 2.5) and the Cross models (equation 2.6). Previous research indicates that 

these models can handle rheological response of polymer melts at relatively higher shear 

rates (higher than 10 s−1 [159]). 

The constant values for the Power law (K and n) and the Cross rheological models (µ0, 

µ∞, K and m) can be obtained by plotting log (μ) against log (γ). Values of the different 

parameters for both models over different extrusion temperatures are listed in table 3.1. 
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Table 3.1 - Constant values for the Power law and the Cross rheological models. 

Temperature (°C) Power law model Cross model 

 K (Pa·s) n µ0 (Pa·s) µ∞ (Pa·s) K (Pa·s) m 

170 5332.88 0.847 5463.45 1.567·10-4 0.138 4.338 

180 3350.08 0.877 2539.83 8.593·10-4 0.036 8.775 

190 2198.59 0.896 1736.37 7.826·10-4 0.036 10.427 

200 1202.01 0.934 963.30 7.472·10-4 0.037 7.841 

210 726.35 0.934 612.42 6.484·10-4 0.033 7.375 

220 535.09 0.955 367.83 4.151·10-4 0.014 15.407 

230 351.24 0.954 300.20 7.056·10-4 0.025 6.968 

240 206.48 0.910 199.07 8.074·10-4 0.020 5.725 

Figure 3.3 shows the values of the Power law adimensional coefficients obtained  

(K and n) calculated by plotting viscosity versus shear rate over different temperatures. 

 

Figure 3.3 - Values of Power law coefficients (K and n) obtained from viscosity versus 

shear rates plots. 

3.3.3 Analysis of the rheological results. 

Figure 3.2 indicates that for the range of shear rate between 0.1 s-1 to 1 s-1, the processing 

temperature has a significant effect on the viscosity of PLA. It can be observed that an 

increase in the working temperature supposes an important reduction in the viscosity. 

This behaviour is due to a reduction of the polymer chain bindings making it easier for 

the polymer to flow. A higher flow capacity of the polymer results in higher extrudate 

expansion and thereby an enhancement of the die swell effect. It can be observed that for 
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ranges of shear rate between 1 s-1 to 10 s-1, the viscosity of PLA at the different 

temperatures reduces exponentially with the increase of the shear rate. This trend is 

typical of thermoplastic materials that exhibit a shear-thinning rheological behaviour. It 

can also be observed that for shear rate values above 50 s-1, the processing temperature 

has little effect on the viscosity of PLA. 

The value of n for the Power law model (equation 2.5) describes the deviation of the 

rheological flow behaviour from the Newtonian fluid characteristics. Figure 3.3, indicates 

that the values of n for the Power law model for all the different temperatures are lower 

than unity (n ˂ 1), indicating that PLA exhibits pseudoplastic (non-Newtonian) 

behaviour. The n values increased as the temperature increased. A high value of n reveals 

higher influence of the shear rate on the flow behaviour [160]. 

3.4 Thermo-Mechanical Study of PLA Properties. 

3.4.1 Nanoindentation analysis. 

Nanoindentation analysis measures the depth of indentation and load force when a tip is 

penetrating it at a fixed loading rate profile. Nanoindentation tests provide information 

on the mechanical properties of the surface of the specimen (the elastic modulus and the 

hardness of the surface of the sample). These parameters are especially important for 

testing the deformability of PLA filaments. The higher the deformability the more 

deformation, and therefore the less accurate the patterned structures would be. 

Measurements of the nanoindentation tests were conducted on the PLA filaments (Pro 

white @RS) of 1.75mm diameter were taken at room temperature. The nanoindentation 

analysis have been carried out in a Hysitron TI 950 A nanoindenter. A Berkovich indenter 

with a pyramidal shape was used. The nanoindentation analysis was performed three 

times. 

The Berkovich indenter employed in the study has a three-sided pyramid shape. The 

loading function of the nanoindentation process involves three steps. The first step is a 

linear function where an end force of 3000 μN is applied for 5 seconds with a loading rate 

of 600 μN/s. The second step is a horizontal function that maintains a stable force of 3000 

μN for 15 seconds. The third is another linear function where an end force of 0 μN is 

applied for 5 seconds with a loading rate of -600 μN/s. The loading function is described 

in figure 3.4. 
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Figure 3.4 - Loading profile in nanoindentation. 

In figure 3.5 it is shown one of the diagrams obtained from one of the nanoindentation 

experiments for PLA. 

 

Figure 3.5 - Nanoindentation diagram for the PLA polymer. 

The experimental results of the nanoindentation parameters for the different experiments 

are listed in table 3.2. 

Table 3.2 - Nanoindentation parameters for the polymer PLA. 

E 

(GPa) 

Hardness 

(MPa) 

Contact 

depth 

(nm) 

Contact 

stiffness 

(µN/m) 

Max. 

force 

(µN) 

Max. 

depth 

(nm) 

Elastic 

deforma- 

tion (nm) 

Plastic 

deforma- 

tion (nm) 

Total 

deforma-

tion (nm) 

4.07 194.61 790.5 17.7 2885.2 913.9 264.67 500.19 764.86 

4.61 228.48 729.4 18.5 2890.5 848.6 273.79 489.93 763.72 

5.06 225.71 734.3 20.4 2893.5 842.1 348.35 484.97 833.28 

5.11 251.87 998.7 28.0 2894.6 841.8 266.68 568.05 834.73 
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3.4.2 Surface indentation test. 

• Introduction. 

Due to the wide range of applications of micro- and nanostructures in various fields, the 

ability to manufacture high-precision repeatable micro- and nanostructures in different 

materials is of key importance in current scientific research. Current nanofabrication 

technologies face problems that limit the application of these techniques on a large scale. 

For instance, photolithography has the disadvantage of limited choices in substrates and 

photoresist. Electron beam lithography has the limitation of being a slow and expensive 

manufacturing technique. 

In this section, it was tested a method for patterning structures on the PLA surface by 

indentation. This method would enable to understand the deformability of the PLA 

surface over different temperatures and therefore assess the manufacturing accuracy of 

patterning structures on this polymer. This proposed technique overcomes the limitations 

of current technologies due its fast and cost-effective procedure and can potentially be 

applied for the manufacture of functional structures. This work was conducted as a part 

of a master thesis project that I supervised in which I collaborated actively [161] [162]. 

• Working principle. 

Nanofabrication techniques requires a high accuracy and reliability which makes it very 

dependent on the applied material. In this section, it was tested a method for patterning 

structures on the surface of PLA by indentation. 

The main factors that influence the accuracy of surface patterning on PLA are the 

temperature, the indentation procedure, and the cooling rate. The temperature of the 

material affects the phase state of PLA and therefore its surface deformability. 

The indentation test was carried out by using a piezoelectric cantilever (figure 3.6) and a 

needle attached on it which are controlled applying the control panel of a 3D-printer. The 

applied polymer for these indentation tests was a PLA filament (Pro white @RS of 1.75 

mm diameter). During the different experiments, the experimental conditions, extrusion 

temperature and cooling were monitored with the intention of being as accurate as 

possible. 

 



Chapter 3. Thermo-Mechanical Study of the FDM Process 

59 

 

 

Figure 3.6 – Schematic representation of the Piezoelectric cantilever [162] 

• Piezoelectric cantilever. 

Different indentation procedures were conducted by using a piezoelectric tri-morph 

bending actuator made of lead zirconate titanate (PZT) provided by the company Johnson 

Matthey [162]. The application of an electric field in a piezoelectric material produces a 

mechanical stress proportional to the voltage induced. The employment of piezo materials 

exhibits the advantages of precision and reliability. The precision needed for this research 

made a piezo material very appropriate for this application. 

Table 3.3 - Johnson Matthey PZT tri-morph specifications. 

Length, coated 50 mm ± 0.03 Thickness, not coated 0 .78 mm ± 0.03 

Length of coating 38.2 mm ± 1 Thickness, coated 0.81 mm ± 0.04 

Length of ceramic 45 mm ± 0.5 Thickness of vane 0.28 mm ± 0.1 

Length of vain 4.85 mm ± 0.4 Operating temperature 5° C – 60 °C 

Width, coated 7.20 mm ± 0.05 Capacitance 45 nF ± 20 % 

 

The PZT tri-morph cantilever was assembled to an external voltage supply by three 

connections (figure 3.7). Two of these wires were the regular DC negative and positive 

connections that were melded to the frame that also held the bender. The third wire 

transmits the current from the external voltage supply. This connection was soldered on 

to the CU pad. 
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Figure 3.7 - a) Picture of the piezoelectric cantilever. b) Scheme of the electrical set up. 

 

• Study of the piezoelectric behaviour of the tri-morph bending actuator. 

Firstly, it was measured the deflection of the cantilever at different voltages  

(0 V to 220 V). The piezo material was connected to an AC power supply with the aim 

of producing a deflection on the cantilever.  

During the experiment, pulse time and the gap between pulses were monitored. The pulse 

duration was selected in the range of 1 ms - 200 ms with intervals of 1 ms. Likewise, the 

gap between pulses was programmed in the range of 10 ms to 2 s with intervals of 10 ms. 

The generated deflection was recorded by a CCD camera equipped with a NI vision 

software. 
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Figure 3.8 - a) CCD Camera, Frame and PZT Bender. b) Frame and PZT Bender 

Showing connections. 

 

 

Figure 3.9 - Relationship between deflection in the piezoelectric cantilever and voltage. 

 

• Set up of the experiment. 

The experimental set-up was carried out in three steps:  

• Assembly of the piezoelectric, cantilever to the control unit. 

• Oscilloscope modification of the 3D printer. 

• Setting-up of the thermocouple. 
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Figure 3.10 - Schematic of Experimental Set-up. 

 

 

Figure 3.11 - Photo of the schematic setup applied in the experiments. 

 

• Methodology. 

The different steps conducted during this research were the following: 

• Attachment of the piezoelectric indenter. 

The piezoelectric cantilever was assembled to a modified 3D-printer (Prusa-i3). For this 

purpose, the original extruder head of the 3D printer was disassembled. Different 3D 

printed parts were fabricated in order to work as a holder that enables to attach the 

cantilever on the 3D printer. In figure 3.12 it is shown the assembly of the piezoelectric 

device on the 3D printer. 
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Figure 3.12 - Setup of the piezoelectric cantilever on the 3D printer. 

A needle (tip diameter of 100 µm) was assembled on the piezoelectrical cantilever. The 

displacement of the cantilever in the horizontal plane was monitored by the panel of the 

3D printer. The accuracy of this displacement depends on the precision of the stepper’s 

motors of the 3d printer (0.1mm).  

 

Figure 3.13 - Piezoelectric attachment. 

• Preparation of the sample containers. 

Two metal containers were fabricated and assembled on the bed platform of the 3D printer 

(figure 3.14). The underneath metal block was manufactured with the aim of improving 

the repeatability of the procedure by decreasing the requirement to recalibrate the 

position. The beneath aluminium block allows to withdraw the extrudate part of PLA 

once the heating process is over. A layer of aluminium foil was positioned on the top of 

the upper container in order to avoid any issues related to the adhesiveness of the 

extrudate PLA when it is in a viscous state passes its melting temperature. A PTFE layer 

Support structure 

Support structure 
Piezomaterial 

Indenter 
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was placed between both metal containers. This PTFE layer avoid the heat transmission 

to the lower block and enables to keep the heat in the upper metal block. The melted PLA 

was placed in the slot of the upper heating block (which is removable) and heated up to 

the intended temperature. With the aim of controlling the precision of the process, the 

temperature was monitored by a thermocouple (Pico logger PT-104). 

 

Figure 3.14 - Removable heating block. 

• Sample preparation. 

The applied material for this indentation analysis was PLA. Several filaments were 

fabricated by 3D printing using a MakerBot Replicator 2X. The filament dimensions were 

0.6 mm x 50 mm x 6 mm. Later the samples were melted again before performing the 

indentation tests. In figure 3.15 it can be seen the preparation of the melted samples. 

 

Figure 3.15 - a) Preparation of a sample. b) Sample after heating. 
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• Indentation tests. 

The depth of the indentation on the PLA filaments was regulated by controlling the 

voltage applied by the external unit (from 0 V to 180 V). The temperature was monitored 

applying a thermocouple assembled to a data logger. Monitoring the frequency of the 

piezoelectric cantilever also allows control over the distance between consecutive 

indentations. The estimated time required for one test cycle where the cantilever moves 

50 mm is 4 s. A selected frequency of 10 Hz will produce 10 indentations per second. 

The space between consecutive indentations was 1.25 mm. The test was carried out 

replicating normal printing temperature conditions. The working temperature range was 

between PLA glass transition temperature, Tg (70 °C) and its melting point, Tm (210 °C).  

• Characterization of manufactured structures. 

The diameter of the needle tip (110 µm) as well as the structures patterned by the 

indentation tests were characterized by SEM microscopy (FEI QUANTA 3D FEG).  

• Conclusions of the indentation test. 

The manufacturing process for patterning structures is considered successful on the basis 

of the minimal deformation of the manufactured features on PLA, with respect to the 

needle diameter. Several experiments were performed under varied PLA temperatures 

(120 °C – 240 °C) in intervals of 10 °C. However, the optimal results, in terms of 

manufacturing accuracy, were obtained when the indentation was conducted at 140 °C. 

The most logical explanation for these results is the formation of structures closer to the 

glass transition temperature. These results demonstrate that the cooling rate of the PLA 

is an important factor in the preservation of the patterned structures once they have been 

made, and therefore in the dimensional accuracy of this technique. 
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Figure 3.16 - a) SEM Image of the needle. b) Indentation. 

 

Figure 3.17 - SEM Images of the indented pattern. 

From figure 3.17, it can be observed that there is a recovery after the indentation where 

the size of the structures shrinks up to 80 %. Further research requires to be conducted to 

determine an accurate way to stablish the factors influencing the recovery and a method 

of controlling them which will further improve the manufacturing method. 
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Chapter 4. Extrusion Experimental Results 

Melt extrusion additive manufacturing has the drawback of excessive extrudate expansion 

which conditionate the dimensional accuracy of the FDM manufacture technique and it 

limits its application in precision manufacturing.  

In previous stages of this work, a rheological and a thermomechanical study of PLA was 

conducted with the aim of evaluating the deformability of this polymer under different 

manufacturing conditions as well as to study the accuracy of patterning structures on the 

surface of this material. 

The expansion of the melted polymer can be assessed by the die swell which is an 

important concept in determining the quality of the extrudate products and can be used to 

evaluate the dimensional accuracy of the FDM fabrication process. 

This chapter focuses on assessing the extrudate die swell in FDM under the full working 

range of different manufacturing conditions such as extrusion temperature, printing 

speed, layer height and nozzle size. Furthermore, it was also studied the effect of the 

nozzle material in the extrudate die swell of filaments in the FDM process. A key novelty 

introduced by this work is the assessment of the improvement in the dimensional accuracy 

of the FDM process when new cooling methods are applied on the extrudate filaments. 

A multivariate regression analysis was also conducted on the experimental results of die 

swell under different manufacturing conditions. From the experimental data an analytical 

formula was obtained that enables to predict the extrudate die swell under different 

working conditions. 

The obtained experimental values of die swell were explained applying different 

theoretical models that define the extrudate swell under different rheological conditions. 

Lastly, the obtained values of the die swell were compared with theoretical data from 

simulation models. 

4.1 Experimental Procedure. 

4.1.1 Manufacturing working conditions. 

Measurements of the die swell for the extrudate filaments were obtained under different 

working conditions such as extrusion temperature (T), printing speed (P.S), layer height 



Chapter 4: Extrusion Experimental Results 

68 

(L.H) and nozzle diameter (N). During the different measurements, the infill percentage 

parameter was set at 8 %. The tested working range for different manufacturing 

parameters are listed in the table below. 

Table 4.1 - Tested working range for the different manufacturing parameters. 

Extrusion temperature (T) 170 ⁰C - 240 ⁰C 

Printing speed (P.S). 10 mm/s – 70 mm/s 

Layer height (L.H). 0.10 mm – 0.40 mm 

Nozzle diameter (N). 0.20 mm – 0.40 mm 

Nozzle material (N.M) Copper / Steel 

 

The improvement in the dimensional accuracy of the FDM process was also assessed 

when different cooling methods were tested on the extrudate filaments. The different 

cooling methods applied in this work were cooling at room temperature, cooling with 

water at different temperatures (WC) and cooling by air applying a blower fan (FC) at 

different speeds.  

Table 4.2 - Tested cooling conditions for the extrudate filaments. 

Ambient conditions Room temperature 

Cooling with an external blower fan (FC) 0.10 m/s – 0.70 m/s 

Cooling with water (WC). 7.5 ⁰C / 13.5 ⁰C / 20 ⁰C 

 

4.1.2 Scaffold fabrication and characterization. 

Scaffolds made of PLA (Pro white @RS) were fabricated by FDM at different 

manufacturing conditions applying a MakerBot Replicator 2X equipped with MK8 

copper nozzles (E3D-ONLINE). The parts were designed by CATIA V5 R21 with 

dimensions of 30 mm x 30 mm x 10 mm.  

To make the process as accurate as possible between every extrusion process, the nozzles 

were pre-heated for 10 minutes at 240 ⁰C, and then cleaned with a sponge.  

The measurement of the filament expansion was carried out by optical microscopy (Leica 

DM 2500). For each manufactured scaffold, twenty different measurements of the width 

of extrudate filaments were obtained (10 in parallel direction and 10 in perpendicular 
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direction). From these results, it was calculated the evolution of the die swell (B) over 

full working range of processing conditions. 

4.1.3 Manufacturing working plan applied in the experimental research. 

The experiments performed have been classified into three modules. Each module 

includes all the die swelling measurements for each specific cooling method on extrudate 

filaments. 

• Measurements of the die swell for extrudate filaments cooled down at room 

temperature. 

The manufactured parts were cooled down keeping the bed platform of the 3D printer 

at room temperature. This is the standard procedure for cooling down the extruded 

parts in FDM manufacturing. 

• Measurements of the die swell for extrudate filaments cooled down with water. 

The extrudate parts were cooled down with water at different temperatures (20 ⁰C, 

13.5 ⁰C and 7.5 ⁰C). For this purpose, a container made of poly (methyl methacrylate) 

(PMMA) was attached to the bed platform of the 3D printer. Periodically, during the 

deposition of the extrudates in the container, water was dispensed by a syringe in the 

different layers of the manufactured part.  

 

Figure 4.1 - Schematic diagram of the experimental setup of 3D printing applying water 

cooling. 
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• Measurements of the die swell for extrudate filaments cooled down by air applying 

an external blower fan. 

The extrudate parts were cooled down by air applying an external blower fan at 

different speeds (FS) (0.10 m/s, 0.30 m/s, 0.50 m/s and 0.70 m/s). The external fan 

applied for the different experiment was a Replicator 2 blower fan supplied by 

Makerbot. To assemble this fan on the 3D printer a support structure was 

manufactured. A picture with the assembly of the external fan on the extruder head 

of the 3D printer is shown in Appendix E (figure E.2). 

For each cooling method of extrudate filaments tests were performed under different 

working conditions in order to study: 

• The evolution of the die swell with extrusion temperature when the printing 

speed was set at its default value (40 mm/s). 

• The evolution of the die swell with printing speed when the extrusion 

temperature was set at its default value (210 ⁰C). 

For all tests performed the infill percentage (I) was set to 8 %. 

4.1.4 Nozzle characterization. 

MK8 nozzles (E3D-ONLINE) of different diameter dimensions (0,40 mm, 0.30 mm, and 

0.20 mm) and materials (copper and steel) have been applied. Figure 4.2 shows a CAD 

design of the nozzle geometry. 

The different nozzles were characterized by SEM microscopy (FEI Quanta 3D FEG). 

Figure 4.2 illustrates the design of the nozzle geometry. Likewise figure D.6 illustrates a 

draft of the different applied nozzles. 
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Figure 4.2 – Schematic design of the nozzle geometry 

Table 4.3 - Characterization of nozzles geometries 

Nozzle material 
Nozzle theoretical 

diameter (µm) 

Nozzle real diameter 

(µm) 

Brass copper 400 395.58 

Brass copper 300 293.71 

Brass copper 200 225.35 

Steel 400 399.72 

 

4.2 Experimental Results of Die Swell for Extrudate Parts Cooled Down at 

Room Temperature. 

This section shows the evolution of the swelling factor (B) with extrusion temperature 

and printing speed under different processing conditions when the extrudate filaments 

were cooled down at room temperature. 

4.2.1 Evolution of the die swell with extrusion temperature. 

Measurements of the swelling factor (B) at different extrusion temperatures under 

different processing conditions are shown in table 4.4 and figures 4.3-4.4. 
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Table 4.4 - Evolution of the die swell with extrusion temperature for different nozzle 

materials, nozzle diameter and layer heights when extrudate parts were cooled down at 

room temperature. (P.S = 40 mm/s). 

Nozzle 

diameter 

(µm) 

Nozzle 

material 
T (⁰C) Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 0.40 

mm 

200 
Brass 

copper 

170 0.906 0.995 1.047 1.103 ----------- 

180 0.921 1.011 1.060 1.116 ----------- 

190 0.931 1.021 1.070 1.129 ----------- 

200 0.942 1.035 1.082 1.140 ----------- 

210 0.951 1.045 1.096 1.153 ----------- 

220 0.962 1.056 1.108 1.166 ----------- 

230 0.973 1.069 1.120 1.181 ----------- 

240 0.984 1.080 1.133 1.192 ----------- 

300 
Brass 

copper 

170 0.881 0.964 1.015 1.067 1.168 

180 0.895 0.981 1.027 1.078 1.181 

190 0.905 0.990 1.037 1.092 1.194 

200 0.916 1.003 1.048 1.102 1.207 

210 0.925 1.014 1.061 1.115 1.220 

220 0.935 1.024 1.072 1.127 1.234 

230 0.945 1.037 1.086 1.141 1.249 

240 0.956 1.047 1.097 1.154 1.262 

400 
Brass 

copper 

170 0.870 0.950 0.997 1.046 1.142 

180 0.885 0.967 1.009 1.058 1.156 

190 0.895 0.977 1.020 1.070 1.168 

200 0.906 0.988 1.031 1.081 1.181 

210 0.914 0.998 1.043 1.093 1.194 

220 0.924 1.009 1.054 1.105 1.207 

230 0.935 1.021 1.067 1.118 1.221 

240 0.945 1.032 1.078 1.130 1.235 

400 Steel 

170 0.911 0.995 1.044 1.096 1.197 

180 0.926 1.012 1.057 1.108 1.212 

190 0.936 1.023 1.069 1.121 1.224 

200 0.947 1.034 1.080 1.133 1.238 

210 0.957 1.045 1.092 1.145 1.252 

220 0.967 1.056 1.104 1.157 1.266 

230 0.978 1.069 1.117 1.171 1.280 

240 0.989 1.080 1.129 1.184 1.295 

The evolution of the die swell with extrusion temperature for different nozzle diameters 

and layer heights is shown in figure 4.3. Figure 4.4 shows the evolution of die swell with 

extrusion temperature for different nozzle materials. 
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Figure 4.3 -. Evolution of the swelling factor with extrusion temperature for different 

nozzle diameters and layer heights when the extrudate filaments were cooled at room 

temperature (P.S = 40 mm/s). 

 

 

 

Figure 4.4 - Evolution of the swelling factor with extrusion temperature for 0.40 mm 

diameter copper and steel nozzles when the extrudate filaments were cooled down at 

room temperature. (P.S = 40 mm/s). 
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4.2.2 Evolution of the die swell with printing speed. 

Measurements of swelling factor (B) at different printing speed under the different 

processing conditions are shown in table 4.5 and figures 4.5- 4.6. 

Table 4.5 - Evolution of the die swell with printing speed for different nozzle materials, 

nozzle diameters, and layer heights when the extrudate parts were cooled down at room 

temperature (T = 210 ⁰C). 

Nozzle 

diameter 

(µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 Brass copper 

10 0.939 1.030 1.081 1.137 ----------- 

20 0.942 1.034 1.084 1.140 ----------- 

30 0.947 1.039 1.090 1.149 ----------- 

40 0.952 1.045 1.093 1.151 ----------- 

50 0.956 1.050 1.101 1.158 ----------- 

60 0.961 1.056 1.106 1.164 ----------- 

70 0.964 1.059 1.110 1.171 ----------- 

80 0.969 1.064 1.117 1.175 ----------- 

300 Brass copper 

10 0.912 0.999 1.047 1.099 1.205 

20 0.916 1.003 1.050 1.103 1.208 

30 0.921 1.008 1.055 1.111 1.215 

40 0.926 1.013 1.059 1.114 1.221 

50 0.929 1.019 1.067 1.120 1.226 

60 0.934 1.023 1.071 1.126 1,233 

70 0.937 1.028 1.076 1.131 1.238 

80 0.942 1.032 1.081 1.137 1.244 

400 Brass copper 

10 0.901 0.985 1.028 1.078 1.178 

20 0.905 0.989 1.032 1.082 1.182 

30 0.910 0.994 1.038 1.088 1.188 

40 0.915 0.998 1.042 1.093 1.194 

50 0.919 1.004 1.048 1.098 1.200 

60 0.923 1.008 1.053 1.103 1.206 

70 0.927 1.013 1.058 1.109 1.211 

80 0.931 1.017 1.063 1.114 1.217 

400 Steel 

10 0.944 1.031 1.078 1.130 1.236 

20 0.948 1.037 1.082 1.134 1.240 

30 0.953 1.041 1.088 1.141 1.247 

40 0.959 1.046 1.093 1.146 1.253 

50 0.963 1.052 1.098 1.153 1.260 

60 0.968 1.056 1.103 1.157 1.265 

70 0.971 1.061 1.108 1.162 1.271 

80 0.976 1.065 1.113 1.168 1.277 
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The evolution of the die swell with printing speed for different nozzle diameters and layer 

heights is shown in figure 4.5. Figure 4.6 shows the evolution of the die swell with 

printing speed for different nozzle materials. 

 

Figure 4.5 - Evolution of the swelling factor with printing speed for different nozzle 

sizes and layer heights when the extrudate parts were cooled down at room temperature 

(T = 210 ⁰C). 

 

Figure 4.6 - Evolution of the swelling factor with printing speed for 0.40 mm diameter 

coper and steel nozzles when the extrudate parts were cooled down at room temperature 

(T = 210 ⁰C). 
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4.3 Experimental Results of Die Swell for Extrudate Parts Cooled Down with 

Water. 

The die swell of extrudate filaments cooled down with water at different temperatures 

(20 ºC, 13.5 ⁰C and 7.5 ºC) was studied under different manufacturing conditions.  

4.3.1 Experimental results of die swell for extrudate parts cooled down with water 

at 20 ºC. 

• Evolution with extrusion temperature. 

Measurements of the swelling factor (B) at different extrusion temperatures when 

extrudate filaments were cooled down with water at 20 ºC for different nozzle sizes and 

layer heights are shown in table 4.6 and figure 4.7. 

Table 4.6 – Evolution of die swell with extrusion temperature for different nozzle sizes 

and layer heights when extrudate parts were cooled with water at 20 ºC (P.S = 40 mm/s). 

Nozzle 

diameter (µm) 

Nozzle 

material 

T 

(⁰C) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

170 0.869 0.949 0.995 1.046 ----------- 

180 0.884 0.964 1.007 1.058 ----------- 

190 0.894 0.974 1.018 1.071 ----------- 

200 0.905 0.986 1.029 1.080 ----------- 

210 0.912 0.997 1,043 1.092 ----------- 

220 0.923 1.008 1.053 1.104 ----------- 

230 0.934 1.019 1.065 1.120 ----------- 

240 0.944 1.029 1.078 1.130 ----------- 

300 
Brass 

copper 

170 0.845 0.919 0.961 1.007 1.096 

180 0.855 0.931 0.972 1.018 1.108 

190 0.864 0.940 0.983 1.031 1.120 

200 0.875 0.952 0.992 1.040 1.133 

210 0.884 0.964 1.005 1.052 1.145 

220 0.893 0.973 1.016 1.065 1.159 

230 0.904 0.984 1.028 1.078 1.172 

240 0.913 0.994 1.039 1.089 1.185 

400 
Brass 

copper 

170 0.836 0.908 0.950 0.994 1.080 

180 0.850 0.923 0.962 1.005 1.093 

190 0.859 0.934 0.972 1.017 1.105 

200 0.870 0.944 0.983 1.028 1.117 

210 0.878 0.954 0.994 1.040 1.130 

220 0.887 0.964 1.005 1.050 1.142 

230 0.898 0.976 1.016 1.063 1.156 

240 0.908 0.987 1.027 1.074 1.168 
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Figure 4.7 - Evolution of the swelling factor with extrusion temperature for different 

nozzle sizes and layer heights when extrudate parts were cooled down with water at  

20 ºC. (P:S: 40 mm/s)  

 

• Evolution with printing speed. 

Measurements of the swelling factor (B) at different printing speed when the extrudate 

filaments were cooled down with water at 20 ºC for different nozzle sizes and layer 

heights are shown in table 4.7 and figure 4.8. 

Table 4.7 – Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 20 C⁰ (T = 210 ⁰C). 

Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

10 0.901 0.982 1.028 1.077 ----------- 

20 0.904 0.987 1.031 1.081 ----------- 

30 0.909 0.991 1.037 1.089 ----------- 

40 0.913 0.996 1.040 1.091 ----------- 

50 0.918 1.001 1.047 1.098 ----------- 

60 0.922 1.007 1.052 1.104 ----------- 

70 0.925 1.010 1.055 1.110 ----------- 

80 0.929 1.014 1.062 1.114 ----------- 
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Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

300 
Brass 

copper 

10 0.870 0.949 0.991 1.038 1.127 

20 0.875 0.953 0.994 1.042 1.133 

30 0.880 0.957 0.999 1.048 1.137 

40 0.885 0.963 1.003 1.052 1.144 

50 0.888 0.967 1.010 1.058 1.150 

60 0.892 0.972 1.015 1.063 1.157 

70 0.896 0.977 1.020 1.068 1.161 

80 0.900 0.980 1.023 1.074 1.168 

400 
Brass 

copper 

10 0.865 0.940 0.980 1.024 1.114 

20 0.869 0.945 0.984 1.029 1.118 

30 0.874 0.950 0.989 1.034 1.124 

40 0.879 0.954 0.994 1.039 1.130 

50 0.882 0.959 0.999 1.045 1.136 

60 0.887 0.964 1.003 1.049 1.141 

70 0.889 0.968 1.007 1.054 1.146 

80 0.894 0.972 1.012 1.060 1.151 

 

 

 

 

Figure 4.8 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 20 ⁰C (T = 210 ⁰C). 
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4.3.2 Experimental results of die swell for extrudate parts cooled down with water 

at 13.5 ºC. 

• Evolution with extrusion temperature. 

Measurements of the swelling factor (B) under different extrusion temperatures when 

extrudate parts were cooled down with water at 13.5 ºC for different nozzle sizes and 

layer heights are shown in table 4.8 and figure 4.9. 

Table 4.8 - Evolution of the die swell with extrusion temperature for different nozzle sizes 

and layer heights when extrudate parts were cooled with water at 13.5 C⁰ (P.S = 40 mm/s). 

Nozzle 

diameter (µm) 

Nozzle 

material 

T 

(⁰C) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

170 0.846 0.923 0.964 1.013 ----------- 

180 0.856 0.933 0.976 1.024 ----------- 

190 0.866 0.943 0.985 1.036 ----------- 

200 0.875 0.955 0.996 1.047 ----------- 

210 0.884 0.964 1.009 1.057 ----------- 

220 0.893 0.975 1.020 1.070 ----------- 

230 0.903 0.987 1.032 1.084 ----------- 

240 0.914 0.997 1.042 1.095 ----------- 

300 
Brass 

copper 

170 0.818 0.889 0.931 0.976 1.062 

180 0.828 0.902 0.941 0.985 1.073 

190 0.837 0.910 0.951 0.998 1.086 

200 0.847 0.921 0.960 1.008 1.097 

210 0.855 0.932 0.973 1.018 1.108 

220 0.865 0.942 0.984 1.030 1.121 

230 0.874 0.953 0.995 1.043 1.134 

240 0.884 0.962 1.006 1.054 1.147 

400 
Brass 

copper 

170 0.800 0.870 0.910 0.953 1.035 

180 0.815 0.885 0.921 0.964 1.047 

190 0.823 0.894 0.931 0.974 1.059 

200 0.833 0.904 0.942 0.985 1.070 

210 0.842 0.914 0.952 0.996 1.082 

220 0.850 0.923 0.963 1.006 1.095 

230 0.860 0.935 0.973 1.018 1.107 

240 0.869 0.946 0.984 1.029 1.119 
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Figure 4.9 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down with water at 13.5 C⁰.  

(P.S = 40 mm/s). 

 

• Evolution with printing speed. 

Measurements of the swelling factor (B) under different printing speeds when extrudate 

parts were cooled down with water at 13.5 ºC for different nozzle sizes and layer heights 

are shown in table 4.9 and figure 4.10. 

Table 4.9 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 13.5 ºC (T = 210 ⁰C). 

Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

10 0.871 0.950 0.995 1.040 ----------- 

20 0.874 0.955 0.998 1.046 ----------- 

30 0.879 0.959 1.003 1.052 ----------- 

40 0.884 0.964 1.007 1.057 ----------- 

50 0.888 0.969 1.013 1.063 ----------- 

60 0.892 0.975 1.018 1.069 ----------- 

70 0.896 0.980 1.022 1.075 ----------- 

80 0.901 0.985 1.028 1.082 ----------- 
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Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

300 
Brass 

copper 

10 0.844 0.919 0.960 1.005 1.094 

20 0.847 0.922 0.963 1.008 1.098 

30 0.852 0.927 0.967 1.015 1.104 

40 0.856 0.932 0.971 1.018 1.109 

50 0.859 0.936 0.978 1.024 1.113 

60 0.864 0.941 0.981 1.030 1.120 

70 0.867 0.946 0.987 1.034 1.124 

80 0.871 0.949 0.991 1.039 1.131 

400 
Brass 

copper 

10 0.829 0.901 0.939 0.982 1.067 

20 0.833 0.905 0.943 0.986 1.071 

30 0.838 0.910 0.948 0.991 1.077 

40 0.842 0.913 0.951 0.996 1.082 

50 0.845 0.919 0.957 1.001 1.087 

60 0.849 0.923 0.961 1.005 1.093 

70 0.853 0.927 0.965 1.009 1.097 

80 0.857 0.931 0.970 1.015 1.102 

 

 

 

 

Figure 4.10 - Evolution of the die swell with printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled down with water at 13.5 ⁰C  

(T = 210 ⁰C). 
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4.3.3 Experimental results of die swell for extrudate parts cooled down with water 

at 7.5 ºC. 

• Evolution with extrusion temperature. 

Measurements of the swelling factor (B) under different extrusion temperatures when 

extrudate parts were cooled down with water at 7.5 ºC for different nozzle sizes and layer 

heights are shown in table 4.10 and figure 4.11. 

Table 4.10 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down with water at 7.5 C⁰.  

(P.S = 40 mm/s). 

Nozzle 

diameter (µm) 

Nozzle 

material 

T 

(⁰C) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

170 0.828 0.902 0.943 0.991 ----------- 

180 0.837 0.914 0.955 1.002 ----------- 

190 0.847 0.922 0.963 1.014 ----------- 

200 0.857 0.936 0.974 1.023 ----------- 

210 0.864 0.943 0.987 1.034 ----------- 

220 0.873 0.954 0.998 1.046 ----------- 

230 0.884 0.965 1.009 1.060 ----------- 

240 0.894 0.975 1.019 1.069 ----------- 

300 
Brass 

copper 

170 0.801 0.870 0.910 0.954 1.038 

180 0.810 0.881 0.920 0.964 1.049 

190 0.818 0.891 0.930 0.977 1.061 

200 0.829 0.902 0.939 0.985 1.073 

210 0.837 0.911 0.952 0.996 1.084 

220 0.846 0.921 0.961 1.007 1.096 

230 0.855 0.933 0.973 1.020 1.110 

240 0.865 0.941 0.983 1.031 1.121 

400 
Brass 

copper 

170 0.783 0.851 0.890 0.932 1.012 

180 0.796 0.863 0.901 0.943 1.024 

190 0.805 0.875 0.911 0.950 1.036 

200 0.815 0.884 0.921 0.963 1.047 

210 0.822 0.894 0.931 0.974 1.058 

220 0.832 0.903 0.942 0.984 1.071 

230 0.841 0.915 0.953 0.996 1.083 

240 0.850 0.925 0.960 1.006 1.095 
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Figure 4.11 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down with water at 7.5 ⁰C  

(P.S =40 mm/s). 

 

• Evolution with printing speed. 

Measurements of the swelling factor (B) under different printing speeds when extrudate 

parts were cooled down with water at 7.5 ºC for different nozzle sizes and layer heights 

are shown in table 4.11 and figure 4.12. 

Table 4.11 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down with water at 7.5 C⁰ (T = 210 ºC). 

Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 0.40 

mm 

200 
Brass 

copper 

10 0.852 0,93 0,974 1,017 ----------- 

20 0.856 0,934 0,977 1,023 ----------- 

30 0.860 0,938 0,981 1,029 ----------- 

40 0.864 0,944 0,985 1,034 ----------- 

50 0.869 0,948 0,991 1,039 ----------- 

60 0.873 0,953 0,996 1,045 ----------- 

70 0.876 0,957 0,999 1,05 ----------- 

80 0.881 0,961 1,005 1,054 ----------- 
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Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 0.40 

mm 

300 
Brass 

copper 

10 0.825 0,899 0,939 0,982 1,070 

20 0.829 0,902 0,942 0,986 1,074 

30 0.833 0,906 0,946 0,993 1,080 

40 0.838 0.911 0.949 0.996 1.085 

50 0.841 0.916 0.956 1.001 1.089 

60 0.844 0.921 0.961 1.006 1.096 

70 0.849 0.925 0.966 1.011 1.100 

80 0.852 0.928 0.969 1.016 1.106 

400 
Brass 

copper 

10 0.811 0.881 0.917 0.961 1.044 

20 0.814 0.886 0.922 0.964 1.047 

30 0.819 0.890 0.927 0.969 1.053 

40 0.822 0.893 0.931 0.974 1.058 

50 0.827 0.899 0.936 0.978 1.063 

60 0.831 0.903 0.940 0.982 1.068 

70 0.834 0.907 0.944 0.987 1.074 

80 0.838 0.910 0.949 0.993 1.078 

 

 

 

 

 

Figure 4.12 - Evolution of the die swell with printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled down with water at 7.5 ⁰C  

(T = 210 ⁰C) 
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4.3.4 Summary of results for extrudate filaments cooled down with water. 

The evolution of the swelling factor with extrusion temperature for the different water 

cooling down procedures (20 ⁰C, 13.5 ⁰C and 7.5 ⁰C) is shown in figure 4.13. The layer 

height and nozzle size were set to their default values (0.25 mm and 0.40 mm 

respectively). 

 

Figure 4.13 - Evolution of the die swell with extrusion temperature for the different 

water cooling down procedures (20 ⁰C, 13.5 ⁰C and 7.5 ⁰C) (P.S = 40 mm/s,  

N= 0.40 mm, L.H = 0.25 mm). 

 

The evolution of the swelling factor of the extrudate filaments with printing speed for the 

different water cooling down procedures (20 ⁰C, 13.5 ⁰C and 7.5 ⁰C) is shown in figure 

4.14. The layer height and nozzle size were set to their default values (0.25 mm and  

0.40 mm respectively). 
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Figure 4.14 - Evolution of the die swell with printing speed for the different water 

cooling down procedures (20 ⁰C, 13.5 ⁰C and 7.5 ⁰C) (P.S = 40 mm/s, N= 0.40 mm,  

L.H = 0.25 mm) 

 

4.4 Experimental Results of Die Swell for Extrudate Filaments Cooled by a 

Blower Fan. 

The die swell of extrudate filaments cooled down by air applying an external blower fan 

at different speeds (0.10 m/s, 0.30 m/s, 0.50 m/s and 0.70 m/s) has been studied under 

different manufacturing conditions. 

4.4.1 Die swell results for filaments cooled down by a blower fan at 0.10 m/s. 

• Evolution with extrusion temperature. 

Measurements of the swelling factor (B) under different extrusion temperatures for 

different nozzle sizes and layer heights when the extrudate parts were cooled down by a 

blower fan at 0.10 m/s are shown in table 4.12 and figure 4.15. 
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Table 4.12 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at 0.10 

mm/s (P.S = 40 mm/s). 

Nozzle 

diameter (µm) 

Nozzle 

material 

T 

(⁰C) 
Swelling factor (B) 

   
LH = 0.10 

mm 

LH = 0.20 

mm 

LH = 0.25 

mm 

LH = 0.30 

mm 

LH = 0.40 

mm 

200 
Brass 

copper 

170 0.900 0.985 1.030 1.082 ----------- 

180 0.909 0.996 1.042 1.096 ----------- 

190 0.920 1.006 1.053 1.109 ----------- 

200 0.930 1.019 1.063 1.120 ----------- 

210 0.939 1.028 1.077 1.132 ----------- 

220 0.950 1.039 1.089 1.145 ----------- 

230 0.961 1.052 1.101 1.158 ----------- 

240 0.971 1.063 1.113 1.169 ----------- 

300 
Brass 

copper 

170 0.868 0.947 0.994 1.044 1.139 

180 0.881 0.963 1.006 1.054 1.152 

190 0.891 0.972 1.016 1.069 1.164 

200 0.901 0.984 1.027 1.078 1.178 

210 0.910 0.994 1.039 1.090 1.190 

220 0.919 1.005 1.050 1.103 1.202 

230 0.930 1.017 1.064 1.117 1.217 

240 0.941 1.027 1.074 1.127 1.230 

400 
Brass 

copper 

170 0.853 0.930 0.973 1.020 1.109 

180 0.867 0.945 0.985 1.031 1.123 

190 0.877 0.955 0.996 1.043 1.136 

200 0.888 0.966 1.006 1.054 1.147 

210 0.897 0.977 1.017 1.066 1.159 

220 0.907 0.986 1.028 1.076 1.173 

230 0.917 0.998 1.041 1.089 1.188 

240 0.927 1.010 1.053 1.102 1.200 
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Figure 4.15 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan  

at 0.10 mm/s (P.S = 40 mm/s). 

 

 

• Evolution with printing speed. 

Measurements of the swelling factor (B) at different printing speed for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.10 m/s are shown in table 4.13 and figure 4.16. 

Table 4.13 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.10 mm/s  

(T = 210 ºC). 

Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

10 0.928 1.014 1.062 1.116 ----------- 

20 0.930 1.019 1.066 1.120 ----------- 

30 0.936 1.023 1.071 1.128 ----------- 

40 0.940 1029 1.075 1.130 ----------- 

50 0.944 1.034 1.082 1.136 ----------- 

60 0.948 1.040 1.087 1.143 ----------- 

70 0.952 1.043 1.091 1.149 ----------- 

80 0.957 1.048 1.098 1.154 ----------- 
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Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

300 
Brass 

copper 

10 0.898 0.980 1.025 1.075 1.175 

20 0.902 0.984 1.029 1.080 1.178 

30 0.906 0.989 1.033 1.087 1.184 

40 0.911 0.995 1.037 1.090 1.190 

50 0.915 0.999 1.045 1.095 1.197 

60 0.919 1.003 1.049 1.101 1.202 

70 0.922 1.009 1.055 1.106 1.208 

80 0.928 1.012 1.059 1.113 1.214 

400 
Brass 

copper 

10 0.883 0.963 1.004 1.051 1.144 

20 0.887 0.966 1.008 1.055 1.149 

30 0.893 0.972 1.013 1.061 1.156 

40 0.898 0.977 1.017 1.065 1.160 

50 0.902 0.982 1.023 1.071 1.165 

60 0.906 0.985 1.027 1.075 1.172 

70 0.909 0.990 1.032 1.080 1.178 

80 0.914 0.995 1.037 1.086 1.183 

 

 

 

 

Figure 4.16 - Evolution of the die swell with printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled down by a blower fan at 0.10 m/s  

(T = 210 ⁰C). 
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4.4.2 Die swell results for filaments cooled down by a blower fan at 0.30 m/s. 

• Evolution with extrusion temperature. 

Measurements of the swelling factor (B) under different extrusion temperatures for 

different nozzle sizes and layer heights when extrudate parts were cooled down by a 

blower fan at 0.30 m/s are shown in table 4.14 and figure 4.17. 

Table 4.14 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.30 mm/s (P.S = 40 mm/s). 

Nozzle 

diameter (µm) 

Nozzle 

material 

T 

(⁰C) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

170 0.888 0.972 1.017 1.069 ----------- 

180 0.897 0.983 1.030 1.082 ----------- 

190 0.908 0.993 1.040 1.094 ----------- 

200 0.919 1.006 1.051 1.105 ----------- 

210 0.928 1.017 1.064 1.116 ----------- 

220 0.937 1.027 1.075 1.130 ----------- 

230 0.949 1.039 1.087 1.144 ----------- 

240 0.960 1.051 1.100 1.156 ----------- 

300 
Brass 

copper 

170 0.859 0.938 0.982 1.030 1.125 

180 0.870 0.951 0.994 1.042 1.138 

190 0.879 0.960 1.004 1.056 1.150 

200 0.890 0.971 1.013 1.064 1.164 

210 0.899 0.982 1.027 1.077 1.176 

220 0.908 0.992 1.038 1.089 1.188 

230 0.919 1.005 1.051 1.102 1.203 

240 0.929 1.015 1.061 1.115 1.215 

400 
Brass 

copper 

170 0.842 0.918 0.961 1.007 1.096 

180 0.857 0.934 0.972 1.018 1.110 

190 0.867 0.944 0.984 1.029 1.121 

200 0.878 0.953 0.995 1.041 1.133 

210 0.886 0.964 1.005 1.053 1.146 

220 0.895 0.974 1.016 1.063 1.159 

230 0.905 0.987 1.029 1.076 1.173 

240 0.915 0.997 1.040 1.088 1.184 
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Figure 4.17 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.30 m/s (P.S = 40 mm/s). 

 

• Evolution with printing speed. 

Measurements of the swelling factor(B) under different printing speed for different nozzle 

sizes and layer heights when the extrudate parts were cooled down by a blower fan at  

0.30 m/s are shown in table 4.15 and figure 4.18. 

Table 4.15 – Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.30 mm/s  

(T = 210 ⁰C). 

Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

10 0.916 1.001 1.050 1.102 ----------- 

20 0.919 1.006 1.053 1.106 ----------- 

30 0.924 1.011 1.058 1.110 ----------- 

40 0.928 1.016 1.061 1.116 ----------- 

50 0.933 1.021 1.069 1.123 ----------- 

60 0.937 1.026 1.073 1.128 ----------- 

70 0.941 1.031 1.078 1.135 ----------- 

80 0.946 1.035 1.085 1.139 ----------- 
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Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

300 
Brass 

copper 

10 0.887 0.968 1.013 1.061 1.160 

20 0.890 0.972 1.016 1.066 1.163 

30 0.895 0.977 1.021 1.073 1.170 

40 0.900 0.982 1.025 1.077 1.175 

50 0.904 0.987 1.032 1.081 1.182 

60 0.907 0.991 1.036 1.087 1.187 

70 0.912 0.997 1.042 1.093 1.193 

80 0.916 1.001 1.047 1.099 1.199 

400 
Brass 

copper 

10 0.872 0.951 0.992 1.038 1.130 

20 0.877 0.955 0.996 1.042 1.135 

30 0.882 0.959 1.001 1.047 1.140 

40 0.886 0.963 1.005 1.052 1.147 

50 0.890 0.969 1.010 1.058 1.152 

60 0.894 0.974 1.015 1.062 1.158 

70 0.898 0.978 1.020 1.066 1.163 

80 0.902 0.983 1.024 1.073 1.169 

 

 

 

 

Figure 4.18 - Evolution of the die swell with printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled down by a blower fan  

at 0.30 mm/s (T = 210 ⁰C).  
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4.4.3 Die swell results for filaments cooled down by a blower fan at 0.50 m/s. 

• Evolution with extrusion temperature. 

Measurements of the swelling factor (B) under different extrusion temperatures for 

different nozzle sizes and layer heights when extrudate parts were cooled down by a 

blower fan at 0.50 m/s are shown in table 4.16 and figure 4.19. 

Table 4.16 – Evolution of the die swell with extrusion temperature for the different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at 0.50 

mm/s (P.S = 40 mm/s). 

Nozzle 

diameter (µm) 

Nozzle 

material 

T 

(⁰C) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

170 0.878 0.960 1.004 1.056 ----------- 

180 0.887 0.971 1.016 1.067 ----------- 

190 0.898 0.981 1.027 1.081 ----------- 

200 0.907 0.994 1.037 1.091 ----------- 

210 0.916 1.004 1.051 1.103 ----------- 

220 0.927 1.014 1.063 1.116 ----------- 

230 0.937 1.026 1.074 1.130 ----------- 

240 0.948 1.037 1.087 1.141 ----------- 

300 
Brass 

copper 

170 0.849 0.926 0.970 1.017 1.111 

180 0.859 0.939 0.981 1.028 1.124 

190 0.868 0.948 0.991 1.041 1.136 

200 0.878 0.960 1.001 1.051 1.149 

210 0.887 0.969 1.013 1.064 1.161 

220 0.897 0.980 1.025 1.075 1.173 

230 0.907 0.992 1.038 1.089 1.188 

240 0.918 1.002 1.049 1.101 1.201 

400 
Brass 

copper 

170 0.832 0.906 0.949 0.995 1.082 

180 0.846 0.922 0.961 1.006 1.095 

190 0.855 0.931 0.971 1.018 1.107 

200 0.867 0.941 0.982 1.028 1.119 

210 0.875 0.952 0.993 1.039 1.132 

220 0.884 0.962 1.003 1.051 1.144 

230 0.894 0.974 1.016 1.063 1.159 

240 0.904 0.985 1.027 1.074 1.170 
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Figure 4.19 - Evolution of the die swell with the extrusion temperature for different 

nozzle sizes and layer heights when extrudate parts were cooled down by a blower fan 

at 0.50 m/s (P.S = 40 mm/s). 

 

• Evolution with printing speed. 

Measurements of the swelling factor (B)) under different printing speed for different 

nozzle sizes and layer heights when extrudate parts were cooled down by a blower fan at 

0.50 m/s are shown in table 4.17 and figure 4.20. 

Table 4.17 - Evolution of the die swell with the printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled down by a blower fan at 0.50 mm/s 

(T = 210 ⁰C). 

Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

10 0.905 0.989 1.037 1.088 ----------- 

20 0.908 0.994 1.039 1.092 ----------- 

30 0.913 0.998 1.045 1.096 ----------- 

40 0.917 1.004 1.048 1.102 ----------- 

50 0.921 1.009 1.055 1.108 ----------- 

60 0.925 1.014 1.060 1.115 ----------- 

70 0.929 1.018 1.065 1.120 ----------- 

80 0.934 1.022 1.071 1.126 ----------- 
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Nozzle 

diameter (µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

300 
Brass 

copper 

10 0.876 0.957 1.001 1.049 1.147 

20 0.879 0.960 1.004 1.053 1.149 

30 0.884 0.964 1.009 1.060 1.155 

40 0.888 0.971 1.012 1.063 1.161 

50 0.892 0.975 1.020 1.068 1.166 

60 0.897 0.979 1.023 1.073 1.172 

70 0.900 0.985 1.029 1.080 1.178 

80 0.904 0.987 1.033 1.085 1.185 

400 
Brass 

copper 

10 0.862 0.940 0.979 1.024 1.116 

20 0.866 0.943 0.983 1.028 1.122 

30 0.871 0.947 0.989 1.035 1.127 

40 0.876 0.952 0.993 1.040 1.132 

50 0.879 0.957 0.997 1.044 1.137 

60 0.883 0.961 1.002 1.050 1.143 

70 0.886 0.966 1.007 1.054 1.148 

80 0.891 0.971 1.012 1.058 1.154 

 

 

Figure 4.20 - Evolution of the die swell with printing speed for different nozzle sizes 

and layer heights when extrudate parts were cooled down by a blower fan at 0.50 m/s  

(T = 210 ⁰C). 
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4.4.4 Die swell results for filaments cooled down by a blower fan at 0.70 m/s. 

• Evolution with extrusion temperature. 

Measurements of the swelling factor under different extrusion temperatures for different 

nozzle sizes and layer heights when extrudate parts were cooled down by a blower fan at 

0.50 m/s are shown in table 4.18 and figure 4.21. 

Table 4.18 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan at  

0.70 mm/s (P.S = 40 mm/s). 

Nozzle 

diameter (µm) 

Nozzle 

material 

T 

(⁰C) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

170 0.866 0.948 0.991 1.043 ----------- 

180 0.876 0.958 1.004 1.054 ----------- 

190 0.886 0.968 1.013 1.067 ----------- 

200 0.896 0.981 1.024 1.078 ----------- 

210 0.905 0.991 1.037 1.090 ----------- 

220 0.914 1.001 1.049 1.102 ----------- 

230 0.925 1.014 1.061 1.116 ----------- 

240 0.935 1.024 1.073 1.127 ----------- 

300 
Brass 

copper 

170 0.838 0.915 0.958 1.005 1.097 

180 0.849 0.927 0.969 1.015 1.110 

190 0.858 0.935 0.979 1.028 1.122 

200 0.868 0.948 0.987 1.038 1.134 

210 0.877 0.957 1.001 1.050 1.146 

220 0.886 0.968 1.011 1.062 1.160 

230 0.896 0.980 1.025 1.075 1.173 

240 0.907 0.989 1.036 1.088 1.186 

400 
Brass 

copper 

170 0.822 0.895 0.937 0.982 1.069 

180 0.836 0.910 0.948 0.993 1.081 

190 0.845 0.919 0.959 1.005 1.093 

200 0.855 0.930 0.969 1.015 1.105 

210 0.864 0.940 0.980 1.026 1.117 

220 0.873 0.950 0.991 1.036 1.129 

230 0.883 0.962 1.002 1.049 1.143 

240 0.892 0.972 1.014 1.060 1.156 

 

 

 

 

 

 

 

 



Chapter 4: Extrusion Experimental Results 

97 

 

Figure 4.21 - Evolution of the die swell with extrusion temperature for different nozzle 

sizes and layer heights when extrudate parts were cooled down by a blower fan  

at 0.70 m/s (P.S = 40 mm/s). 

 

• Evolution with printing speed. 

Measurements of the swelling factor (B) under different printing speeds for the different 

nozzle sizes and layer heights when extrudate parts were cooled down by a blower fan at 

0.70 m/s are shown in table 4.19 and figure 4.22. 

Table 4.19 - Evolution of the die swell with printing speed for different nozzle sizes and 

layer heights when extrudate parts were cooled down by a blower fan at 0.70 mm/s  

(T = 210 ⁰C).  

Nozzle 

(µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

200 
Brass 

copper 

10 0.893 0.977 1.025 1.074 ----------- 

20 0.896 0.981 1.026 1.078 ----------- 

30 0.901 0.985 1.031 1.085 ----------- 

40 0.905 0.990 1.035 1.089 ----------- 

50 0.909 0.995 1.042 1.094 ----------- 

60 0.914 1.001 1.048 1.100 ----------- 

70 0.917 1.005 1.052 1.107 ----------- 

80 0.922 1.009 1.057 1.111 ----------- 
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Nozzle 

(µm) 

Nozzle 

material 

PS 

(mm/s) 
Swelling factor (B) 

   
LH = 

0.10 mm 

LH = 

0.20 mm 

LH = 

0.25 mm 

LH = 

0.30 mm 

LH = 

0.40 mm 

300 
Brass 

copper 

10 0.865 0.944 0.988 1.036 1.132 

20 0.868 0.948 0.991 1.040 1.135 

30 0.873 0.953 0.996 1.047 1.142 

40 0.877 0.958 0.999 1.049 1.146 

50 0.881 0.963 1.007 1.054 1.152 

60 0.885 0.967 1.011 1.061 1.157 

70 0.888 0.971 1.015 1.067 1.163 

80 0.893 0.974 1.020 1.072 1.169 

400 
Brass 

copper 

10 0.851 0.927 0.967 1.011 1.102 

20 0.855 0.932 0.971 1.017 1.107 

30 0.859 0.936 0.976 1.022 1.113 

40 0.864 0.940 0.980 1.026 1.118 

50 0.868 0.945 0.986 1.031 1.124 

60 0.871 0.949 0.989 1.036 1.129 

70 0.875 0.954 0.994 1.041 1.134 

80 0.880 0.958 0.999 1.045 1.139 

 

 

 

 

Figure 4.22 -Evolution of the swelling factor with printing speed for different nozzle 

sizes and layer heights when extrudate parts were cooled by a blower fan at 0.70 m/s  

(T = 210 ⁰C). 

 

 

 



Chapter 4: Extrusion Experimental Results 

99 

4.4.5 Summary of experimental results. 

The evolution of the die swell with the extrusion temperature when the extrudate 

filaments were cooled down by an external air fan (0.10 m/s, 0.30 m/s, 0.50 m/s and 0.70 

m/s) is shown in figure 4.23. The layer height and nozzle size were set to their default 

values (0.25 mm and 0.40 mm, respectively). 

 

Figure 4.23 - Evolution of the swelling factor with the extrusion temperature when the 

filaments were cooled down by an external air fan at different fan speeds 

(P.S = 40 mm/s). 

The evolution of the die swell with the printing speed when the extrudate filaments were 

cooled down by an external air fan (0.10 m/s, 0.30 m/s, 0.50 m/s and 0.70 m/s) is shown 

in figure 4.24. The layer height and nozzle size were set to their default values (0.25 mm 

and 0.40 mm respectively). 
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Figure 4.24 - Evolution of the swelling factor with printing speed when the filaments 

were cooled down with an external air fan at different fan speeds 

 (T = 210 ⁰C). 

 

4.5 Analysis of Extrudate Die Swell Results in FDM. 

A statistical analysis of the experimental results of the extrudate die swell was conducted 

with the aim of understanding the effect of each applied manufacturing parameter in the 

filament expansion. For that purpose, a multivariate regression analysis was carried out 

in Matlab R2019b. On this basis, a new linear analytical formula was obtained which can 

predict the contribution of each manufacturing parameter on the extrudate die swell with 

a high accuracy degree. 

Multivariate Regression is a method used to measure the degree to which more than one 

independent variable (predictors) are linearly related. The specific parameters studied in 

this analysis were the extrusion temperature (T), printing speed (P.S), layer height (L.H) 

and nozzle diameter (N). This statistical analysis was conducted on all the extrudate parts 

which were cooled down at room temperature under the full range of manufacturing 

conditions. 
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The dependence of the swelling factor (B) with the different processing variables is 

described by the expression, 

                       B = 0.6471 + 0.0012·T + 0.0005·PS + 0.9612·LH - 0.2707·N            (4.1) 

where T, P.S., L.H and N are expressed in ℃, mm/s, mm, and mm. respectively. This 

equation has a regression coefficient of R2 = 0.9924, which indicates a great linearity 

between the manufacturing parameters and the experimental values of die swell. 

Figure 4.25 shows the mathematical relationship of the extrudate die swell with respect 

to the extrusion temperature and the printing speed (L.H = 0.25 mm, N = 0.40 mm). 

 

 

Figure 4.25 - Dependence of the die swell with respect to extrusion temperature and 

printing speed (LH = 0.25 mm, N = 0.40mm). 

 

Figure 4.26 shows the mathematical dependence between the extrusion temperature and 

the layer height with the die swell when the printing speed and the nozzle diameter were 

set to their default values (P.S = 40 mm/s and N = 0.40 mm). 
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Figure 4.26 - Dependence of the die swell with respect to the extrusion temperature and 

the layer height (PS = 40 mm/s, N = 0.40mm) 

 

Figure 4.27 shows the mathematical dependence between the extrusion temperature and 

the nozzle diameter with the die swell, when the printing speed and the layer height were 

set to their default values (P.S = 40 mm/s and L.H = 0.25 mm). 

 

Figure 4.27 - Dependence of the die swell with respect to the extrusion temperature and 

the nozzle diameter (P.S = 40 mm/s, L.H = 0.25 mm) 
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4.6 Discussion of the Experimental Results of the Extrudate Die Swell. 

The experimental results illustrated in this chapter can be explained applying different 

theoretical models which define the extrudate die swell considering the different 

rheological conditions of the melted material. 

• Effect of the extrusion temperature in the die swell of extrudate filaments. 

Experimental results indicate that there is a linear relationship between the extrusion 

temperature and the die swell of the extrudate filaments. This tendency was identified 

under all the manufacturing conditions regardless of the nozzle size, layer height or 

applied cooling method. This tendency conforms with previous numerical models such 

as the Tanner model [144] defined in equation (3.4). This model includes a factor mt that 

defines the nature of the material (2 < mt < 4). For complete elastic materials mt has been 

assigned mt = 2, and for thermoplastic polymers mt has been assigned mt = 3.8. When the 

temperature rises, the value of mt is reduced as the polymer starts gaining elasticity. This 

reduction of mt would lead to an increase in the swelling factor. 

Experimental results also indicates that an increase of the temperature supposes a 

reduction of the adimensional factor K (figure 3.3). Lower values of the factor K suppose 

a reduction in the shear stress (ꞆW) (equation (3.9)). According to the Sirisinha model 

(equation (3.7)) [159]), a decrease in ꞆW would suppose an increment of the swelling 

factor B. 

• Effect of printing speed in the die swell of extrudate filaments. 

Experimental results also indicate a linear relationship between the printing speed and the 

die swell of the extrudate filaments. Again, this was found to be the case for all the 

manufacturing conditions regardless of nozzle size, layer height or cooling method. This 

tendency can be explained by the Middleman model (equation (3.5)) [146]. In 

pseudoplastic fluids such as PLA, the viscosity (µ) decreases exponentially when the 

shear rate (γ) increases (equation (2.5)). This trend can be observed in figure 3.2 which 

illustrates the conducted rheological results.  

Due to the shear rate being proportional to the flow rate and therefore the extrusion rate, 

it can be deduced that increased printing speed would suppose a reduction of the viscosity. 

This lower viscosity would involve a large reduction of the Reynolds number. According 
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to the Middleman model (equation (3.5)), lower Reynolds number values would suppose 

an increase in the swelling factor B. 

The linear relationship between the printing speed and the die swell of the extrudate 

filaments is consistent with the Sirisinha model (equation (3.7)) [149]. Based on this 

theory an increase of the printing speed would also lead to an increase of the pressure 

drop (ΔP) [163] and therefore to an increment of the swelling factor B. 

This effect can also be explained by new simulation models [151]. These models maintain 

that the swelling factor increases with an increment of the We number. According to 

equation (3.20) the We number is directly proportional to the shear rate (γ). Considering 

that the shear rate is proportional to the extrusion rate, an increase of the printing speed 

would suppose an increment of the We number and thereby of the swelling factor B. It 

should also be mentioned that the effect of increased printing speed on the swelling factor 

is less than the effect of the temperature. 

• Effect of layer height in the die swell of extrudate filaments. 

Experimental results indicate that there is a linear relationship between the layer height 

and the die swell of the extrudate filaments. Once again, this was found to be the case 

with manufacturing conditions irrespective of nozzle size, extrusion temperature, printing 

speed or cooling method. An increase of the layer height supposes an increase of the flow 

rate inside the liquefier of the 3D printer which leads to an increase in the pressure drop 

(ΔP) [163]. This tendency is also aligned with the Sirisinha model [149]. According to 

equation (3.7) an increase of the pressure drop supposes an increment of the swelling 

factor B. 

• Effect of nozzle size in the die swell of extrudate filaments. 

A linear relationship between the nozzle size and the die swell of the extrudate filaments 

was also evident from the results. In the various extrusion experiments, a decrease of the 

nozzle diameter supposes an increase of the pressure drop (ΔP) [163]. Again, this 

tendency conforms with the Sirisinha model (equation (3.7)) [149], an increase of the 

pressure drop coincides with an increment of the swelling factor B. 
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• Effect of nozzle material in the die swell of extrudate filaments. 

From experimental results, it can be observed that the die swell of extrudate filaments is 

higher when a steel nozzle is applied (approximately 5 % more). The reason being that 

the steel material is harder than the copper material. As a result, the friction on the 

extruded material in the steel nozzle is greater than in the copper nozzle. For this reason, 

the pressure drop is higher when the extrusion is performed with a steel nozzle rather than 

with a copper nozzle. This tendency is also in line with the Sirisinha model (equation 

(3.7)) [149]. According to equation (3.7) an increase in the pressure drop would lead to 

an increment of the swelling factor B. 

• Effect of cooling procedures in the die swell of extrudate filaments. 

Figure 4.28 shows the die swell of the extrudate filaments for the different cooling 

methods. The other printing parameters were set as their standard values (P.S = 40 mm/s, 

N= 0.40 mm, L.H = 0.25 mm, copper nozzle). 

 

Figure 4.28 - Evolution of the swelling factor with temperature applying the different 

cooling procedures (PS = 40 mm/s, N= 0.40 mm, L.H = 0.25 mm, copper nozzle). 

The temperature of the water applied on the extrudate filaments during the cooling 

process affects the die swell of the extrudate filaments. At lower temperatures, a higher 

reduction of the die swell can be observed. Figure 4.28 shows a large reduction of the 

extrudate die swell when the filaments were cooled down by the newly implemented 
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methods. The most effective method for reducing the die swell on the extrudate filaments 

was cooling the melted filaments with water.  

From figure 4.28, it can also be seen that the extrudate filaments cooled by an external 

blower fan present less die swell than those cooled at room temperature. At faster blower 

fan speeds, the reduction of the die swell on the extrudate filaments is greater. 

The effect of the cooling procedure on the extrudate expansion can be explained by the 

crystalline structure of PLA. Previous research [164] has shown that cooling condition 

rate has a significant effect on parts dimension in semi-crystalline polymers (like PLA). 

Faster cooling rates lead to smaller amounts of crystal amount and growth development, 

leading to a reduction in the final part volume.  

• Accuracy of the experimental results. 

Figures 4.3–4.28, indicate that the measurements of the die swell of the extrudate 

filaments under the different processing conditions present very repeatable results. The 

deviations between measurements of die swell present an error in the range of ± 0.005 – 

± 0.02, demonstrating the reliability of the implemented process. The experimental results 

also indicate that the error between deviations increases at higher extrusion temperatures 

and printing speeds. At higher extrusion temperature values, the extrudate material is 

more fluid, making its shape when deposited on the platform more irregular and thereby 

increasing the dispersion in the measurements. At higher printing speed there is more 

swelling effect, which enhances the irregular shape of the deposited filaments and thereby 

increases the error in the obtained results. 

The experimental results show that the error in the measurements of the die swell for the 

extrudate filaments cooled down by water are larger than under standard conditions. This 

is due to the fact that extrudate filaments cooled down by water experience a much faster 

solidification making the shape of the filaments more irregular, which in turn leads to 

more errors in the measurements of the die swell. 

4.7 Comparison of Experimental Results with Simulation Models 

Various authors have proposed different simulation models for describing the behaviour 

of extruded swell in polymer extrusion. These numerical models present variety of 

approaches to describe the fluid flow, defining the rheological behaviour of the melted 

polymer as elastic (Tanner model), viscoelastic (Oldroyd-B and Giesekus models) [144] 
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[150] [151] or viscoplastic material [151] [152]. These models present a numerical model 

that defines the swelling effect in relation to the dimensionless Weissenberg number (We) 

[151]. The We number is the ratio between the elastic forces and the viscous forces and 

indicates the degree of anisotropy generated by the deformation which is appropriate to 

describe flows with simple shear. 

The purpose of this research was to investigate how different printing conditions 

(extrusion temperature, printing speed and nozzle size) can affect the rheological 

behaviour and extrudate swell of PLA. The experimental results of extrudate die swell 

were compared with the values obtained from the above-mentioned models, with the aim 

of testing the suitability of the simulation methods to predicting the filament expansion 

in FDM. For the Tanner model, the constant mt was assigned the value of 3.8 in equation 

(3.4) as recommended for thermoplastic polymers such as PLA [145]. 

In order to obtain the values of the swelling factor for the different numerical models, the 

We number was first calculated under the various manufacturing conditions of extrusion 

temperature, printing speed and nozzle size. For calculating the We number (equation 

(3.20)), the respective values of the adimensional factor α (equation (2.19)), the relaxation 

time λ𝑑 (equation. (3.21)) and the shear rate (γ) (equation. (2.2)) were initially 

determined. Once the values of the We number have been obtained, it is then possible to 

calculate by interpolation the values of the swelling factor from the different numerical 

models that represent the relationship between the die swell and the Weissenberg number 

[150] [151]. Finally, it was assessed which of the different numerical models best fits the 

experimental results. 

4.7.1 Evolution of the swelling factor with extrusion temperature. 

In table 4.20 can be seen the values of the We number calculated at different extrusion 

temperatures (170 ⁰C - 240 ⁰C) keeping the other manufacturing parameters at their 

default values (PS = 40 mm/s, LH = 0.25 mm, N= 0.40 mm). 
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Table 4.20 – We number values at different extrusion temperatures (N = 0.40 mm, PS = 

40 mm/s, LH = 0.25 mm). 

Nozzle 

diameter (m) 

P. S 

(m/s) 
T (˚C) Q (m3/s) ɣ (s-1) α λd (s) We 

4·10-4 0.04 

170 5.026·10-9 1100 3.769·10-2 0,00113 1.244 

180 5.026·10-9 1100 3.550·10-3 0,00011 0.117 

190 5.026·10-9 1100 5.966·10-4 1.790·10-5 0.0197 

200 5.026·10-9 1100 1.480·10-4 4.440·10-6 0.004884 

210 5.026·10-9 1100 4.830·10-5 1.449·10-6 1.594·10-3 

220 5.026·10-9 1100 1.927·10-5 5.781·10-7 6.359·10-4 

230 5.026·10-9 1100 8.941·10-6 2.682·10-7 2.951·10-4 

240 5.026·10-9 1100 4.662·10-6 1.398·10-7 1.539·10-4 

 

Table 4.21 shows the evolution of the swelling factor values at different extrusion 

temperatures for the experimental results of this work (B Exp) as well as the calculated 

theoretical values applying the Oldroyd-B (B Oldroyd-B), Giesekus (B Giesekus), PTT (B PTT) 

and Tanner (B Tanner) models. 

Table 4.21 – Experimental and theoretical swelling factors values at different 

temperatures (N = 0.40 mm, PS = 40 mm/s, L.H = 0.25 mm). 

P.S (m/s) T (˚C) We B Oldroyd-B B Giesekus B PTT B Tanner B Exp 

0.04 

170 1.244 1.303 1.156 1.141 1.150 0.997 

180 0.117 1.191 1.189 1.128 1.149 1.009 

190 0.0197 1.192 1.192 1.127 1.148 1.020 

200 0.00488 1.193 1.193 1.127 1.147 1.031 

210 1.594·10-3 1.193 1.193 1.127 1.147 1.043 

220 6.359·10-4 1.193 1.193 1.127 1.147 1.054 

230 2.951·10-4 1.193 1.193 1.127 1.147 1.067 

240 1.539·10-4 1.193 1.193 1.127 1.147 1.078 
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Figure 4.29 - Evolution of experimental and theoretical swelling factors with extrusion 

temperature for the 0.40 mm diameter nozzle (P.S = 40 mm/s, L.H = 0.25 mm). 

 

4.7.2 Evolution of the swelling factor with printing speed. 

In table 4.22 can be seen the values of the We number calculated under different printing 

speeds (10 mm/s – 90 mm/s) keeping the other manufacturing parameters at their default 

values (P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm). 

Table 4.22 – We number values at different extrusion speeds (N = 0.40 mm, T = 210 ⁰C, 

L.H = 0.25 mm). 

Nozzle 

diameter 

(m) 

P.S (m/s) T (˚C) Q (m3/s) ɣ (s-1) α λd (s) We 

4·10-4 

0.01 

210 

1.257·10-9 275 4.830·10-5 1.449·10-6 3.985·10-4 

0.02 2.513·10-9 550 4.830·10-5 1.449·10-6 7.970·10-4 

0.03 3.770·10-9 825 4.830·10-5 1.449·10-6 1.196·10-3 

0.04 5.026·10-9 1100 4.830·10-5 1.449·10-6 1.594·10-3 

0.05 6.283·10-9 1375 4.830·10-5 1.449·10-6 1.993·10-3 

0.06 7.540·10-9 1650 4.830·10-5 1.449·10-6 2.391·10-3 

0.07 8.796·10-9 1925 4.830·10-5 1.449·10-6 2.790·10-3 

0.08 1.005·10-8 2200 4.830·10-5 1.449·10-6 3.188·10-3 

160 170 180 190 200 210 220 230 240 250

0,95

1,00

1,05

1,10

1,15

1,20

1,25

1,30

1,35

S
w

e
ll
in

g
 f

a
c

to
r

Temperature (C)

 B Oldroyd-B

 B Giesekus

 B PTT

 B Tanner

 B Exp



Chapter 4: Extrusion Experimental Results 

110 

The evolution of experimental and theoretical swelling factors values at different 

extrusion speeds (N = 0.40 mm, T = 210 ⁰C, L.H = 0.25 mm) are listed in table 4.23 and 

represented in figure 4.30. 

Table 4.23 – Experimental and theoretical swelling factors values at different extrusion 

speeds (N = 0.40 mm, T = 210 ⁰C, L.H = 0.25 mm). 

P.S (m/s) T (˚C) We B Oldroyd-B B Giesekus B PTT B Tanner B Exp 

0.01 

210 

 

3.985·10-4 1.193 1.193 1.127 1.147 1.028 

0.02 7.970·10-4 1.193 1.193 1.127 1.147 1.032 

0.03 1.196·10-3 1.193 1.193 1.127 1.147 1.038 

0.04 1.594·10-3 1.193 1.193 1.127 1.147 1.042 

0.05 1.993·10-3 1.193 1.193 1.127 1.147 1.048 

0.06 2.391·10-3 1.193 1.193 1.127 1.147 1.053 

0.07 2.790·10-3 1.193 1.193 1.127 1.147 1.058 

0.08 3.188·10-3 1.193 1.193 1.127 1.147 1.063 

 

 

 

 

Figure 4.30 - Evolution of experimental and theoretical swelling factors with printing 

speed for the 0.40 mm diameter nozzle (T = 210 ⁰C, L.H = 0.25 mm). 

 

 

 

 

 

 

 

0 10 20 30 40 50 60 70 80 90

1,000

1,025

1,050

1,075

1,100

1,125

1,150

1,175

1,200

1,225

S
w

e
ll
in

g
 f

a
c
to

r

Printing speed (mm/s)

 B Oldroyd-B

 B Giesekus

 B PTT

 B Tanner

 B Exp



Chapter 4: Extrusion Experimental Results 

111 

4.7.3 Evolution of swelling factor with the nozzle size. 

In table 4.24 can be seen the values of the We number calculated at different extrusion 

temperatures for 0.30 mm and 0.20 mm nozzle diameters. The other manufacturing 

parameters are kept at their default values (PS = 40 mm/s, L.H = 0.25 mm). 

Table 4.24–Experimental and theoretical swelling factors values at different extrusion 

temperatures for 0.30 mm and 0.20 mm nozzle diameters (P.S = 40 mm/s, L.H = 0.25 

mm). 

Nozzle 

diameter (m) 

P.S 

(m/s) 
T (˚C) Q (m3/s) ɣ (s-1) α λd (s) We 

3·10-4 0.04 

170 2.827·10-9 1466.67 3.769·10-2 0.00113 1.658 

180 2.827·10-9 1466.67 3.550·10-3 0.00011 0.156 

190 2.827·10-9 1466.67 5.966·10-4 1.790·10-5 0.026 

200 2.827·10-9 1466.67 1.480·10-4 4.440·10-6 0.0065 

210 2.827·10-9 1466.67 4.830·10-5 1.449·10-6 2.125·10-3 

220 2.827·10-9 1466.67 1.927·10-5 5.781·10-7 8.479·10-4 

230 2.827·10-9 1466.67 8.941·10-6 2.682·10-7 3.934·10-4 

240 2.827·10-9 1466.67 4.662·10-6 1.398·10-7 2.051·10-4 

2·10-4 0.04 

170 1.257·10-9 2200 3.769·10-2 0.00113 2.488 

180 1.257·10-9 2200 3.550·10-3 0.00011 0.234 

190 1.257·10-9 2200 5.966·10-4 1.790·10-5 0.0394 

200 1.257·10-9 2200 1.480·10-4 4.440·10-6 9.768·10-3 

210 1.257·10-9 2200 4.830·10-5 1.449·10-6 3.188·10-3 

220 1.257·10-9 2200 1.927·10-5 5.781·10-7 1.272·10-3 

230 1.257·10-9 2200 8.941·10-6 2.682·10-7 5.901·10-4 

240 1.257·10-9 2200 4.662·10-6 1.398·10-7 3.077·10-4 

 

In Table 4.25 can be seen the experimental values of extrudate die swell (BExp) as well as 

the values calculated for the theoretical models, under different extrusion temperatures 

and nozzle diameters. The other parameters are kept at their default values (PS = 40 mm/s, 

L.H = 0.25 mm). 
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Table 4.25 – Experimental and theoretical values of swelling factors at different extrusion 

temperatures for 0.30 mm and 0.20 mm nozzle diameters (P.S = 40 mm/s, L.H = 0.25 

mm). 

Nozzle (m) 
P.S 

(m/s) 
T (˚C) 

B Oldroyd-

B 
B Giesekus B PTT B Tanner B Exp 

3·10-4 0.04 

170 1.374 1.159 1.132 1.150 1.015 

180 1.191 1.187 1.125 1.148 1.027 

190 1.192 1.192 1.125 1.148 1.037 

200 1.193 1.193 1.125 1.148 1.048 

210 1.193 1.193 1.125 1.148 1.061 

220 1.193 1.193 1.125 1.148 1.072 

230 1.193 1.193 1.125 1.148 1.086 

240 1.193 1.193 1.125 1.148 1.097 

2·10-4 0.04 

170 1.621 1.190 1.145 1.161 1.047 

180 1.185 1.185 1.127 1.142 1.060 

190 1.190 1.185 1.125 1.131 1.070 

200 1.202 1.185 1.125 1.131 1.082 

210 1.202 1.185 1.125 1.131 1.096 

220 1.202 1.185 1.125 1.131 1.108 

230 1.202 1.185 1.125 1.131 1.120 

240 1.202 1.185 1.125 1.131 1.133 

 

Figures 4.31 - 4.32 represent the evolution of the experimental and theoretical swelling 

factors with the manufacturing temperature for 0.30- and 0.20-mm diameter nozzle. 

 

 

Figure 4.31 - Evolution of the experimental and theoretical values of the swelling 

factors with temperature for 0.30 mm diameter nozzle (P.S = 40 mm/s,  

L.H = 0.25 mm). 
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Figure 4.32 - Evolution of the experimental and theoretical values of the swelling 

factors with temperature for 0.20 mm diameter nozzle (P.S = 40 mm/s, 

 L.H = 0.25 mm). 

 

4.7.4 Conclusions of the comparison between experimental and theoretical results. 

The experimental results of extrudate swelling under the various manufacturing 

conditions have being compared with numerical values from different theoretical models: 

(Oldryd-B, Giesekeus and Phan-Thien-Tanner (PTT), Tanner). From figures 4.29 - 4.32, 

it can be deduced that the experimental results cannot be predicted accurately using 

numerical models. Numerical models overestimate the die swell effect in comparison 

with the experimental results, specially the Oldroyd-B model.  

The discrepancies in the swelling factor values between the experimental results and the 

Oldroyd-B model can be attributed to this numerical model lacking the capability to 

describe the shear-thinning rheological behaviour of thermoplastics materials like PLA. 

The Oldroyd-B model was a first attempt at simulating viscoelastic behaviour, but it gives 

an unrealistic representation of the true viscosity [150]. This model is still applied to 

reproduce, at least qualitatively, several viscoelastic phenomena. It can also be seen that 

the Giesekus model likewise overestimates the swelling effect in comparison with the 

experimental results. In this case, the discrepancy between the experimental and 

numerical results can be explained by an overestimation of the value assigned to the 

160 170 180 190 200 210 220 230 240 250

1,00

1,05

1,10

1,15

1,20

1,50

1,55

1,60

1,65

S
w

e
ll
in

g
 f

a
c
to

r

Temperature (C)

 B Oldroyd-B

 B Giesekus

 B PTT

 B Tanner

 B Exp



Chapter 4: Extrusion Experimental Results 

114 

mobility parameter α (0 ≤ α ≤ 0.5). Comminal et al assigned a value of α = 0.5 in the 

representation of the Giesekus model [150]. The higher the value of the parameter α, the 

more enhanced is the shear-thinning rheological behaviour and therefore the viscosity 

would be lower. A lower value of the viscosity would lead to an increment of the swelling 

effect [150] . 

From figures 4.29 - 4.32, it is observed that the discrepancies in the swelling factor values 

between the theoretical results of the Oldroyd-B and Giesekus models and the 

experimental results are bigger at smaller extrusion temperatures (higher values of the We 

number). This effect can be attributed to an increment of the numerical instabilities of 

both models for higher values of the We number [150]. For the Oldroyd-B model, the 

numerical instabilities are higher when We ≈ 1 [165]. 

From figures 4.29 - 4.32, the PTT obtained data present less deviations with respect to 

the experimental swelling values than the other viscoelastic models (Oldroyd-B and 

Giesekus). The Phan-Thien-Tanner model is capable of reproducing the shear thinning 

behaviour with greater accuracy and will therefore provide a better description of the 

rheological behaviour of PLA due to the incorporation of the parameters ξ and Ɛ that 

reflect the second normal stress difference and the destruction rate of the viscosity [156]. 

The discrepancies in the swelling factor values between the PTT model and the 

experimental results may be due to the value assigned to the retardation parameter  

(β = 0.90) in this numerical model [151]. The retardation parameter indicates a ratio 

between the solution contribution and the polymeric contribution. The higher the 

retardation parameter, the more elastic the material and the higher the calculated swelling 

value would be [153].  

The Tanner model presents slightly higher deviations of the swelling factor with respect 

to the experimental results than the PTT model. The Tanner model is applied for the 

calculation of die swell in elastic fluids and therefore cannot describe the shear-thinning 

behaviour of thermoplastics polymers such as PLA [151]. It should be mentioned that the 

Tanner model presents less deviation compared with the experimental results than the 

Oldroyd-B and Giesekus models. 

Figures 4.29 - 4.32 indicate that there is not a marked dependency between the values of 

extrusion temperature and printing speed and the swelling factor in the numerical models. 

According to experimental results, when the printing temperature is increased, the 

swelling factor becomes larger. This trend is aligned with the description of the die swell 
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for the PTT and Tanner models, but only fits with the Oldroyd-B model in the range of 0 

˂ We ˂ 0.50 and for the Giesekus flow model in the range of 0 ˂ We ˂ 1. With respect to 

the relationship of the printing speed with the swelling factor, according to experimental 

results, when the printing speed values are raised, the swelling factor increases. Figure 

4.30 indicates that numerical models predict a reduction of the die swell when the printing 

speed is increased. Numerical methods are unable to explain this trend due to the obtained 

We numbers being quite small. 

From figures 4.31 – 4.32, it can also be seen that the smaller the applied nozzle diameter 

is, the smaller the deviation between the different theoretical models and the experimental 

results. 

The comparison of experimental results of extrudate die swell with theoretical data 

indicates that numerical models cannot be applied for predicting the extrudate die swell 

in FDM. Theoretical models underestimate the viscosity of the extrudate PLA and would 

therefore consider larger values of extrudate die swell. For this reason, in order to predict 

extrudate die swell, it is more advisable to apply the multivariate regression analysis 

introduced in this work and defined in equation (4.1). In the later stages of this work, a 

numerical model was also implemented, based on level-set techniques, which can monitor 

the shape of the extrudate filaments and thereby predict the extrudate die swell under the 

different working conditions. 
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Chapter 5. Novel Manufacturing Method for Patterning Micro- and 

Nanostructures on Thermoplastic Surfaces Based on FDM. 

Nowadays the capacity of manufacturing highly accurate micro- and nanostructures on 

different materials has a key importance because of its wide range of applications in 

different disciplines. To meet the demands of current research and industrial progress new 

techniques and methods are being developed, however, current nano and micro 

fabrication techniques are facing different issues that limits its application at mass scale. 

Previous stages of this work present an analysis of the rheology of PLA as well as an 

assessment of the dimensional accuracy of the FDM process under the full range of 

working conditions. These studies were conducted with the aim of understanding how the 

elasticity of PLA would affect its deformability and therefore the manufacturing accuracy 

of FDM. 

This chapter introduces a novel manufacturing method for patterning micro- and 

nanostructures on thermoplastic surfaces based on FDM. This technique could potentially 

be applied for the manufacture of bioinspired surfaces. Compared with lithographic 

technologies, this technique can be used to machine in a cost-effective way a wide range 

of materials with high throughput at large scales. 

The chapter begins by presenting the fundamentals of focus ion beam. It will then go on 

outlining the fundamentals of the novel proposed manufacturing technique. Then it is 

presented the methodology applied in this technique. Lastly, it is presented the 

experimental results for the dimensional accuracy of the novel patterning method under 

different manufacturing conditions.  

5.1 Fundamentals of Focused Ion Beam. 

Electron beam lithography and optical lithography are well-known techniques for 

manufacturing features with high throughput area but only 2D structures can be fabricated 

[66]. Likewise, single point diamond turning can also be used in nanotechnology but its 

maximum resolution that can be achieved is constrained by the size of the machining 

tools. Equally, scanning probe lithography have the disadvantage of being only applicable 

in soft materials and has low throughput. On the other hand, femtosecond laser machining 

has the limitation that the surface roughness is several times larger than other techniques 

[66]. 
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Focused ion beam (FIB) is a fabrication technique capable of successfully overcoming 

the limitations of current manufacturing processes. FIB creates a beam of high energy 

ions, focusing them onto a substrate with the aim of both imaging and machining. 

Comparing with electron beam lithography, FIB can produce structures in 2D and 3D, 

presents higher material removal rates, and also has the advantage of being a direct 

writing technique that does not require any mask during the fabrication process. 

• The FIB instrument. 

A FIB/SEM system consists of a vacuum system, a gas injection system (GIS), a chamber 

an ion column, an electron column, a sample stage, an ion source, and a computer to 

monitor the whole system. The ion column and ion source are the key components in the 

FIB instrument since the ion beam are created, focused, and directed in these systems. 

[166]. 

 

Figure 5.1 - Schematic diagram of the setup of an FIB-SEM dual beam system [167]. 

 

FIB applies highly focused ion beams to scan and mill the target surface inside a vacuum 

chamber. The ion beam is generated from a liquid-metal ion source such as Ga+ by the 

application of a strong electric field. Ga+ has advantages compared with others liquid-

metal ion sources such as low negligible evaporation, vapour pressure, low melting 

temperature (30°C) and low volatility. The vacuum pump is applied for keep the vacuum 

inside the work chamber and the column. The ion focuses the generated ions in order to 

attack the sample. The gas containers are connected to a nozzle assembly inside the 

vacuum chambers for faster and more selective etching [166]. 
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• FIB working principle. 

The FIB mechanism is based on the application of an incident ion beam on a particular 

substrate that will sputter certain atoms on the sample surface. The incidence of this ion 

beam leaves the surface as neutral atoms or secondary ions, and electrons are also 

generated. The signal from the secondary electrons or the sputtered ions is collected to 

form an image. The intensity of the primary current bean would influence the amount of 

material sputtered. The geometric application of the ion beam can be described by the 

emission and incident angles of the sputtered atoms. Another key parameter to take into 

consideration during FIB machining is the dwell time applied to the substrate [166]. 

The applications of FIB system in imaging, milling and deposition are greatly influenced 

by the nature of ion – solid interactions. As shown in figure 5.6, when a focus beam of 

ions is applied on a target surface, different types of interactions occur on and beneath the 

surface, such as scattering, sputtering and redeposition [166]. 

 

Figure 5.2 - Schematic diagram of the sputtering process and ion-solid interactions 

[166]. 

The atomic redeposition phenomena in the FIB procedure may affect to some extent the 

dimensional accuracy of fabricated structures. This effect is due to secondary scattered 

atoms which are expel by the incident ion beam and a proportion of these secondary 

scattered atoms can remain on the sidewalls of the nanofeatures. This effect will cause a 

reduction of the dimensional accuracy of this technique. Calculating the influence of this 

effect on a specific procedure is difficult to predict, and a "trial and error" strategy is 

commonly used with the aim of minimizing manufacturing error. On the contrary, the 
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fabrication of nanofeatures of specific dimensions is a costly and complex procedure 

[166]. 

• Fabrication parameters in FIB. 

The FIB machining process is a combination of physical sputtering and material 

redeposition. The machining process in FIB is influenced by the following factors [168]:  

• Scanning strategy. 

• Sputter yield. 

The sputter yield is defined as the average number of target atoms ejected from the 

sample per incident ion. 

• Beam diameter. 

The beam diameter is a machining parameter applied to describe the beam spot size. 

On normal basis, the beam diameter increases as the ion current grows. 

• Pixel spacing. 

• Processing methods in FIB micro machining. 

• Scanning passes. 

5.2 Novel Manufacturing Method for Patterning Micro- and Nano Structures 

Based on FDM. 

5.2.1 Aims of this new technique. 

Surface behaviour plays a key role in many physical or chemical properties including 

wettability [169] optical properties [170], thermal emissivity [171] corrosion [172] and 

other biological [173] and chemical processes [174]. The surface behaviour is controlled 

by the surface topography and the material properties. Over the last decade, surface 

texturing in the nano and micro range has sparked interest in scientific [175] [176] and 

technological applications [177] [178]. 

It is still a challenge to manufacture nano and micro-structures in a cost-effective way. In 

order to tailor nanostructures, attention has to be paid to the manufacturing process. 

Monitoring the nano-fabrication procedure requires to control the different parameters 
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that affect surface topography such as the size of the patterns, the composition, the shape, 

spatial arrangement of the nanopatterns and the crystallographic orientation. 

This work proposes a new versatile and highly controllable manufacturing method based 

on FDM for patterning micro- and nanostructures on the surfaces of extrudate 

thermoplastic polymers with a high degree of accuracy. Compared with lithographic 

technologies, this novel method can be employed to manufacture functional structures on 

the surface of a wide range of polymers in a fast, simple, and cost-effective manner.  

5.2.2 Working principle. 

This technique consists of two stages: 

• Manufacture of different micro patterns on the nozzles of 3D printers by focus ion – 

beam lithography (FIB). Experimental work on fabrication of nozzle microstructures 

was conducted by using a FIB system (FEI Quanta3D FEG) equipped with liquid 

gallium ion source. FIB is a high-resolution technology (50 nm) [166] capable of 

producing complex micro- and nano structures in almost any material. 

 

Figure 5.3 - CAD image of the nanopatterned nozzle by FIB. 

• Extrusion process, the shapes of the patterns are transferred onto the surface of the 

thermoplastic polymers. This manufacturing method could potentially be applied in 

the cost-effective manufacture of micro- and nano structures inside tubes of very 

small diameters, ideal for applications in the design of antibacterial medical devices.  
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The applicability of this novel technique would depend on its dimensional accuracy, 

hence determining the precision of this technique is of vital importance. The dimensional 

accuracy of this technique has been assessed at different extrusion temperatures and 

printing speeds together with a study of the influence of various cooling methods. For this 

purpose, a comparison was made between the geometrical relationship of the patterns 

manufactured in the nozzle and the patterns transferred in the surfaces by measurements 

using SEM microscopy. Via this characterization, the optimal printing parameters for 

manufacturing the most dimensionally accurate can be evaluated. 

 

Figure 5.4 - CAD image of the patterned filament extruded through the nozzle. 

In figure 5.5 is shown an image taken by SEM microscopy of a full patterned nozzle 

manufactured by FIB. 

 

Figure 5.5 - Full patterned nozzle manufactured by FIB. 
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Figure 5.6 - Picture of a full patterned filament extruded by the proposed manufacturing 

technique. 

 

5.3 Experimental Methodology 

5.3.1 Nozzle characterization. 

SEM images (FEI Quanta 3D FEG) of the MK8 brass copper nozzle of 0.40 mm diameter 

are illustrated in figure 5.7. 
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Figure 5.7 - Images of 0.40 mm diameter brass copper nozzle obtained by SEM 

microscopy. 

 

5.3.2 Manufacture of patterns in the nozzle. 

Different rectangular patterns have been manufactured by focus ion beam (FIB) on 

nozzle. A FEI Quanta 3D FEG microscope coupled with a FIB instrument, operating at 

30 keV and 3 nA, was used to manufacture the various rectangular patterns with a range 

of dimensions. 

The purpose of manufacturing structures of different dimensions on the surface of the 

nozzle is to test how the dimension of the patterned features affects the dimensional 

accuracy of the structures patterned on the extruded filaments. The dimensions of the 

manufactured structures on the surface of the nozzle are approximately 4.23 µm x 16.11 

µm (pattern 1), 4.43 µm x 16.19 µm (pattern 2), 8.89 µm x 16.84 µm (pattern 3) and 14.86 

µm x 20.01 µm (pattern 4). The specific distances between patterns are 30.53 µm 
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(distance between pattern 1 and 2), 37.66 µm (distance between pattern 2 and 3) and 44.00 

µm (distance between pattern 3 and 4). 

 

Figure 5.8 - Images taken by SEM microscopy of the different structures patterned on 

the copper nozzle. 

5.3.3 Nozzle conditioning and inspection. 

In this project, FIB was applied for patterning micro and nano structures on the surfaces 

of the nozzle of a 3D printer. The shape of the patterns on the nozzles are transferred to 

the surfaces of the extruded thermoplastic. 

The manufactured structures on the nozzles are in the micrometric scale. Due to the small 

size of these structures, proper conditioning and inspection of the nozzles is required to 

ensure the manufacturing process is as accurate and reliable as possible. 

The quality of the nozzles as well as a proper cleaning procedure for them are key factors 

to ensure the accuracy and reliability of this method. Nozzles must be manufactured as 
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accurately as possible and exhibit great mechanical resistance to avoid the deformation 

of the structures.  

Particles of melted PLA during the extrusion process may become stuck on the sidewalls 

of the nozzle structure affecting the manufacturing accuracy of this technique. A 

conditioning and inspection plan to be conducted on the nozzles is summarized below: 

• A characterization by SEM microscopy of the nozzles.  

In this work the standard MK8 copper nozzles of the Makerbot Replicator 2X were 

replaced by MK8 plated copper nozzles provided by the company E3D-ONLINE. A 

characterization of the nozzle´s dimensions and manufactured structures was conducted 

by SEM microscopy. The SEM characterization performed on both types of nozzles 

demonstrates that E3D-ONLINE nozzles had better dimensional tolerance as well as 

better mechanical resistance than standard ones. The E3D-ONLINE nozzles also exhibit 

the advantage of reducing filament friction, thereby minimizing expansion during 

extrusion. This is due to E3D-ONLINE nozzles having a plated layer. As was explained 

in chapter 4, when the extrusion friction is reduced, there is less filament expansion and 

as a result the manufacturing accuracy of the FDM process is improved. 

 

Figure 5.9. a) SEM image of the standard nozzle. b) SEM image of the E3D-ONLINE 

nozzle. 

• Cleaning procedure. 

Before each of the thesis extrusion experiment, a cleaning procedure was performed to 

avoid residues inside the manufactured structures of the nozzles.  
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The copper nozzles require cleaning with a solvent before extruding each part to prevent 

PLA residues remaining on the sidewalls of the nozzle structures. This solvent must meet 

two conditions: 

• The solvent must be non-polar due to the strong hydrophobicity of PLA. 

• The solvent must have a lower reduction potential (E) than copper. 

When two materials come into contact, a redox reaction is generated where the oxidation 

states of atoms are changed. In a redox reaction, the material with higher reduction 

potential tends to reduce, whereas the material with lower reduction potential tends to 

oxidize [179]. Therefore, in order to avoid the nozzle oxidizing, and therefore 

deteriorating, the copper material must have a higher reduction potential than the solvent. 

Acetone was applied for cleaning the nozzles because is strongly hydrophobic and has a 

lower reduction potential than copper, therefore the nozzle cannot become oxidized. The 

reduction potential of copper (equation 5.3) and acetone (equation 5.4) are defined by 

[180], 

                                     E (Cu2+ + 2e- → Cu(s)) = + 0.34 V                                       (5.1) 

                              E (CH3COO- + 2H+ + 2e- → CH3CHO) = - 0.580 V                    (5.2) 

Therefore, the Nerst potential (∆E) of the potential reaction during the cleaning procedure 

is, 

                                     ∆𝐸 = 0.34 − (− −  0.580) = 0.92 𝑉                                       (5.3) 

The feasibility of a redox reaction is thermodynamically explained by the Gibbs free 

energy which is defined by [179], 

                                                      ∆𝐺 =  −𝑛𝑒 · 𝐹𝐶 · ∆𝐸                                                   (5.4) 

where ne is the number of electrons exchange in the reaction (2), and FC is the Faraday 

constant (96485 C) [179]. According to the Gibbs principle, a reaction can only take place 

when ∆G < 0 [179]. As it can be seen, as copper has a higher reduction potential than 

acetone, ∆E remains positive and thus ∆G remains negative [179]. Therefore, according 

to Gibbs´s principle [179], no reaction can take place. Coper would tend to remain solid 

while acetone would oxidize, therefore the nozzle cannot be oxidized and thus been 

deteriorated. 
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The steps of the experimental cleaning procedure were: 

• The nozzles were introduced in a solution of acetone with sonication during 1 

hour at 60 ⁰C. 

• The nozzles were removed from the solution and were heated for 1 hour in a 

heating plate. 

• The nozzles were assembled in the 3D printer and were preheated at 210 ⁰C for 

10 minutes. 

• Characterization of the nozzles by energy-dispersive X-ray spectroscopy (XEDS). 

A XEDS analysis was performed in order to determine whether the nozzles had 

deteriorated during this process. XEDS is an analytical technique used for the elemental 

analysis or chemical characterization of a sample. It relies on an interaction between a 

source of X-ray excitation and a sample. Its characterization capabilities are largely due 

to the fundamental principle that each element has a unique atomic structure allowing a 

specific set of peaks on its electromagnetic emission spectrum. XEDS characterization 

results indicated that there was no contamination on the nozzles following this cleaning 

procedure. 

5.4 Accuracy Assessment of The Novel Method. 

The dimensional accuracy of this technique was assessed under different manufacturing 

conditions of extrusion temperature, printing speed and cooling conditions. The filaments 

are extruded under various conditions and the transferred features on the filament surfaces 

are characterized by SEM microscopy. The dimensions of the transferred patterns on the 

filament rods are geometrically compared with the feature’s dimensions on the 

manufactured nozzle using each set of fabrication conditions. For this purpose, the width 

of the manufactured patterns in the extrudate filaments (FW) and in the nozzle (NW) were 

measured.  

5.4.1 Calculation of the geometrical ratio. 

The dimensional accuracy of this fabrication technique was evaluated calculating a 

geometrical ratio (R) which is the quotient between the width of the structures in the 

filaments and the width of the patterns in the manufactured nozzle, 
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                                                                   𝑅 =  
𝐹𝑊

𝑁𝑊
                                                     (5.5) 

Lastly, the average ratio of the filament expansion (RAvg) was calculated for the four 

different structures under the same fabrication conditions.  

The different experiments under varied manufacturing conditions were conducted in 

triplicate. 

Table 5.1 – Width of the patterned structures on the nozzle manufactured by FIB. 

Nozzle structures 

NW1 (µm) NW2 (µm) NW3 (µm) NW4 (µm) 

4.23 4.43 8.48 14.98 

 

5.4.2 Calculation of experimental errors. 

The experimental errors associated to FW and R are calculated to assess the repeatability 

of the introduced manufacturing method at the different working conditions.  

The FW values were obtained as direct measurements applying the optical microscope. 

Therefore, the quadratic error associated to FW (∆FW) was calculated applying the 

Gauss's theory of errors. The R values were obtained applying the equation (5.6). The R 

error (∆R) was calculated according to the Gauss's theory of errors for indirect 

measurements that are expressed as a quotient. Taking into consideration equation (5.6), 

∆R can be calculated by, 

                                                  ∆𝑅 = |𝑅| · √(
∆FW

FW
)

2

+ (
∆NW

NW
)

2

                                        (5.6) 

where ∆NW is the quadratic error associated to NW. Considering that the precision of the 

FIB technology is nanometric, the value of ∆NW was considered negligible. Therefore, 

the error ∆R was estimated by, 

                                                             ∆𝑅 = |𝑅| ·
∆FW

FW
                                                (5.7) 
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5.5 Experimental Results 

5.5.1 Patterning results for extruded filaments cooled by air. 

• Evolution of the geometrical ratio with the extrusion temperature. 

The evolution of the dimensions of the patterned structures on the filament surfaces were 

studied at different extrusion temperatures (170 ⁰C - 240 ⁰C) where the extrudate parts 

were cooled down at room temperature. During these experiments the printing speed, the 

layer height and the nozzle size parameters were set to their default values  

(P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm).  

In table 5.2 are summarized the width of the patterned features 1, 2, 3 and 4 on the 

filament surface (FW1, FW2, FW3 and FW4) at the different extrusion temperatures, and 

in table 5.3 are summarized the values of the geometrical ratio (R1, R2, R3, R4), calculated 

from equation (5.5).  

Table 5.2 – Evolution of the patterned structures widths on the filament surfaces at 

different extrusion temperatures (P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when 

the filaments were cooled down at room temperature. 

 Filament structures 

T (⁰C) FW1 (µm) FW2 (µm) FW3 (µm) FW4 (µm) 

170 4.25 ± 0.25 4.26 ± 0.21 8.16 ± 0.16 12.19 ± 0.11 

190 5.55 ± 0.31 5.71 ± 0.24 10.29 ± 0.19 14.56 ± 0.15 

210 7.97 ± 0.35 7.71 ± 0.27 11.98 ± 0.22 17.60 ± 0.19 

240 10.90 ± 0.38 10.32 ± 0.31 15.61 ± 0.26 21.29 ± 0.23 

 

Table 5.3 – Evolution of the geometrical ratio (R) at different extrusion temperatures  

(P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when the filaments were cooled down at 

room temperature. 

 Filament structures 

T (⁰C) R1 R2 R3 R4 RAvg 

170 1.01 ± 0.06 0.96 ± 0.05 0.96 ± 0.02 0.81 ± 0.01 0.94 ± 0.03 

190 1.31 ± 0.07 1.29 ± 0.05 1.21 ± 0.02 0.97 ± 0.01 1.20 ± 0.04 

210 1.88 ± 0.08 1.74 ± 0.06 1.41 ± 0.03 1.18 ± 0.01 1.55 ± 0.05 

240 2.58 ± 0.09 2.33 ± 0.07 1.84 ± 0.03 1.42 ± 0.02 2.04 ± 0.05 
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• Evolution of the geometrical ratio with the printing speed 

The evolution of the geometrical ratio of the patterned structures on the filament surfaces 

were studied at different printing speeds (10 mm/s – 70 mm/s) when the extrudate parts 

were cooled down by air at room temperature. During these experiments the extrusion 

temperature, the layer height and the nozzle size parameters were set to their default 

values (T = 210 ⁰C, L.H = 0.25 mm, N = 0.40 mm). Table 5.4 summarizes the obtained 

results. 

Table 5.4 – Evolution of the patterned structures widths on the filament surfaces at 

different printing speeds (T = 210 ⁰C, L.H = 0.25 mm, N = 0.40 mm) when the extrudate 

filaments were cooled down at room temperature. 

 Filament structures 

P.S (mm/s) FW1 (µm) FW2 (µm) FW3 (µm) FW4 (µm) 

10 4.48 ± 0.17 4.52 ± 0.16 7.69 ± 0.14 19.91 ± 0.12 

40 8.20 ± 0.35 8.54 ± 0.27 11.01 ± 0.22 15.18 ± 0.19 

70 8.65 ± 0.36 8.46 ± 0.32 16.19 ± 0.41 35.27 ± 0.27 

 

Table 5.5 – Evolution of the geometrical ratio (R) at different printing speeds  

(T = 210 ⁰C, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down at room temperature. 

 Filament structures 

P.S (mm/s) R1 R2 R3 R4 RAvg 

10 1.06 ± 0.04 1.02 ± 0.04 0.91 ± 0.02 1.33 ± 0.01 1.08 ± 0.03 

40 1.94 ± 0.08 1.93 ± 0.06 1.30 ± 0.03 1.01 ± 0.01 1.54 ± 0.05 

70 2.04 ± 0.09 1.91 ± 0.07 1.91 ± 0.05 2.35 ± 0.02 2.06 ± 0.06 

 

5.5.2 Patterning results for extruded filaments cooled by water at 20 ⁰C. 

• Evolution the geometrical ratio with printing temperature. 

The evolution of the dimensions of the patterned structures on the filament surfaces were 

studied at different extrusion temperatures (170 ⁰C - 240 ⁰C) when the extrudate parts 

were cooled down with water at 20 ⁰C. During these experiments the printing speed, the 

layer height and the nozzle size were set to their default values (P.S = 40 mm/s,  

L.H = 0.25 mm, N = 0.40 mm). Table 5.6 summarizes the obtained results. 
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Table 5.6 – Evolution of the patterned structures widths at different extrusion 

temperatures (P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments 

were cooled down with water at 20 ⁰C. 

 Filament structures 

T (⁰C) FW1 (µm) FW2 (µm) FW3 (µm) FW4 (µm) 

170 3.90 ± 0.21 4.07 ± 0.20 7.53 ± 0.15 9.42 ± 0.08 

190 4.88 ± 0.24 5.68 ± 0.22 9.34 ± 0.15 10.75 ± 0.14 

210 7.43 ± 0.32 8.15 ± 0.21 10.83 ± 0.20 12.38 ± 0.15 

240 10.25 ± 0.36 11.25 ± 0.28 14.96 ± 0.23 18.68 ± 0.20 

 

Table 5.7 – Evolution of the geometrical ratio (R) at the different extrusion temperatures 

(P.S = 40 mm/s, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down with water at 20 ⁰C. 

 Filament structures 

T (⁰C) R1 R2 R3 R4 RAvg 

170 0.92 ± 0.04 0.92 ± 0.04 0.89 ± 0.02 0.63 ± 0.01 0.84 ± 0.03 

190 1.15 ± 0.05 1.28 ± 0.05 1.10 ± 0.02 0.72 ± 0.01 1.06 ± 0.03 

210 1.76 ± 0.05 1.84 ± 0.05 1.28 ± 0.02 0.83 ± 0.01 1.43 ± 0.04 

240 2.42 ± 0.06 2.54 ± 0.06 1.76 ± 0.03 1.25 ± 0.01 1.99 ± 0.05 

 

 

Figure 5.10 - Evolution of the average geometrical ratio of the patterned structures 

cooled with water and at room temperature with respect to temperature 

 (P.S = 40 mm/s, N= 0.40 mm, L.H = 0.25 mm). 
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• Evolution of the geometrical ratio of the structures with the printing speed. 

The evolution of the sizes of the patterned structures on the filament surfaces were studied 

at different printing speeds (10 mm/s – 70 mm/s) when the extrudate parts were cooled 

down with water at 20 ⁰C. During these experiments the extrusion temperature, the layer 

height and the nozzle size parameters were set to their default values (T = 210 ⁰C, L.H = 

0.25 mm, N = 0.40 mm). Tables 5.8-5.9 summarize the obtained results. 

Table 5.8 – Evolution of the patterned structures widths at different the printing speeds 

(T = 210 ℃, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down with water at 20 ⁰C. 

 Filament structures 

P.S (mm/s) FW1 (µm) FW2 (µm) FW3 (µm) FW4 (µm) 

10 4.11 ± 0.15 4.28 ± 0.15 7.54 ± 0.14 15.83 ± 0.14 

40 7.43 ± 0.22 8.15 ± 0.28 10.83 ± 0.22 12.38 ± 0.26 

70 7.78 ± 0.28 7.93 ± 0.31 15.86 ± 0.26 27.26 ± 0.28 

 

 

Table 5.9 – Evolution of the geometrical ratio (R) at different printing speeds  

(T = 210 ℃, L.H = 0.25 mm, N = 0.40 mm) when the extrudate filaments were cooled 

down with water at 20 ⁰C. 

 Filament structures 

P.S (mm/s) R1 R2 R3 R4 RAvg 

10 0.97 ± 0.04 0.97 ± 0.04 0.89 ± 0.02 1.06 ± 0.01 0.97 ± 0.03 

40 1.76 ± 0.08 1.84 ± 0.06 1.28 ± 0.03 0.83 ± 0.01 1.43 ± 0.05 

70 1.84 ± 0.09 1.79 ± 0.07 1.87 ± 0.05 1.82 ± 0.02 1.83 ± 0.06 
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Figure 5.11 - Evolution of the average geometrical ratio of the patterned structures 

cooled down at room temperature and cooled down with water, with respect to the 

printing speed (P.S = 40 mm/s, N= 0.40 mm, L.H = 0.25 mm) 

 

In figure 5.12 it can be seen pictures of the patterned structures on the extruded filaments 

at different manufacturing conditions. 

Figure 5.12 - a) Patterned structures on extruded filament at T = 190 ⁰C, P.S = 40 mm/s, 

L.H= 0.25 mm, water cooling at 20 ⁰C. b) Patterned structures on extruded filament at  

T = 210 ⁰C, P.S = 40 mm/s, L.H= 0.25 mm, water cooling at 20 ⁰C. 
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5.5.3 Conclusions. 

Figure 5.10 shows that the geometrical ratio for the different patterned structures has a 

linear relationship to the extrusion temperature. Higher values of extrusion temperatures 

would lead to an increase of the melt elasticity of the extrudate filament and therefore a 

larger expansion of the patterned structures on the extrudate filament. An increment of 

the expansion of the manufactured structures would mean higher values of the 

geometrical ratios. 

Figure 5.11 shows that the geometrical ratio of the patterned structures has a linear 

dependent relationship with the printing speed. In non-Newtonian fluids such as PLA, the 

viscosity (µ) decreases exponentially with a rise of the shear rate (γ). Due to the shear rate 

being proportional to extrusion rate, it may be deduced that an increase in the printing 

speed would suppose a reduction of the viscosity. A reduction of the viscosity would 

indicate an expansion of the manufactured structures and therefore higher values for the 

geometrical ratios.  

Tables 5.3 and 5.5 indicate that smaller sizes of the patterned features on the nozzle 

(pattern 1 and pattern 2) present higher structures geometrical ratios than larger patterns 

(pattern 3 and pattern 4). This can be attributed to the swelling effect. For the different 

extrusion experiments, a decrease in the extrudate area supposes an increase in the 

pressure drop (ΔP) [163]. According to the Sirisinha model (equation (3.7)) [149], an 

increase of the pressure drop would suppose an increment of the swelling factor B. 

Figures 5.10 - 5.11 indicate that cooling the extrudate parts with water reduces the 

geometrical ratio and therefore the die swell of the extrudate filaments. The effect of the 

cooling procedure on the extrudate expansion can be explained by the crystalline structure 

of PLA. Previous research [164] states that the cooling rate applied on a material has a 

great effect on the specific volume of semi-crystalline polymers (like PLA). Faster 

cooling rates would lead to the creation of crystal of smaller sizes, resulting in a reduction 

of the final part volume. Reduced final part volume would lead to lower values of the 

geometrical ratio. 

Tables 5.3 and 5.5 show that the degree of error between different measurements of the 

structure geometrical ratio is larger at high extrusion temperatures and printing speed. At 

higher extrusion temperature values, the extrudate material is more fluid and therefore its 

shape when deposited on the platform becomes more irregular, which increases the 
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diversity of the measurements. At higher printing speed there is more swelling effect 

which boosts irregularly in the shape of the deposited filaments and therefore increases 

the error in the obtained results. As a result, the repeatability of this process is improved 

at low extrusion temperature values and printing speed. 
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Chapter 6. Modelling of the Filament Evolution in the FDM Process 

Applying the Level Set Method. 

Numerical modelling is increasingly being used in the design and optimization of 

manufacturing processes to improve the quality of the produced parts and the production 

yield. Different theoretical models have been introduced in order to study the extrusion 

process and the effect of die swell on processability. These theoretical models look at the 

correlation between the swelling effect and the relevant rheological properties of 

extrudate melts, categorizing the fluid flow behaviour of polymers as either viscoelastic 

(Oldroyd-B and Giesekus models) [144] [150] [151] or viscoplastic materials [151] [152].  

In previous sections of this work the limitations of conventional theoretical models for 

predicting filament die swell in FDM were explained. From the analysis of the extruded 

die swell results, it was observed that theoretical models overestimate the experimental 

data and therefore they cannot be applied to accurately predict the swelling factor on 

extrudate polymers. For this reason, a numerical model is still required to predict the die 

swell of extrudate filaments in FDM. 

Recently, level set- methods have sparked the interest of the research community for 

modelling propagating interfaces. In this chapter, a numerical method was implemented 

based on the level-set technique for predicting the extrudate die swell in FDM under the 

different manufacturing conditions. This simulation method was also applied for studying 

the expansion of patterned structures on the surface of materials during the extrusion 

process.  

This chapter begins by introducing the fundamentals of the different computational 

methods available for tracking the evolution of moving interfaces, focusing on the 

mathematical fundamentals of the level-set method. It goes on to describe the simulation 

conditions applied for the implementation of this new numerical method. The calculated 

theoretical results of extrudate die swell have been compared with the experimental 

values under the various manufacturing conditions. 

6.1 Interface Tracking Techniques. 

6.1.1 Introduction to interface tracking techniques. 

Evolving interfaces occur in a wide variety of applications such as chemical [181]and 

physical processes [182], fluid mechanics [183], fabrication of microelectronic 

components [184], materials science [185], control theory [186], image processing [187], 
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computer vision [188], computer-aided-design [189], seismology [190], and combustion 

[191]. With the aim of simulating the interfaces dynamics, several simulation techniques 

have been proposed. 

A conventional approach for describing the evolution of the interfaces are the marker 

particle techniques which are based on discretizing the Lagrange equations of motion. In 

this formulation, a number of particles act as markers, whose locations (xi
n, yi

n) provide 

the information of the interface at any time. These marker particle techniques apply a 

simple difference approximation to the Lagrange equations of motion. Marker particle 

methods discretize the parametrization interval [0, S] into M intervals of same size (Δs), 

that as result have M + 1 mesh nodes of si =i·Δs, where i = 0,…,M. The obtained result 

of each node of the simulation mesh (iΔs) at each iteration is a marker point (xin, yin) on 

the evolving front. The objective is to find out a mathematical expression that will define 

the new positions of the markers (xi
n+1, yi

n+1) from the former ones [192]. 

This marker particle technique has the drawbacks of the lack of stability of the method as 

well as local singularity problems, and modifications of the topology in the evolving front 

can present issues. 

Another mathematical method for studying the motion of evolving fronts is the volume-

of-fluid technique (VOF) which is based on a Eulerian mathematical approach. The VOF 

method builds a non-variable meshing grid on the simulation domain and attribute 

fractional values to each grid cell based on the portion of that cell containing material 

inside the interface [193]. The VOF technique define the interface location as “cell 

fractions” whose value are dependent on the portion of interface that these cells have 

inside them. Given a moving interface, the VOF technique attributes a value of 0 to those 

cells entirely outside the front and a value of 1 to those cells entirely inside the front. 

Likewise, this technique assigned a fraction number between 0 and 1 to cells that contains 

partially the interface, depending on the portion of the cell which is inside the front. This 

technique applies a mathematical expression with the aim of updating the motion of the 

evolving front. VOF numerical models present the disadvantage of being less accurate 

than the techniques based on the Lagrange equations [193]. 
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Figure 6.1- Volume of fluid method [194]. 

Level set methods and fast marching methods are new approaches for monitoring 

propagating interfaces that have sparked the interest of the research community. Level set 

methods and fast marching methods are based on the partial differential equations of the 

Euler model. However, both techniques apply a different strategy for defining 

propagating fronts. Level set techniques are based on an associated initial value problem 

whereas fast marching methods begins from a boundary value problem for the 

propagating front. Both methods use viscosity solutions for Hamilton-Jacobi formulas, 

connecting finite difference upwind expressions for hyperbolic conservation principles to 

evolving fronts and fundamentals of the theory of surface and curve evolution. Fast 

marching methods and level set methods have been applied for a wide range of 

applications such as etching and deposition in semi-conductor manufacturing [195], 

combustion [196], medical field [197], dendritic solidification [198], or problems in fluid 

interface motion [199]. 

Table 6.1 Advantages and disadvantages of the different techniques for simulating 

evolving interfaces. 

Technique 
Mathematical 

approach 
Advantages Disadvantages 

Marker 

particle 

method. 

Lagrangian 

approach. 

Eliminate problems with 

intersecting surfaces [200]  

Large amount of computational 

cost when a vast number of 

particles is applied [200]. 

Accurately specifies 

material interfaces [200]. 

Strong interfacial deformation 

can lead to singularities [200]. 

Interface boundary 

conditions easy to apply 

[192] . 

Lack of stability of the method 

[192]. 

Can resolve fine structures 

in the flow [192]. 
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Technique 
Mathematical 

approach 
Advantages Disadvantages 

Volume-

of-fluid 

technique 

(VOF). 

Eulerian 
approach. 

Interface can undergo 

large deformation without 

loss of accuracy [194]. 

The interface location is difficult 

to calculate accurately [194]. 

Allows multiple interfaces 

[193]. 

Less accurate than the 

techniques based on the 

Lagrange equations [193]. 

Fast 

marching 

methods. 

Eulerian 

approach. 

More computational 

efficient than the Level set 

method [201]. 

Difficult to apply for interfaces 

with complex speed functions 

[201]. 

More suitable for evolving 

interfaces that vary widely 

from point to point [201]. 

Restricted to interfaces that 

always moves in the same 

direction [201]. 

Easiness to manage 

topological variations in 

the evolving front [201]. 

 

Capacity to remain 

unchanged in higher 

dimensions [201].  

 

Level set 

methods 

Eulerian 

approach. 

High flexibility [201]. Slow technique [201]. 

Very easy to track the 

surface topology when 

sharp corners appear [201] 

Less computational efficient 

than fast-marching methods 

[201] . 

Easiness to manage 

topological variations in 

the evolving front [201]. 

 

Capacity to remain 

unchanged in higher 

dimensions [201]. 

 

6.1.2 Mathematical fundamentals of interface tracking techniques. 

Fast marching techniques apply a boundary value formulation for the evolving interface. 

This formulation supposes that interfaces can only displace in the same direction. In these 

techniques, the initial position of the interface act as the boundary for this arrival time 

surface T(x,y) that it is intended to calculate [201]. Fast marching methods are based on 

tracking a shape that advances with time an exchanged it for a stationary formulation in 

which the arrival surface has the information about what is displacing. The boundary 

value approach applied in these techniques rely on the speed function of the evolving 

front (F) and it is defined by [201], 

                                                               |∇𝑇| · 𝐹 = 1                                                    (6.1) 

                                              Front = Г(t)={(𝑥, 𝑦)│𝑇(𝑥, 𝑦) = 𝑇}                                 (6.2) 

                                                              Requires F > 0 
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This technique is particularly useful for interfaces that displace always in the same 

direction that depend on location and vary widely from particle to particle. This type of 

formulation does not require a time step unlike the level set techniques [201] 

• Level set method 

The level set method applies an initial value formulation for the evolving interface. This 

technique defines the initial position of the interface as the zero-level set (Φ0) of a higher 

dimension expression Φ that vary with each time step. At any time, the front is described 

by the zero-level set of the time-dependent level set function Φ. The initial value 

formulation applied in the level set methods is defined by [201], 

                                                            Φ𝑡 + 𝐹|∇Φ| = 0                                               (6.3) 

                                             Front = Г(t)={(𝑥, 𝑦)│Φ(𝑥, 𝑦, 𝑡) = 0}                              (6.4) 

                                                     Applies for arbitrary F  

This technique exhibits the capacity to simulate complex evolving fronts due to the 

flexibility of its speed function and it is especially suitable for tracking the surface 

topology when sharp corners appear, or different parts of the interface are split in several 

parts. This technique is particularly useful for simulating complex curvatures that vary 

with time like in fluid dynamics. 

This work has implemented a simulation method based on the level set technique that 

monitored the evolution of the extrudate filament shape with time. This simulation model 

was applied for predicting the die swell of the extrudate polymers under different working 

conditions. This simulation method was also applied for studying the expansion of 

patterned structures on the surface of materials during the extrusion process. 

6.2 Fundamentals of The Level Set Method. 

6.2.1 Principles of the level set method. 

The level set function (Φ) acts as a tracker that determinate the location of the front at 

each time step (∆t). This technique defines an original level set function (Φ0 (t = 0)) which 

defines the location (x,y) of each node of the moving front (Γ) and whose curve function 

(kΦ) evolves in a perpendicular direction to itself from an original determined speed 

function of the front (F).   
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In the level set method, the position of the moving interface is determined as the estimated 

time t (x, y) of the front for crossing a specific point (x, y). With the aim of defining a 

formula of motion for Φ that links Φ0 with the evolving interface, it is necessary that the 

level set value of a node on the interface with path x (t) needs to be equal to zero [192], 

                                                           Φ0 (x (t), t) = 0                                                 (6.5) 

Figure 6.2 shows the transformation of the moving interface into an initial value problem 

which is the mathematical fundamental of the level set methods. 

 

Figure 6.2 - Transformation of front motion into initial value problem. 

Applying the chain rule, the expression of the level set function adopts the general form 

of a Hamilton-Jacobi equation [192], 

                                              Φ𝑡 + ∇Φ · (𝑥(𝑡), 𝑡) · 𝑥′(𝑡))  = 0                                    (6.6) 

where Φt reflects the derivative function of Φ with respect time. The speed function (F) 

reflects the velocity in the outward normal direction and is defined by [192],  

                                                   𝑥′(𝑡) · 𝑛𝛷 = 𝑢 · 𝑛𝛷 =  𝐹                                                    (6.7) 

where nΦ is the normal vector function to the surface of the evolving interface and u is 

the velocity field of the particles speed [201]. The normal vector function is defined by  

[201], 

                                                           𝑛𝛷 =  
∇Φ

|∇Φ|
                                                               (6.8) 
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Considering that the sign of F remains constant, the location of the different nodes of the 

front can be determined by recalculating Φ at fixed coordinates through time. Therefore, 

Φ can be defined by equation (6.3) [201].  

This equation describes the dynamics of the level surface function (Φ) with respect time 

in a manner that Φ0 is always linked with the evolving front. The location of each point 

of the function Φ can be determined in each iteration. For that purpose, particles of the 

simulation grid are spaced by the same distance (h). In each iteration of the simulation 

(i), Φ displaces the m-dimensional curve plane motion evolution to m+1-dimensional 

function projection and implicitly solve the high-dimensional function, thus precisely 

describing the low dimensional curve plane topological structure [201]. 

6.2.2 Analysis of complex curves. 

The moving interface reflected in equations (6.5 - 6.8) describes a moving front that 

evolves only in its perpendicular direction. This is a simple case of the dynamics of a 

expanding interface. In most cases an interface is not only displacing with a speed in its 

normal direction (Fprop) but also is moving with a speed proportional to its curvature (Fcurv) 

and, also is being passively advected (Fadv) by an underlying velocity field whose intensity 

and direction depend on position and time, but not on the front itself. Taken into 

consideration the different motions, the dynamics of the expanding front can then be 

expressed with respect of the speed function as an explicit level set scheme [201], 

                                               𝐹 =  𝐹𝑝𝑟𝑜𝑝 +  𝐹𝑐𝑢𝑟𝑣 +  𝐹𝑎𝑑𝑣                                               (6.9) 

where Fcurv and Fadv are defined respectively by [163], 

                                            𝐹𝑐𝑢𝑟𝑣 =  − ɛ · 𝑈 (𝑥, 𝑦, 𝑡)                                                     (6.10) 

                                             𝐹𝑎𝑑𝑣 = 𝑈 (𝑥, 𝑦, 𝑡) · 𝑛𝛷                                                        (6.11) 

where nΦ is the normal function perpendicular to the interface and ɛ is a parameter that 

indicates the smoothness of the propagating curves (ɛ > 0). 

Considering the different terms, the level set function Φ with respect to time can be 

defined by [201], 

                            Φ𝑡 +  𝐹|∇Φ| +  𝑈 (𝑥, 𝑦, 𝑡) ·  𝛻𝛷 =  ɛ · 𝑘𝛷 · 𝛻𝛷                              (6.12) 
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where kΦ is the curvature function of the interface defined by [201], 

                                       𝑘𝛷 =
𝛷𝑥𝑥·𝛷𝑦

2−2·𝛷𝑥·𝛷𝑦·𝛷𝑥𝑦+𝛷𝑦𝑦·𝛷𝑥
2

(𝛷𝑥
2+𝛷𝑦

2)
3
2

                                             (6.13) 

The terms Φx, Φxx, Φy, Φyy and Φxy are the first and second derivate function of Φ with 

respect to the x and y variables. 

The first order formulation for the level set function Φ is expressed by [201], 

                     Φ𝑖𝑗
𝑛+1 =  Φ𝑖𝑗

𝑛 +  𝛥𝑡 · [− ∆Φ𝑢𝑝𝑤𝑖𝑛𝑑 −  ∆Φ𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + ∆Φ𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒]    (6.14) 

where ∆Φ𝑢𝑝𝑤𝑖𝑛𝑑 denotes how the motion in the direction normal to the front influences 

the level set function and can be defined by [201], 

                                     ∆Φ𝑢𝑝𝑤𝑖𝑛𝑑 = 𝑚𝑎𝑥(𝐹0𝑖𝑗 , 0)𝛻+ + 𝑚𝑖𝑛(𝐹0𝑖𝑗 , 0)𝛻−                     (6.15) 

The terms ∇+and ∇− are the positive and negative gradients for the upwind schemes 

defined by [202], 

         ∇+=  [𝑚𝑎𝑥(𝐷𝑖𝑗𝑘
−𝑥, 0)

2
+ 𝑚𝑖𝑛(𝐷𝑖𝑗𝑘

+𝑥, 0)
2

+ 𝑚𝑎𝑥(𝐷𝑖𝑗𝑘
−𝑦

, 0)
2

+ 𝑚𝑖𝑛(𝐷𝑖𝑗𝑘
+𝑦

, 0)
2

]

1

2

          

(6.16) 

         ∇−=  [𝑚𝑎𝑥(𝐷𝑖𝑗𝑘
+𝑥, 0)

2
+ 𝑚𝑖𝑛(𝐷𝑖𝑗𝑘

−𝑥, 0)
2

+ 𝑚𝑎𝑥(𝐷𝑖𝑗𝑘
+𝑦

, 0)
2

+ 𝑚𝑖𝑛(𝐷𝑖𝑗𝑘
−𝑦

, 0)
2

]

1

2

         (6.17) 

where Dij
+x, Dij

-x, Dij
+y, Dij

-y are the forward and backward difference operators for the x 

and y axes defined by [202], 

                                                  𝐷𝑖𝑗
+𝑥 =

𝑢(𝑥+ℎ,𝑡)−𝑢(𝑥,𝑡)

ℎ
                                               (6.18) 

                                                   𝐷𝑖𝑗
−𝑥 =

𝑢(𝑥,𝑡)−𝑢(𝑥−ℎ,𝑡)

ℎ
                                              (6.19) 

                                                   𝐷𝑖𝑗
+𝑦

=
𝑢(𝑦+ℎ,𝑡)−𝑢(𝑦,𝑡)

ℎ
                                              (6.20) 

                                                    𝐷𝑖𝑗
−𝑦

=
𝑢(𝑦,𝑡)−𝑢(𝑦−ℎ,𝑡)

ℎ
                                             (6.21) 

The term ∆Φ𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 in equation (6.15) describes the effect on the level set of the pure 

passive advection and is defined by [201], 

      ∆Φ𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛= 𝑚𝑎𝑥(𝑢𝑖𝑗
𝑛 , 0)𝐷𝑖𝑗

−𝑥 + 𝑚𝑖𝑛(𝑢𝑖𝑗
𝑛 , 0)𝐷𝑖𝑗

+𝑥 + 𝑚𝑎𝑥(𝑣𝑖𝑗
𝑛 , 0)𝐷𝑖𝑗

−𝑦
+ 𝑚𝑎𝑥(𝑢𝑖𝑗

𝑛 , 0)𝐷𝑖𝑗
+𝑦

        (6.22) 
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The term ∆Φ𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 in equation (6.14) describes the effect on the level set function of 

the curvature motion and is defined by [201],  

                                      ∆Φ𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒= [∈· 𝑘𝑖,𝑗
𝑛 · ((𝐷𝑖𝑗

0𝑥)
2

+ (𝐷𝑖𝑗
0𝑦

)
2

)

1

2
]                       (6.23) 

6.3 Implementation of a Numerical Method Based on the Level Set Method 

for Simulating the Extrudate Die Swell in FDM. 

In this section it is described the methodology applied for implementing the simulation 

method. The code of this numerical model was programmed in two dimensions in Matlab 

R2019b software. The xy plane was considered as the plane of the bed platform. In this 

simulation model, x was assumed as the filament direction, and y was considered the 

direction perpendicular to the extrudate filament. Likewise, the not implemented z 

direction would correspond to the direction perpendicular to the bed platform. A 

schematic representation of the different simulation axes in FDM is shown in figure 6.2. 

 

Figure 6.3 - Schematic representation of simulation axes in FDM 

 

The implementation of the proposed simulation method requires the following steps: 

• Definition of the meshing grid and the boundary conditions. 

The meshing grid consist of the smaller shapes formed after the discretization of the 

geometric domain. All the flow variables are solved at the centers of these discrete cells. 

The meshing grid was defined in 2D with equal distance between points in the x and y 

directions (Δx = Δy). The dimension of the meshing grid was defined as the shape of the 
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nozzle (from -rnozzle to rnozzle). The number of points in the x and y directions of the 

meshing grid (Nx and Ny respectively) are defined by, 

                                                          𝑁𝑥 =  𝑁𝑦 = 300                                                     (6.24) 

The space between points in the x and y directions (Δx and Δy respectively) of the 

meshing grid were set to the same distance in both axes, 

                                                        ∆𝑥 =  ∆𝑦 =  
2·𝑟𝑛𝑜𝑧𝑧𝑙𝑒

𝑁𝑥
                                                (6.25) 

The particles of the interface are defined by the vector ri,j, where i is the coordinate in the 

x axe and j is the coordinate in the y axe.  

• Definition of the initial level set function (Φ0). 

The level set function (Φ) is applied as a marker that describes the position of the interface 

with time (t). This technique defines an original level-set function (Φ0 (t = 0)) which 

describes the location (x,y) of every particle of the evolving interface (Γ). The function 

Φ0 is defined as the shape of the structured nozzle. In this simulation, the centre of the 

nozzle was considered as the centre of the meshing grid (0.0). Due to the nozzle has an 

irregular shape, Φ0 is described in different regions that depend on the angle 

comprehended between the baseline and the line between 0 and the intended point of the 

filament to model (α). The different topological areas described by Φ are region 1 (from 

0º to α1), region 2 (from α1 to α2), region 3 (from α2 to 90º), region 4 (from 90º to α3), 

region 5 (from α3 to α4) and region 6 (from α4 to 360º). α1 is the angle made between 0º 

to C1, α2 is the angle made between C1 to C2, α3 is the angle made between C2 to C3, α4 is 

the angle made between C3 to C4. The height and width dimensions of the patterned 

structure were A = 20 µm and B = 20 µm. 

A schematic representation of the patterned nozzle as well as its different regions is 

illustrated in figure 6.4. 
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Figure 6.4 - Schematic representation of the patterned nozzle as well as its different 

regions. 

• Definition of the initial simulation conditions. 

The initial simulation conditions defined in this method were the time step (Δt), the 

number of iterations (nf), the total time (ttotal) and the smoothing factor (Ɛ). The time step 

is defined by, 

                                                              ∆𝑡 =  
𝑡𝑡𝑜𝑡𝑎𝑙

𝑛𝑓
                                                            (6.26) 

The ttotal was considered as the total time required for the extrudate filament to expand 

due to the swelling effect. According to bibliography, the extrudate PLA filaments needs 

0.3 seconds to fully expand [154]. The number of iterations was set to nf = 500. The 

smoothing factor is applied for the numerical stabilization of the calculation. The value 

assigned to this number was the recommended by previous research [202], 

                                                               Ɛ = 1.5 ·  𝑥𝑠𝑡𝑒𝑝                                                 (6.27) 

• Definition of the manufacturing parameters. 

The different manufacturing parameters of extrusion temperature, printing speed, layer 

height and the cooling procedure are defined in the numerical code. 

• Definition of the velocity field function (u) in the x and y directions (ux and uy). 

The velocity field u defined the filament expansion rate in the x and y directions at the 

different manufacturing conditions due to the swelling effect. The evolution of the 

filament expansion rate with temperature in the x and y directions are defined by [203], 



Chapter 6: Modelling of the Filament Evolution in the FDM Process Applying the Level Set Method. 

147 

 

                                                          𝑢𝑥 =  𝑢𝑦 =  
∆𝐿

∆𝑡
                                                      (6.28) 

where ΔL is the variation of length which is defined by [203], 

                                                     ∆𝐿 =  𝛼𝐿 · 𝐿0 · (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇0)                                        (6.29) 

In equation (6.30) αL is the coefficient of linear expansion, L0 is the original length of the 

material and T0 and Tfinal are the initial and final temperature. The coefficient αL for the 

material PLA was estimated as α = 4.36·10-4 ⁰C-1 [203] and the term L0 was set equal to 

the radius of the nozzle (L0 = rnozzle). The initial and the final temperatures were defined 

as the room temperature (25 ⁰C) and the extrusion temperature, respectively. Therefore, 

the terms ux and uy with temperature were defined by [203], 

                                          𝑢𝑥 =  𝑢𝑦 = 4.36·10-4 · rnozzle· (T – 25)                            (6.30) 

In order to consider the effect of printing speed in the expansion rates in x and y directions, 

a parameter was introduced in these formulas. The different values assigned to this 

parameter (FS) at different printing speeds, considers the experimental results of the 

variation of the extrudate die swell with the printing rate and they are listed in table 6.2. 

Table 6.2 - Values given to FS at different printing speeds. 

Printing speed 

(mm/s) 
FS 

10 0.987 

20 0.990 

30 0.996 

40 1 

50 1.006 

60 1.011 

70 1.015 

80 1.020 

Therefore, the functions of the velocity field function in the x and y directions are finally 

defined by, 

                                       𝑢𝑥 =  𝑢𝑦 = PS· 4.36·10-4 · rnozzle· (T – 25)                       (6.31) 
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• Definition of the cooling conditions. 

A factor FC was introduced in order to take into consideration the effect of the cooling 

conditions for the filament expansion. The different values assigned to this factor (FC) 

with the different cooling methods take into consideration the experimental results of the 

variation of the extrudate die swell with the different cooling conditions and they are 

listed in table 6.3. 

Table 6.3 - Values given to FC at different cooling conditions. 

Cooling conditions FC 

Air condition 1 

Water cooling at 20 ⁰C 0.942 

Water cooling at 13.5 ⁰C 0.912 

Water cooling at 7.5 ⁰C 0.892 

Fan cooling at 0.10 m/s 0.9750 

Fan cooling at 0.30 m/s 0.9630 

Fan cooling at 0.50 m/s 0.9510 

Fan cooling at 0.70 m/s 0.9423 

• Definition of the boundary conditions of the velocity field function (u). 

The level set applies the initial value approach that allows positive and negative values 

of the velocity field function. 

• Definition of the iteration process for the velocity field function (u). 

The velocity function (u) updates at each time step (Δt) following an iterative algorithm 

defined by the forward and backward difference operators defined by equations  

(6.18 – 6.21). 

• Definition of the speed function (F). 

The speed function is defined according to equation (6.7). 

• Definition of the normal function (nΦ) to the surface of the moving interface. 

The normal function (nΦ) is defined according to equation (6.8). 
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• Definition of the curvature function (kΦ). 

The curvature function is defined according to equation (6.13). The values of the k 

function where restricted to the range of -1/xstep to 1/xstep in terms to achieve a better 

stabilization of the numerical method [202]. 

• Initialization of the filament diameter and swelling factor. 

The magnitudes of filament diameter and swelling factor are initialized. 

• Calculation of the different derivatives functions of the level set function. 

The first and second derivative of the level set function were calculated with respect to 

the x axe (Φx and Φxx) and the y axe (Φy and Φyy). 

• Calculation of the evolution of the positions of the different particles with time. 

The calculation of the evolution of the positions with time was carried out applying the 

central difference approximation. 

• Calculation of the upwind term of the level set method (∆Φupwind). 

The upwind term of Φ was obtained using equation (6.15). 

• Calculation of the advection term of the level set method (∆Φ𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛). 

The advection term of Φ was calculated from equation (6.22). 

• Calculation of the curvature term of the level set method (∆Φ𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒). 

The curvature term of the level set method (∆Φcurvature) is obtained applying equation 

(6.23). 

• Recalculation of the level set function. 

The recalculation of the level set function was obtained using equation (6.14). 

• Calculation of the filament diameter and the swelling factor. 

The final diameter (diamfinal) of the filament was calculated as two times the maximum 

distance between the most external points and the centre of the meshing grid. 

                                                𝑑𝑖𝑎𝑚𝑓𝑖𝑛𝑎𝑙 =  2 · max (𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)                                 (6.32) 
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The final value of the swelling factor was calculated by, 

                                                           B =  
𝐹𝐶·𝑑𝑖𝑎𝑚𝑓𝑖𝑛𝑎𝑙

𝑑𝑛𝑜𝑧𝑧𝑙𝑒
                                                    (6.33) 

6.4 Results for Extrudate Swelling Predicted by the Level Set Method. 

This work implemented a simulation method based on the level set technique that 

monitored the evolution of the extrudate filament´s shape with time. This simulation 

model was applied for predicting the die swell of PLA under different working conditions. 

The implemented numerical method defines the simulation parameters (table 6.4) that 

describes the simulation conditions.  

Table 6.4– Values of the different simulation parameters applied in the introduced 

numerical method. 

Simulation parameters Value 

nf 15 

ttotal 3 s 

Δt 0.2 s 

NX 1000 

NY 1000 

xstep 0.4 µm 

ystep 0.4 µm 

Ɛ 0.60 

For all simulations, the value of the nozzle radius (rnozzle) was assigned to 200 µm and the 

height (A) and width (B) of the square patterned structure were set to 20 µm. 

6.4.1 Evolution of the extrudate die swell with the printing temperature when the 

filaments were cooled down at room temperature. 

The extrudate die swell of filaments under different extrusion temperatures was 

calculated numerically applying the implemented numerical method, setting the other 

manufacturing parameters to their default values (T = 210 ⁰C, N = 0.40 mm, and  

L.H = 0.25 mm). Table 6.5 and figure 6.5 compare the values of the extrudate die swell 

obtained theoretically (B Level set) with the experimental results (B Experimental) under the 

same manufacturing conditions. 
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Table 6.5 - Evolution of the experimental and theoretical results of extrudate die swell 

with the extrusion temperature when the filaments were cooled down at room temperature 

(P.S = 40 mm/s, N = 0.40 mm, and L.H = 0.25 mm). 

Temperature (⁰C) B Level set B Experimental 

170 1.048 0.997 

180 1.051 1.009 

190 1.055 1.020 

200 1.059 1.031 

210 1.063 1.043 

220 1.067 1.054 

230 1.071 1.067 

240 1.075 1.078 

 

 

 

Figure 6.5 - Evolution of the experimental and theoretical values of the extrudate die 

swell with the extrusion temperature when the filaments were cooled down at room 

temperature. (P.S = 40 mm/s, N= 0.40 mm, and L.H = 0.25 mm) 

 

6.4.2 Evolution of the extrudate die swell with printing speed when the filaments 

were cooled down at room temperature. 

The evolution of the swelling factor with the printing speed was calculated theoretically 

by the Level set method setting the other manufacturing parameters to their default values 

(T = 210 ⁰C, N = 0.40 mm, and L.H = 0.25 mm). Table 6.6 and figure 6.6 compare the 

values of the extrudate die swell obtained theoretically with the experimental results 

under the same manufacturing conditions. 
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Table 6.6 - Evolution of the experimental and theoretical results of extrudate die swell 

with the printing speed when the filaments were cooled down at room temperature 

(T = 210 ⁰C, N = 0.40 mm, and L.H = 0.25 mm). 

Printing speed 

(mm/s) 
B Level set B Experimental 

10 1.062 1.028 

20 1.062 1.032 

30 1.063 1.038 

40 1.063 1.043 

50 1.064 1.048 

60 1.064 1.053 

70 1.064 1.058 

80 1.065 1.063 

 

 

 

Figure 6.6 - Evolution of the experimental and theoretical results of extrudate die swell 

with the printing speed when the filaments were cooled down at room temperature 

(T = 210 ⁰C, N= 0.40 mm, and L.H = 0.25 mm). 

 

6.4.3 Evolution of the extrudate die swell with the nozzle diameter when the 

filaments were cooled down at room temperature. 

The extrudate die swell of filaments at the different nozzle diameters was calculated 

numerically applying the implemented numerical method, setting the other manufacturing 

parameters to their default values (T = 210 ⁰C, P.S = 40 mm/s and L.H = 0.25 mm). Table 
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(B Level set) with the experimental results (B Experimental) obtained under the same 

manufacturing conditions. 

Table 6.7 - Evolution of the experimental and theoretical results of extrudate die swell 

with the nozzle diameter when the filaments were cooled down at room temperature. 

(T = 210 ⁰C, P.S = 40 mm/s and L.H = 0.25 mm). 

Nozzle diameter 

(mm) 
B Level set B Experimental 

200 1.157 1.096 

300 1.107 1.061 

400 1.063 1.043 

 

 

 

Figure 6.7 -. Evolution of the experimental and theoretical results of extrudate die swell 

with the nozzle diameter when the filaments were cooled down at room temperature. 

(T = 210 ⁰C, P.S = 40 mm/s and L.H = 0.25 mm). 

 

6.4.4 Evolution of the extrudate die swell with the extrusion temperature when the 

filaments were cooled down with water at 20 ⁰C. 

The extrudate die swell of filaments cooled down by water at the different extrusion 

temperatures was calculated numerically applying the implemented numerical method, 

setting the other manufacturing parameters to their default values (P.S = 40 mm/s, 

N = 0.40 mm, and L.H = 0.25 mm). Table 6.8 and figure 6.8 compare the values of the 

extrudate die swell obtained numerically (B Level set) with the experimental results (B 

Experimental) obtained under the same manufacturing conditions. 
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Table 6.8 – Evolution of the experimental and theoretical results of the extrudate die swell 

with the extrusion temperature when the filaments were cooled down with water at 20 ⁰C  

(P.S = 40 mm/s, N = 0.40 mm, and L.H = 0.25 mm). 

Temperature (⁰C) B Level set B Experimental 

170 0.927 0.950 

180 0.930 0.962 

190 0.933 0.972 

200 0.936 0.983 

210 0.940 0.994 

220 0.943 1.005 

230 0.946 1.016 

240 0.949 1.027 

 

 

 

Figure 6.8 - Evolution of the experimental and theoretical results of the extrudate die 

swell with the extrusion temperature when the filaments were cooled down with water 

at 20 ⁰C (P.S = 40 mm/s, N = 0.40 mm, and L.H = 0.25 mm). 

6.4.5 Analysis of the simulation results. 

The results obtained were analysed according to the conditions used for cooling the 

extrudate filaments. 
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• Extrudate filaments cooled at ambient conditions. 

Figures 6.5 – 6.7 present the experimental and simulation results of extrudate die swell 

for the filaments cooled down at room temperature under different manufacturing 

parameters. From those figures the following conclusions can be drawn: 

At low extrusion temperatures the implemented simulation method overestimates the 

experimental values of filament extrudate die swell. The discrepancy between the 

experimental and theoretical results can be explained by the consideration of the fluid 

elasticity by the numerical model. The elasticity of the fluid is related to the capacity of 

the fluid to expand and therefore to the degree of die swell in extrusion. The level set 

method considers that the fluid is fully elastic and hence overestimates the elasticity of 

the fluid and therefore it exaggerates the extrudate die swell. The discrepancy between 

experimental and theoretical results is larger at low extrusion temperature  

(180 ⁰C -210 ⁰C) due to the greater difference in viscosity of the fluid in both methods.  

The theoretical model overestimates the filament extrudate die swell at low printing 

speeds. This difference may also be explained by the overestimation of the fluid elasticity 

by the numerical model. The discrepancy between experimental and theoretical results is 

larger at low printing speeds. At lower printing speeds the extrudate material is more 

viscous and therefore it would have less fluid capacity. 

Figures 6.9 - 6.10 illustrate the extrude filament shape after the simulation process by the 

implemented numerical model in 2D and 3D, respectively. 

• Extrudate filaments cooled with water. 

From figure 6.8, it can be deduced that the implemented simulation method 

underestimates the filament extrudate die swell under the full working range of extrusion 

temperatures. It may also be seen that the discrepancy of values between these two 

methods is wider at high extrusion temperatures. 

The following pictures illustrate the shape of the extrude filament after the simulation 

process by the implemented numerical model in 2D and 3D. 
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Figure 6.9 - Image of the extrudate filament diameter obtained by the implemented 

simulation model in 2D (T = 210 ⁰ C, P.S = 40 mm/s, cooled at room temperature). 

 

 

Figure 6.10 - Image of the extrudate filament diameter obtained by the implemented 

simulation model in 3D (T = 210 ⁰ C, P.S = 40 mm/s, cooled at room temperature). 

6.5 Simulation of Patterning Accuracy by the Level Set Method. 

The presented simulation model was going to be applied to assess the manufacturing 

accuracy of patterning structures on the filament surfaces. For this purpose, it was studied 

the expansion of the patterned structures after extrusion under different working 

conditions. The expansion of the manufactured features was assessed calculating a 

geometrical ratio (R), defined as the quotient between the width of the manufactured 

structure on the filament (FW) and the width of the patterns in the manufactured nozzle 

(NW). This study considered a patterned square structure on the nozzle with dimensions 

of 20 µm x 20 µm. Therefore, the geometrical ratio was defined by, 

                                                          𝑅 =  
𝐹𝑊

20
                                                            (6.34) 
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6.5.1 Patterning accuracy at different extrusion temperatures. 

The accuracy of the patterned structures was assessed under different extrusion 

temperatures (170 ⁰C - 240 ⁰C) setting printing speed and nozzle size parameters to their 

default values (P.S = 40 mm/s and N = 0.40 mm). 

Table 6.9 – Results of the geometrical ratio of structures (R) under different extrusion 

temperatures (P.S = 40 mm/s and N = 0.40 mm). 

Temperature (⁰C) 
Structure width 

(µm) 
R 

170 25.49 1.275 

180 25.98 1.299 

190 26.36 1.318 

200 26.78 1.339 

210 27.12 1.356 

220 27.48 1.374 

230 27.96 1.398 

240 28.46 1.423 

 

 

 

Figure 6.11 - Evolution of the geometrical ratio (R) of structures at different extrusion 

temperatures (P.S = 40 mm/s, N = 0.40 mm, L.H= 0.25 mm). 

 

6.5.2 Patterning accuracy at different printing speeds. 

The accuracy of surface patterning is evaluated under different printing speeds  

(10 mm/s - 70 mm/s C) setting the extrusion temperature and nozzle size parameters to 

their default values (T = 210 ⁰C and N = 0.40 mm). 
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Table 6.10 – Results of the geometrical ratio of structures (R) at different printing speeds 

(T = 210 ⁰C and N = 0.40 mm). 

Temperature (⁰C) Structure width (µm) R 

170 25.73 1.287 

180 26.22 1.311 

190 26.66 1.333 

200 27.12 1.356 

210 27.54 1.377 

220 27.88 1.394 

230 28.36 1.418 

240 28.72 1.436 

 

 

 

 

Figure 6.12 - Evolution of the geometrical ratio (R) of structures at different printing 

speeds (T = 210 ⁰C, N = 0.40 mm, L.H= 0.25mm). 

 

6.5.3 Patterning accuracy at different nozzle diameters. 

The accuracy of the introduced manufacturing method is assessed for different nozzle 

diameters (0.20 mm – 0.40 mm) setting extrusion temperature and nozzle diameters to 

their default values (T = 210 ⁰C and N = 0.40 mm). 
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Table 6.11 – Results of the geometrical ratio of structures (R) at the different nozzle 

diameters (T = 210 ⁰C and N = 0.40 mm). 

Nozzle diameter (mm) Structure width (µm) R 

0.20 28.50 1.425 

0.30 27.59 1.379 

0.40 27.12 1.356 

 

 

 

Figure 6.13 - Evolution of the geometrical ratio (R) at different nozzle diameters  

(T = 210 ⁰C and P.S = 40 mm/s). 
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20 ⁰C. 
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Table 6.12 – Results of the geometrical ratio of structures (R) at different extrusion 

temperatures when the filaments were cooled down with water at 20 ⁰C (P.S = 40 mm/s 

and N = 0.40 mm). 

Temperature (⁰C) Structure width (µm) R 

170 25.10 1.255 

180 25.49 1.275 

190 25.89 1.295 

200 26.03 1.302 

210 26.47 1.324 

220 27.03 1.352 

230 27.56 1.378 

240 28.02 1.401 

 

 

 

Figure 6.14 - Evolution of the geometrical ratio (R) of structures under different 

extrusion temperatures when the filaments were cooled down with water at 20 ⁰C  

(P.S = 40 mm/s and N = 0.40 mm). 

6.6 Comparison of Experimental and Theoretical Patterning Results. 

The results of patterning accuracy calculated by this numerical method are compared with 

the experimental results previously obtained. The geometrical ratios for structures with 

the same dimensions as the features patterned on the nozzle were calculated by this 

implemented numerical method under the same manufacturing conditions. The 

assignment of the simulation parameters values was set identical to previous simulations 
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table 6.14. 
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The dimensions of the patterned structures on the surface of the nozzle applied in the 

introduced manufacturing method were approximately 4.23 µm x 16.11 µm (pattern 1), 

4.43 µm x 16.19 µm (pattern 2), 8.89 µm x 16.84 µm (pattern 3) and 14.86 µm x 20.01 

µm (pattern 4). The results of the structures geometrical deformation ratios (R) applying 

the novel fabrication technique at default manufacturing conditions are listed in table 

6.13. 

Table 6.13 – Geometrical deformation ratios for structures obtained applying the novel 

patterning method (T = 210 ⁰C, P.S = 40 mm/s, L.H = 0.25 mm and N = 0.40 mm). 

R1 R2 R3 R4 

1.884 1.740 1.413 1.175 

 

The results of the geometrical ratios for these structures applying the numerical method 

are shown in table 6.14. 

Table 6.14 – Geometrical deformation ratios for structures calculated numerically by the 

level set method (T = 210 ⁰C, P.S = 40 mm/s, L.H = 0.25 mm and N = 0.40 mm). 

R1 R2 R3 R4 

1.891 1.805 1.584 1.379 

 

The evolution of the structure geometrical deformation ratios for the novel patterning 

method and for the numerical method are represented with respect to the manufactured 

feature widths on the nozzle in figure 6.15. 

 

Figure 6.15 - Evolution of the structures geometrical deformation ratios obtained for the 

novel patterning method and for the numerical method (T = 210 ⁰C, P.S = 40 mm/s,  

L.H = 0.25, mm and N = 0.40 mm). 
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In figure 6.15, the values of the geometrical deformation ratio predicted theoretically 

show little difference with respect to the results obtained experimentally for small 

structure widths. When the dimensions of the structure widths become larger, the 

deviation of the ratio values between both methods increases.  

The reason for the overestimation of the geometrical ratio by the numerical model may 

be due to the fact that the level-set method considers the melted material as a fully elastic 

fluid [201]. In the experimental conditions the melted materials exhibit highly viscous 

behaviour which depends on the extrusion temperature. Therefore, the real elasticity of 

the melted flow would be much lower than the predicted by the simulation model and 

thereby it will present lower geometrical deformation ratios. 
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Chapter 7. Applications of Surface Patterning 

Surface wetting and particularly superhydrophobicity, is one the most well-known 

properties used by nature to enhance adaptability [204]. Bioinspired architectures of 

superhydrophobic substrates have sparked the interest of researchers due to their great 

potential application possibilities for the engineering industry.  

In both industry and laboratory research, there is a necessity to create ways of providing 

large-area surfaces that can repel water. In the last decade, surface manufacture strategies 

are subject to fulfil many challenging demands such as large surface roughness as well as 

a necessity for chemical-free treatment. Still, the manufacture functional surfaces with 

superhydrophobic properties at mass scale remains a challenge. 

This chapter focus on an alternative method for the fabrication of superhydrophobic 

surfaces based on ultra-precision single point diamond turning (SPDT). Applying this 

manufacturing technique, the surface topology of different polymers has been modified 

by patterning structures on their surfaces. Compared with lithography technologies, this 

technique can be used to machine in a cost-effective way a wide range of materials 

including polymers, metals, and ceramics, with high throughput at very large scales. This 

method can potentially be applied to the manufacturing of bioinspired surfaces with 

superhydrophobic properties. 

This chapter starts by describing the application of functional surfaces as well as the 

fundamentals of wettability. Then, it describes the experimental conditions applied for 

patterning the different surfaces by SPDT.  Likewise, a characterization study of the 

different patterned surfaces was conducted. This chapter continues describing the 

procedure carried out for studying the wettability of the different surfaces as well as it 

presents the obtained experimental results. Lastly, the experimental wettability results 

were explained using different theoretical models.  

7.1 Applications of structured surfaces. 

Surface behaviour plays a key role in many physical or chemical properties such as 

thermal emissivity [171], corrosion [171], optical properties [205], wettability [206], and 

other biological and chemical processes [207] [208]. The surface behaviour is mainly 

controlled by the material properties and the surface topography.  
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In the last decade, functional surfaces with micro and nano features have found 

applications in different scientific and engineering fields such as chemistry [209] [45] 

[44], biology [49] [46], microelectronics [210] [55], biomedicine [211] [212], electricity 

[213], etc. Among the different possibilities of structured surfaces, the capacity of 

manufacture superhydrophobic surfaces have had an large interest due to its applications 

for anti-adhesion and anti-icing coatings [214] [215], self-cleaning surfaces [216] and 

microfluidic systems [217]. 

Traditional strategies for creating superhydrophobic surfaces are based on coating 

materials with fluorinated materials [218]. However, the toxicity of polymers made of 

fluor on human health as well as the high cost of these materials has made scientist to 

adopt other strategies for the manufacture of superhydrophobic surfaces. These reasons 

have led to steadily focus on the study and mimicking of bioinspired surfaces. 

A great variety of living organisms exhibit functional structures with highly tuned 

wettability. The observation of Nature has enabled scientists to replicate these natural 

templates and consequently, a diversity of biomimetic superhydrophobic surfaces are 

manufactured. Some of the most common natural templates that have been applied for 

the manufacture of bioinspired surfaces are the lotus leaves [6] [4] ,the  rice leaf [6], the 

water strider legs [6] and the rose petals [11]. 

Several nanofabrication techniques can be applied for modifying surface topography and 

manufacture functional surfaces with superhydrophobic properties [219]. However, these 

fabrication techniques present important issues that prevent their application at mass scale 

such as the limits on the manufacturable area, applicable materials, number of processing 

steps, cost, durability, etc. 

In this research, periodic micro- and nanostructures were patterned on several polymer 

surfaces by ultra-precision single point diamond turning to investigate the relationships 

between surface topographies at the micro- and nanoscales and their surface wettability. 

This research applies single-point diamond turning in order to modify the surface 

topography and to enhance the wettability of a variety of polymers, including polyvinyl 

chloride (PVC), polyethylene 1000 (PE1000), polypropylene copolymer (PP) and 

polytetrafluoroethylene (PFTE), which cannot be processed by conventional 

semiconductor-based manufacturing processes. Materials exhibiting common wettability 

properties (θ ≈ 90°) changed to exhibit “superhydrophobic” behaviour (θ ˃ 150°).  
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7.2 Fundamentals of Wettability. 

Wettability is the tendency of a fluid to spread on a solid surface. The wetting capacity of 

a solid surface by a liquid can be measured numerically by the Young’s angle or static 

contact angle (θ). This angle is the result of a physical balance among the three surface 

tensions: the solid-gas surface tension (γSV), the liquid-gas surface tension (γLG) and the 

liquid– solid interfacial tension (γSL). A schematical representation of the ideal contact 

angle (θa) is shown below. 

 

Figure 7.1 – Schematic representation of the sessile droplet [220]. 

The Young equation describes the equilibrium at the three-phase contact of solid, liquid 

and gas for ideal surfaces. An ideal surface is considered rigid, flat, chemically 

homogeneous, and perfectly smooth [221]. Young defined the wettability for ideal 

surfaces (θideal) as [221], 

                                                      cos(𝜃𝑖𝑑𝑒𝑎𝑙) =  
ϒ𝑆𝑉+ ϒ𝑆𝐿

ϒ𝐿𝑉
                                                     (7.1) 

Depending on the value of the contact angle, surfaces can be classified into four groups: 

superhydrophilic (θ ˂ 10°), hydrophilic (10° < θ < 90°), hydrophobic (90° < θ < 150°) 

and superhydrophobic (θ > 150°). 

Real surfaces are not ideal and therefore other factors such as roughness, material's 

chemistry and processing conditions influence the surface wettability [222]. In order to 

study the wettability in these surfaces, the advancing (θa), receding (θr) and hysteresis 

(θH) contact angles requires to be measured. The advancing contact angle (θa) is a 

reflection of the liquid–solid cohesion and can be calculated inserting a needle in 

proximity to the droplet and dispensing liquid slowly to increase the volume of it. As the 
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contact line between the drop and the substrate is rising, the θa is measured. The receding 

contact angle (θr) is a reflection of the liquid–solid adhesion and can be calculated when 

the liquid is sucked slowly off the droplet and the contact line is reducing. The hysteresis 

contact angle (θH) is a measure of the activation energy needed for shifting from one 

metastable state to another on a surface. The hysteresis contact angle (θH) will depend on 

the chemical and topographical heterogeneity of the surface and is defined by [223], 

                                                          θH =  θ𝑎 −  θ𝑟                                                            (7.2) 

Low θH reflects that a liquid has low adhesion to a solid surface and thereby can flow 

easily [223]. A schematical representation of the advancing angle (θa) and receding 

contact angles (θr) are shown below. 

 

Figure 7.2 Schematical representation of the advancing angle (θa) and receding contact 

angles (θr). 

Surface topography can be varied modifying its roughness [224] [225]. The existence of 

patterns on surface topography can lead to larger values of hysteresis where high forces 

may be needed to begin the droplet movement [226]. For very rough surfaces, drops can 

be held between patterns, keeping air between the grooves [227]. This state allows to have 

substrates with superhydrophobic behaviour where droplets have low adhesion on them 

acting as self-cleaning surfaces. 

Wenzel and Cassie–Baxter reported different models for describing the wettability in 

non-ideal surfaces that are chemically heterogeneous or exhibit some degree of 

roughness. The Wenzel model assumes that a liquid can introduce in the grooves of the 

surface and the contact is homogeneous. In Wenzel's model, the relationship between the 

contact angle and Rf is [224], 

                                                 cos(𝜃𝑊) = 𝑅𝑓 · cos(𝜃𝑖𝑑𝑒𝑎𝑙)                                      (7.3) 
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where θideal is the contact angle in an ideal surface that cannot be experimentally 

measured, θW is the contact angle in a real surface, and Rf is the Wenzel roughness factor. 

According to equation 7.3, if an ideal smooth surface is hydrophilic (𝜃𝑖𝑑𝑒𝑎𝑙< 90 ⁰), larger 

values of Rf would suppose a reduction of the contact angle. On the contrary, if an ideal 

surface is hydrophobic (𝜃𝑖𝑑𝑒𝑎𝑙  > 90 ⁰), an increment of the roughness factor would lead 

to a rise of the hydrophobicity of the surface. The effect of the roughness factor on the 

surface wettability in the Wenzel model was illustrated in figure 7.3 [228]. 

 

Figure 7.3 - The contact angle for a rough surface (θ) as a function of the roughness 

factor (Rf) for various contact angles for smooth surfaces (θ0) [228]. 

The Cassie–Baxter model assumes a non-homogeneous wetting contact between the 

surface and the droplet due to air entrapment. According to this model, there is an area 

fraction where the liquid and solid (fLS) are in contact and another area fraction where the 

liquid and gas (fLA) stay in contact. The Cassie – Baxter model is defined by [225], 

                                        cos(θ𝐶𝐵) =  𝑓𝐿𝐴 · 𝑐𝑜𝑠(θ1) + 𝑓𝐿𝑆 · 𝑐𝑜𝑠(θ2)                          (7.4) 

where θCB is the contact angle in a real surface, θ1 and θ2 are the contact angles of the two 

surfaces that are in contact (liquid–vapour and liquid– solid), and fLA and fLS are the 

apparent area fractions of the surface components [225]. The degree of air entrapment 

would depend on fLA, which is affected by Rf. Figure 7.4 shows the relationship between 

both parameters for different ideal contact angles. 
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Figure 7.4 - Fractional area fLA required for a hydrophilic surface to be hydrophobic as 

a function of the roughness factor (Rf) and the ideal contact angle (θ0). [228]. 

 

The schematical representations of the Wenzel and Cassie–Baxter models are shown in 

figure 7.5 a) and b) respectively. 

 

Figure 7.5 - Sketches of a liquid droplet in (a) the Wenzel state with an apparent contact 

angle θW and (b) the Cassie–Baxter state with an apparent contact angle θCB [220]. 

 

The contact angle is generally expected to obey the Wenzel model on substrates with 

moderate roughness, whereas it follows Cassie–Baxter behaviour on highly rough 

surfaces. On hydrophobic surfaces (θ ≈ 100°) of moderate roughness (rs ≈ 2), both Wenzel 

and Cassie–Baxter states can co-exist. Some researchers believe the wettability models 

are limited because they use contour area rather than the contact line [229]. 
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7.3 Manufacture of Superhydrophobic Surfaces. 

Superhydrophobic surfaces can be found in lotus leaves [230] and different birds and 

insects [231] where this property is achieved by complex surface architectures based on 

micro- and nano-scale hierarchical structures. Based on this concept, two different 

approaches are followed for the manufacture of superhydrophobic surfaces. One strategy 

consists of the application of hydrophobic coating layers made of fluorinated silane 

compounds [232] or polydimethylsiloxane (PDMS) [233]. This approach presents several 

issues such as cost, long procedure, and problems with substrate biocompatibility. The 

other strategy is based on manufacturing features on the surfaces by different fabrication 

techniques such as electron beam lithography and photolithography [19]. Electron beam 

lithography has the drawback of being a slow and expensive manufacturing technology 

that cannot be used at a large scale. Photolithography has the disadvantage of restricted 

choices in photoresist and substrate. 

In this research, periodic micro- and nanostructures were patterned on several polymer 

surfaces by ultra-precision single point diamond turning to investigate the relationships 

between surface topographies at the micro- and nanoscales and their surface wettability. 

This research applied single-point diamond turning in order to modify the surface 

topography and enhance the wettability of a variety of polymers which cannot be 

processed by conventional semiconductor-based manufacturing processes.  

Single point diamond turning (SPDT) is a versatile and highly controllable technique for 

manufacturing micro- and nanostructured surfaces with high accuracy. Compared with 

lithography technologies, SPDT can be used to machine a wide range of materials 

including polymers, metals, and ceramics, with high throughput at very large scales. This 

technique is based on turning with diamond as the cutting tool to mechanically remove 

materials with a precision in several nanometres on a wide variety of materials. SPDT is 

affected by process and material factors. The material factors include material swelling 

and recovery, grain boundaries, material spring back, and minimum undeformed chip 

thickness [234]. 

Through manufacturing of micro- and nanostructures on a variety of materials by SPDT, 

this research aimed to investigate how surface topographies affect wettability in 

hydrophobic and hydrophilic regimes. For this purpose, micro- and nanostructures on the 

surfaces of several materials, including aluminium, polyvinyl chloride (PVC), 

polyethylene, polypropylene copolymer, PFTE and polypropylene copolymer (PP), with 
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feature dimensions from 500 nm to several micrometres were employed. The surface of 

the different patterned areas and the wettability of these materials were characterized and 

analysed. Finally, the values of contact angles obtained for the different patterned and flat 

surfaces were compared, and the patterns' height was found to affect the wettability for 

these materials. 

7.4 Fundamentals of Single Point Diamond Turning. 

SPDT is a manufacturing technology based on turning that employs a diamond tip as a 

machining tool. This technique uses lathes or similar manufacturing devices (rotary 

transfers, turn-mills) assisted by computer numerical control (CNC) and equipped with 

diamond-tipped tool bits. In addition, SPDT can also be applied in other manufacturing 

techniques such as milling, honing, or grinding [235]. This technique presents the 

advantage over traditionally manufacturing technologies of do not require any additional 

polishing and can be applied to fabricate high-quality aspheric optical devices from 

crystals, acrylic, metals, and other materials [235]. 

The SPDT manufacturing process requires to follow several steps. Initial steps of 

machining are carried out applying a series of CNC lathes of increasing precision. A 

diamond-tipped lathe tool is used at further stages of the manufacturing process to achieve 

the intended manufacturing accuracy [235]. The surface dimensional accuracy in this 

technique can be expressed as the peak-to-valley distance of the grooves left by the 

machining tool and is monitored during the manufacturing process using different 

equipment such as profilometers, laser interferometers or optical and electron 

microscopes. During the manufacturing process it has a key importance to monitor the 

temperature in order to avoid undesired alterations on the shape of the machined part. The 

machining spindle has to be cooled with a liquid coolant to avoid temperature alterations 

[235]. 

A schematic representation of the SPDT machining process is shown in the figure below. 
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Figure 7.6 - Schematic figure of the SPDT machining process [235]. 

The main manufacturing characteristics of the SPDT technology are summarized below. 

Table 7.1 - Main manufacturing characteristics of the SPDT technology. 

 

Machining technology. SPDT 

Machining capability. 3D. 

Resolution (nm). 0.1 [236]. 

Minimum linewidth (nm). ≈ 104 [237]. 

Machinable material. 
Machines that are chemically stable 

with diamond. 

Material removal rate 108 – 109 µm3/s [238]. 

Minimum surface roughness (nm 0.1 [238]. 

 

7.5 Experimental Procedure. 

Through a customized five axis ultra-precision machine, micro- and nanograting (500 

nm, 1 μm, 2 μm, and 4 μm) were machined on materials including aluminium, PVC, 

polyethylene 1000 (PE 1000), polyethylene 500 (PE 500), polypropylene copolymer 

(PP), and PFTE. Under a spindle speed of 1000 rpm, feed rates of 4 mm/min, 2 mm/min, 

1 mm/min, and 0.5 mm/min were employed to achieve 4 μm, 2 μm, 1 μm, and 0.5 μm per 

revolution. A sharp point diamond tool with an inclined angle of 53° was used. The size 

of the structures was controlled by changing the cutting depth. The 53° inclined angle 

ensured that the width of the gratings was the same as the cutting depth. Mineral spirit 

mist was used as coolant during the cutting process. To ensure the consistency of the 

cutting process, all substrates (75 mm × 25mm) were mounted circularly around the 
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centre of the headstock (Figure 7.7 (a)). An optical microscope image of the diamond 

cutting process is shown in Figure 7.7 (b). On each substrate, gratings in dimensions of 4 

μm, 2 μm, 1 μm, and 0.5 μm were cut within the ribbon areas 1–4 (Figure 7.7 (c)). The 

fabrication results were measured by scanning electron microscopy (SEM; FEI Quanta 

3D FEG). To avoid contaminating the surfaces, all samples were uncoated and measured 

under low vacuum SEM mode (120 Pa). 

 

Figure 7.7 - Overall manufacturing process: (a) experimental setup of diamond turning 

process; (b) microscope image of the diamond cutting process; (c) an aluminium sample 

with four different structures in 4 μm (Area 1), 2 μm (Area 2), 1 μm (Area 3), and  

500 nm (Area 4). 

 

SEM images of the micro and nanostructures from 4 μm to 500 nm on different substrates 

are shown in figure 7.8. Under the same cutting depth, the actual surface topography of 

the gratings o metal and plastic surfaces slightly differed due to the different elastic 

recovery rates after material removal. 
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Figure 7.8- SEM images of micro and nanostructures on different materials: (a) 4 μm 

gratings on aluminium; (b) 2 μm gratings on aluminium; (c) 0.5 μm gratings on 

aluminium; (d) 0.5 μm gratings on PE1000; (e) 0.5 μm gratings on PTFE; and (f) 0.5 

μm gratings on PVC. 

7.6 Characterization of Surface Topography. 

The topography of a structured surface can be characterized by two main factors: the 

packing parameter (pp) and the roughness factor (Rf). The packing parameter (pp) is the 

fraction of the structured surface area over the total area of the substrate. The roughness 

factor (Rf) is defined as the ratio of the solid–liquid area (ASL) to its projection on a flat 

plane (AF), 

                                                                   Rf =
ASL

AF
                                                       (7.5) 

Rf was estimated theoretically considering the height (hp), width (2wp) and the distance 

of the patterns. For this calculation it is considered that the patterns were square in shape. 

According to Nosonovsky et al [228], Rf for surfaces with rectangular patterns can be 

calculated by, 

                                                        Rf = 1 +  
4·𝑝𝑝

2·ℎ𝑝

𝑤𝑝
                                                       (7.6) 

For the different patterned areas, the distance between patterns was constant, so the pitch 

distance did not influence the roughness factor. The width of the patterns showed small 

variations in the different materials due to the different elastic behaviour of the materials 

during the machining process, resulting in minimal changes in the roughness factor. 
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Therefore, the roughness factor would depend mainly on the height of the patterns. 

Considering that the height of the pattern ranged from 4 μm to 500 nm, the roughness 

factor was expected to decrease from Area 1 (pattern height of 4 μm) to Area 4 (pattern 

height of 500 nm). The roughness factors and packing parameters for different materials 

are listed in table 7.2. 

Table 7.2 - Roughness factor and packing parameter estimation for the different materials. 

Material Rf pp 

Aluminium 3.80 – 4.79 0.84 – 0.90 

PVC 3.90 – 5.08 0.55 – 0.96 

PE 1000 3.83 – 4.56 0.76 – 0.79 

PE 500 3.01 – 4.07 0.54 – 0.73 

PTFE 1.08 – 2.86 0.76 – 0.80 

PP 2.62 – 4.12 0.70 – 0.76 

 

7.7 Results of Wettability for the Manufactured Surfaces. 

For each material, contact angles on flat surface and structured surfaces (areas 1 – 4) were 

measured. The measurement results for contact angles are shown in figures 7.9 – 7.14.  

 

Figure 7.9 - Contact angle measurements for aluminium. 
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Figure 7.10 - Contact angle measurements for PE 1000. 

 

 

 

 

Figure 7.11 - Contact angle measurements for PP. 
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Figure 7.12 - Contact angle measurements for PTFE. 

 

 

 

 

Figure 7.13 - Contact angle measurements for PE 500. 
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Figure 7.14 - Contact angle measurements for PVC 

 

The experimental results can be classified into three groups. 

• Aluminium 

Given the existence of micro and nanostructures, in areas 1 and 3, the wettability of 

aluminium changed from hydrophilic (θ = 69.4°) to hydrophobic (up to 93.6°). This result 

contradicts the Wenzel model defined in equation (7.3). The Wenzel model predicts that 

an increase in the surface roughness for hydrophilic materials can enhance their 

hydrophobicity behaviour and exhibit small apparent contact angles. Thus, air bubbles 

successfully trapped by these structures possibly affect the wetting behaviour of 

aluminium substrates, and the droplet follows a composite state. If the droplet is in the 

composite state, the apparent contact angle should be calculated using Cassie and Baxter's 

model defined by equation (7.4). Zu et al. performed a theoretical analysis on substrates 

patterned by square patterns following the Cassie–Baxter model. This model predicts that 

the area fraction of the solid–liquid interface, f, is only dependent on the pattern width 

and pitch distance. This model predicts that the apparent contact angle should decrease 

with the increase in pattern height for flat substrates with θ ˂  90° [239]. This model cannot 

explain the experimental results. These results can be explained by considering the 

phenomenon of passivation where aluminium forms a thin surface layer of aluminium 
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oxide upon contact with oxygen in the atmosphere through oxidation, which is enhanced 

at high temperatures. This layer creates porosity on the surface of the structures. The 

formation of this oxidized structure can resemble anodized aluminium. The surface of 

passivated aluminium transitions from slightly hydrophilic to moderately hydrophobic up 

to film thicknesses of about 6 μm [240]. 

• PE 1000, PP, and PTFE. 

PE 1000, PP, and PTFE exhibited a great change in their wettability behaviour (Δθ > 50°) 

when micro- and nanostructures were introduced on the surfaces, shifting from non-

extraordinary wettability behaviour (θ ≈ 90°) to superhydrophobic behaviour (θ ˃ 150°). 

All four areas with structures ranging from 500 nm to 4 μm showed similar contact angles. 

The Wenzel model predicts that patterned materials with intrinsic contact angles θ ˃ 90° 

demonstrate an enhancement in their hydrophobic behaviour when the roughness factor 

is increased. According to Nosonovsky et al. [228], the change in contact angle in the 

Wenzel model depends on the different geometric parameters of the surface structure such 

as width and height of the pillars, distance between pillars, patterns shape, and pattern 

[228]. This model explains that the aspect ratio and packing parameter (pp) of the 

structures have an outstanding effect on the variation in the contact angle on surfaces with 

patterned structures. In the different patterned areas, the pattern height decreased from 4 

μm to 500 nm, whereas the width of the patterns showed small variations in the different 

materials due to the different elastic behaviour of the materials during the machining 

process. The aspect ratio was in the range of 1–5 for the different manufactured areas. In 

the different patterned surfaces, pp oscillated between 0.5 and 0.9. According to this 

theoretical analysis, an increase in the aspect ratio for materials with intrinsic contact 

angles θ ˃ 90° could extensively enhance the hydrophobicity of the materials. This 

tendency was explained in figure 7.15.  

From figures 7.10 - 7.12, it can be observed that the heights of the patterns have little 

effect on the contact angle for PE1000, PP and PTFE. This tendency cannot be explained 

by the Wenzel model. According to this model, an increase of the heights of the patterns 

supposes higher values of Rf and therefore it is expected larger contact angles. 

Previous studies reported discrepancies between wettability results obtained 

experimentally and those predicted by the Wenzel model. The calculation of the Wenzel 

equation implicitly considers that the amount of the liquid kept within the patterns under 

the droplet is negligible and thereby has no influence on the contact angle. It would seem 
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that the liquid withdraws from the droplet cap to fill the pattern under the droplet base 

should affect the wettability. This effect should lead to lower contact angles than those 

foreseen by the Wenzel model [241]. 

New studies corrected the Wenzel model reporting that the roughness must be assessed 

at the contact line, not over the whole interfacial area. As a consequence, new 

reformulations of the Wenzel equation were proposed. Shardt et al. suggested a new 

model for surfaces with pillars of equal height where the contact angle is defined by [242], 

                                             cos 𝜃 + 𝐻 · (
1

sin 𝜃
− 2) = 𝜌 · cos 𝜃0                                   (7.7) 

where θ and θ0 are the experimental and ideal contact angle respectively and H is an 

adimensional number defined by [242], 

                                                         𝐻 =  
ℎ·(1−λ𝑠𝑜𝑙𝑖𝑑)

𝑅
                                                       (7.8) 

where R is the radius of the droplet and λsolid is the line fraction of the droplet that is on 

the pillars. 

This model can explain the wettability behaviour of PE 1000, PP and PTFE at the 

different flat and patterned areas. Applying this model, was observed that patterned areas 

exhibit larger contact angles than flat surfaces. However, this model may predict 

negligible increments on the real contact angle, with an increase of the roughness factor 

Rf for patterns with the same heights as the one applied on these experiments. 

Other study presented a new wettability model that correct the Wenzel model considering 

the reduction of the contact angle when the liquid volume within the asperities becomes 

non-negligible compared to the total droplet volume [241]. According to this new 

introduced model, the real contact angle can be calculated by [241], 

    𝜃 = 𝜃0 −
ℎ

𝑅0·𝑠𝑖𝑛𝜃0
−

ℎ2·𝑐𝑜𝑠𝜃0

2·𝑅0
2·𝑠𝑖𝑛3𝜃0

+ ℎ3 (
𝑐𝑜𝑠𝜃0

2·𝜋·𝑅0·𝑠𝑖𝑛2𝜃0
−

2+𝑐𝑜𝑠2𝜃0

6·𝑅0
3·𝑠𝑖𝑛5𝜃0

) + 𝑜(ℎ4)           (7.9) 

where θ0 is the apparent angle made by the droplet [241], h is the depth of asperities and 

R0 is the radius of the droplet defined by [241], 

                                                          𝑅0 = (
𝜋

𝜃0−𝑠𝑖𝑛𝜃0·𝑐𝑜𝑠𝜃0
)

1

2
                                     (7.10) 

Applying this model, it was also observed a negligible increment on the real contact angle, 

with an increase of the roughness factor Rf for patterns with the same heights as the one 

applied on these experiments. 
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• PE 500. 

With the patterned surfaces, the hydrophobicity of PE 500 only slightly increased (Δθ ≈ 

10°–15°). According to theoretical analysis, the Cassie–Baxter model indicates that the 

height of the pillars does not influence the wettability of the materials [46]. This 

phenomenon is quite unique especially when compared with PE 1000, which has very 

similar wettability on flat surfaces. This effect can also be explained by their different 

surface topography. PE 1000 offers higher wear resistance and impact strength than PE 

500. Therefore, under the same cutting parameters, PE1000 is more difficult to remove 

than PE 500. As shown in figure 7.15, the gaps between each pattern (1 μm) on PE 1000 

(Figure 7.15 (a)) were smaller than those on PE 500 (Figure 7.15 (b)), leading to avoid 

space with high aspect ratio, which facilitated air trapping and resulted in a high contact 

angle. Thus, for hydrophobic surfaces (θ ≈ 100°) of moderate roughness (Rs ≈ 2), both 

wettability models can co-exist, and the droplet may stay in a state of metastable 

equilibrium [239]. 

 

Figure 7.15 - SEM images of 1 μm gratings on PE 1000 (a) and PE 500 (b) (scale bar is 

10 μm). 

The contact angle hysteresis of each material is also studied. Theoretical analysis of other 

researchers demonstrated that contact angle hysteresis depends on the width/pitch ratio 

of the structures, as well as the density of the pillars [243] [244]. Among the tested 

materials, aluminium, PE 500, PP, and PTFE did not show a measurable change in contact 

angle hysteresis with the different patterns, whereas PE 1000 exhibited an enhancement 

in contact angle hysteresis with an increased the roughness factor. 
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• PVC. 

PVC exhibited a great change in their wettability behaviour (Δθ > 50°) when micro- and 

nanostructures were introduced to the surfaces, shifting from non-extraordinary 

wettability behaviour (θ < 90°) to superhydrophobic behaviour (θ ˃ 150°). This tendency 

contradicts the Wenzel model. According to equation (7.3), if an ideal smooth surface is 

hydrophilic (θideal< 90 ⁰), larger values of Rf would suppose a reduction of the contact 

angle.  

The Cassie–Baxter model describes heterogeneous wetting contact between the droplet 

and surface due to air entrapment. This model indicates that there is an area fraction where 

the liquid and the gas stay in contact (fLA) which is dependent of the roughness factor of 

the structured surface (Rf). According to this model (Eq. 7.4), even for a hydrophilic 

surface, the contact angle increases with an increase of fLA. Therefore, at a high value of 

fLA, a surface can become hydrophobic. Using the Cassie–Baxter equation, the value of 

fLA at which a hydrophilic surface could turn into a hydrophobic one is given by [245], 

                                          𝑓𝐿𝐴 ≥
𝑅𝑓·𝑐𝑜𝑠𝜃0

𝑅𝑓·𝑐𝑜𝑠𝜃0+1
               for 𝜃0 < 90⁰                              (7.11) 

In table 7.3, the roughness factor for PVC (Rf = 3.90 – 5.08) is larger than for the other 

materials and this may explain the wettability behaviour of PVC. 

This tendency was also explained by other authors indicating that when the height of the 

micro-patterns increases, the Wenzel state may transfer to a Cassie state, and thus lead to 

hydrophilicity-hydrophobicity change [246]. This phenomenon could be explained by the 

intruding height in some extent [247]. According to studies, when the intruding height is 

less than the pattern height, the entrapped gas can exist in the groove and results in a 

Cassie state [246]. 

PVC also shows a reduction in contact angle hysteresis when the roughness factor 

increased. Our observation revealed a relationship between contact angle hysteresis and 

the size of the surface structures. Recent research demonstrated that contact angle 

hysteresis is strongly correlated with the projected area fraction for fully wetting space 

(fw) [248].  

For all the polymer materials used in this work, fLA varied from 0 to 1, depending on the 

structures and surface finish. Although the same size of structures was achieved on 

different materials, the surface finish differed (Figure 7.14). Such a difference caused the 

unpredictable behaviour of contact angle hysteresis on different materials. Other studies 
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indicated that contact angle hysteresis is affected by the height of the patterns, pitch 

distance [249], and shape of patterns [250] [251]. The main finding in the literature is that 

sharp patterns lead to a remarkable enhancement in contact angle hysteresis [252]. Further 

research should focus on controlling surface finish and the shape of structures for an in-

depth study of contact angle hysteresis. 

7.8 Study of Antibacterial Properties. 

7.8.1 Introduction of antibacterial surfaces. 

Medical devices and implants often become colonized by bacteria, which leads to 

infections that are difficult to treat. Surveys indicate that more than 60 % of infections 

worldwide are caused by bacteria biofilms placed on medical instrumentation [253] [254]. 

Bacterial biofilms can produce chronic infections due to the increased tolerance of these 

microorganism to the human defence system, disinfectants and antibiotics and their 

resistance to phagocytosis. In case of infection, implants must be extracted and therefore, 

there is an increase in therapy time in hospitals, risks, costs, reduction of the antimicrobial 

treatment efficiency and an increment of the morbidity. The prevalence of some 

microorganism among other depends on the type and composition of medical device and 

the part of the body where the device is introduced. For the mentioned reasons, inhibiting 

bacterial infection would lead to societal benefit as well as to significant cost savings by 

preventing implant-associated infections. 

Several approaches have been attempted to prevent bacterial adhesion on surfaces. 

Traditionally, biomaterials are coated or impregnated with prophylactic antibacterial 

agents. These strategies face issues that limit their application such as the production time, 

cost, efficacy, and a wear down of their properties during time [255]. Also, these 

approaches have associated risks of developing infections that are resistant to the used 

agent. Another strategy for preventing the development of biofilms is to alter the surface 

properties. Chemical modification has several disadvantages being the most important 

one that in some cases it can present bio incompatibility. Aside from this disadvantage, 

the application of coating has been reported to have a limited effect in most cases and 

requires longer manufacturing times. Lastly, the employment of coatings increases the 

cost of the biomedical devices avoiding that they can be economical competitive in the 

market. Despite these disadvantages, biocides and ion coatings are commonly used. 
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While a massive quantity of studies have been carried out to researching the influence of 

substrate surface chemistry on bacterial adhesion, the new trend has been focused on 

analysing the role that surface topography has in the adhesion process [256] [257] [258]. 

The reason for this new trend comes from the inconsistencies that have been seen in 

colonization rates on identical surfaces, two substrates with identical surface chemistry 

can show great different cell adhesion properties due to differences in surface topography. 

Several studies have demonstrated that surfaces with micro or nano topographies exhibit 

the capacity of preventing bacterial attachment and biofilm formation [32] [33]. These 

results lead scientific community to apply nanostructured surfaces in biomedical devices.  

One well-known case of antibacterial surfaces is the Cicada wings. In such structures, 

bacteria are adsorbed on the nanopatterns of it and the outer layer of the organisms begins 

to rupture between the pillars and collapses onto the surface. 

 

Figure 7.16 - Biophysical model of the interactions between cicada wing nanopatterns 

and bacterial cells [259]. 

Several studies have suggested that the size of topographical features in the surface play 

a key role in controlling bacterial attachment [260] [261]. Surfaces with micro features 

have been identified as undesirable for antibacterial surfaces due to the fact that bacteria 

find it easier to keep adhering in the grooves [23]. Equally, features of sizes lower than 

the microorganism dimensions also have no effect [24] [262] [23]. On the contrary, 

structures on the nanoscale that have the same size of the microorganism are much more 

effective at preventing colonization of the surface topology [25]. Aside from the size of 

the patterns, some studies suggest that there is a tendency between the antimicrobial 
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activity and other factors such as the shape of the patterns, the distance between them [26] 

and the chemical composition of the surfaces [27]. Still further research is required to 

know better the relationship between these surface factors and the bacterial adhesion. 

Further research is still necessary to understand how nanostructure patterns affect 

bacterial attachment [263] [264].  

There are several species of pathogen that are frequently involved in catheter-related 

infections. The most common bacteria are the Staphylococcus epidermidis, 

Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa. Among them, the 

most studied is the Escherichia coli, which causes more than 80 % of urinary tract 

infections [265]. Escherichia coli is a rod-shaped gram-negative bacterium normally 

resident in human and other mammalian colons. It can grow rapidly on minimal medium 

that contains a carbon compound such as glucose (which serves both as a carbon source 

and an energy source) and salts that supply nitrogen, phosphorus, and trace metals. E. coli 

grows more rapidly, however, on a rich medium that provides cells with amino acids, 

nucleotide precursors, vitamins, and other metabolites that the cell would otherwise have 

to synthesize. 

The antibacterial properties of the manufactured polymers presented in this chapter are 

tested. For that purpose, it was cultivated bacteria of Escherichia Coli in aluminium for 

non-manufactured and patterned surfaces. Lastly, it was observed by SEM microscopy 

the presence of bacterial colonies in the different substrates. 

7.8.2 Experimental antibacterial results. 

• Bacteria cultivation. 

The Escherichia Coli was cultivated under aerobic conditions in a batch reactor. For the 

conducted bacteria cultivation, a complex solution was prepared. This solution consisted 

of 36 g l–1 glucose and 60 g l–1 yeast extract of FlavR-max. The glucose was dissolved in 

water (10 % of total medium volume) and autoclaved separately. The media was adjusted 

to slight basic conditions with 4 M NaOH (pH = 7.2). The bacteria cultivation was 

conducted on a flat surface and micro-structured surfaces at 37 ºC for 36 hours. The 

dissolved oxygen concentration DO was maintained at 30 % saturation by increasing 

stirring speed (500 - 2000 rpm) and O2 - enrichment if required. A steady air flow of 2 

l·min-1 was supplied through a ring sparger. 
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Figure 7.17 – Batch reactor applied for bacteria cultivation. 

 

• SEM characterization. 

The flat and structured surfaces of aluminium material was characterized by SEM 

microscopy (FEI QUANTA 3D FEG) in order to study the bacterial attachment on these 

substrates. Figure 7.18 shows results on bacteria cultivation in different aluminium areas. 

 

Figure 7.18 – SEM images of E. coli cultivation experiment on aluminium a) flat 

surface b) 500 nm micro-structured surface. 
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• Conclusions. 

Figure 7.18 shows a vast reduction of bacterial adhesion on the micro-structured surfaces 

of aluminium with respect to the flat ones. This trend was observed for manufactured 

surfaces with size patterns of 2 µm, 1µm and 500 nm. Escherichia Coli bacteria have a 

dimension of a cylinder 1 - 2 µm long, with radius about 0.5 µm [266]. These results can 

be explained due to the fact that substrates with patterns of the same size as 

microorganism dimensions have been identified effective in preventing bacteria 

colonization on their surfaces [25]. Still further research is required for deeper 

understanding on how the patterns’ shape and distance between them affects the 

antibacterial properties of surfaces. 
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Chapter 8. Conclusions and Future Work 

This chapter offers an assessment of the research conducted, its novelties, and the 

contributions of this work. There is a summary of the main conclusions of this thesis and 

suggestions for future lines of investigation. 

This work assessed the printing accuracy of FDM for the manufacturing of bioinspired 

micro-structured surfaces. The thesis begins with a thorough investigation of the 

bioinspired surfaces and their potential applications. The work also analyses the 

deformability of PLA, conducting a rheological and thermomechanical study on this 

polymer. 

This thesis continues with an assessment of the suitability of FDM for precision 

manufacturing by measuring the die swell effect of extrudate PLA filaments under 

various working conditions. Different cooling methods were also applied during the 

printing process to suppress the die swell effect and thereby improve FDM manufacturing 

accuracy. A multivariate regression analysis was also conducted on the die swell 

experimental results with the aim of obtaining an equation that will be able to predict the 

extrudate die swell under different working conditions. Based on the above 

investigations, a new FDM-based manufacturing technique was proposed for patterning 

micro- and nanostructures in a cost-effective way with high throughput over very large 

scales.  The proposed technique can be potentially applied in the fabrication of bioinspired 

surfaces. Finally, functions of micro- and nano-structured surfaces in wettability 

enhancement have been successfully demonstrated. 

8.1 Research Assessment. 

The novelty and contribution to knowledge of this research are summarized below. 

• The in-depth investigation of the PLA rheological behaviour at the full range of 

extrusion temperatures (170 ⁰C - 210 ⁰C) and the respective influence on filament 

expansion during extrusion. This filament expansion is directly related to the printing 

accuracy of the FDM method. 

• The introduction of a new high-throughput and cost-effective manufacturing method 

for patterning microstructures on the surfaces of polymers by indentation. In 

addition, an evaluation was done of the patterning accuracy of this method on the 

surface of PLA at different temperatures. 
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• An assessment of the extrudate die swell of the FDM process under the full working 

range of manufacturing conditions, such as extrusion temperatures (170 ⁰C - 210 ⁰C), 

printing speeds (10 mm/s – 80 mm/s), layer heights (0.10 mm – 0.40 mm) and nozzle 

diameters (0.20 mm – 0.40 mm). This study would enable an understanding of how 

the different manufacturing conditions affect the dimensional accuracy of FDM.  

• An assessment of the enhanced dimensional accuracy of the FDM process when the 

extrudate parts of PLA are cooled down using a variety of cooling methods. The 

cooling procedures tested were intended to suppress the die swell effect on the PLA 

extrudate parts and therefore to improve the resolution of this technique. The novel 

cooling methods employed consisted of cooling the extrudate parts with water at 

different temperatures and cooling by air applying an external blower fan. 

• A statistical analysis of the extrudate die swell results obtained from the 

measurements conducted. This study aimed to obtain a mathematical expression for 

predicting the extrudate die swell and thereby the dimensional accuracy under 

different working conditions on PLA. 

• The introduction of a novel numerical method based on the level-set method for 

predicting the dimensional accuracy in FDM under different working conditions. 

• The manufacturing of structures by single point diamond turning on the surfaces of 

a variety of polymers, including polyvinyl chloride (PVC), polyethylene 1000 (PE 

1000), polypropylene copolymer (PP), and polytetrafluoroethylene (PFTE) with the 

aim of controlling the wettability properties of these materials. Antibiofouling 

studies were also conducted in order to understand the effect of surface topography 

on the antibacterial properties of materials. 

8.2 Conclusions. 

The main conclusions obtained are: 

• The development and demonstration of a new and reliable manufacturing process for 

patterning structures by indentation on thermoplastics. This novel technique was 

tested on PLA at different working temperatures. The technique was considered 

successful on the basis of the minimal deformation of the manufactured structures 

with respect to the indenter diameter. The manufacturing method proves to be more 

accurate at lower temperatures (140 °C). This technique has an advantage over other 
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micromanufacturing methods of its high throughput and low cost. 

• An assessment of the extrudate die swell of the FDM process under the full working 

range of manufacturing conditions. This study would enable an understanding of 

how the different manufacturing conditions affect the dimensional accuracy of FDM. 

Based on these results, the manufacturing parameters that provide optimal resolution 

can be determined. 

• Comparison of the dimensional accuracy of PLA parts fabricated under different 

cooling methods. Based on these results, it was demonstrated that the new cooling 

procedures on the extrudate filaments can significantly improve the manufacturing 

accuracy of FDM. 

• The development and demonstration of a new FDM-based method for manufacturing 

micro- and nanostructures on thermoplastic surfaces. The dimensional accuracy of 

this technique was tested under different manufacturing conditions. Compared with 

other manufacturing technologies, the proposed technique can be used to fabricate 

microstructures in a cost-effective manner with high throughput on very large scales. 

• The modelling and simulation of a program based on the level-set method that can 

precisely predict the dimensional accuracy of FDM under the various manufacturing 

conditions. This simulation method was also applied to studying the expansion of 

patterned structures on the surface of PLA during the extrusion process. 

• This research illustrated that manufacturing micro- and nanostructures on a variety 

of materials by single point diamond turning can be used to enhance the wettability 

of a variety of polymers when lithographic techniques cannot be applied. Materials 

exhibiting common wettability properties (θ ≈ 90°) changed to exhibit 

“superhydrophobic” behaviour (θ ˃ 150°). The antibacterial properties of these 

manufactured surfaces were also demonstrated. 

8.3 Future Work. 

There are still several aspects of this research that require further work. Several 

suggestions for future lines of investigation are given below. 
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8.3.1 Nanoindentation at different temperatures. 

Nanoindentation tests have been conducted on the PLA filament at room temperature to 

study the deformability of its surface. This characterization would enable to study the 

accuracy of patterning structures on the surface of this material. The deformability of a 

thermoplastic polymer is related to its temperature. Therefore, it is suggested to conduct 

nanoindentation tests on PLA under the full working range of extrusion temperatures in 

order to provide a better relationship between the temperature of the thermoplastic and 

the accuracy of patterning structures on its surface. 

8.3.2 Development of the proposed surface patterning manufacturing technique. 

This work proposes a new manufacturing method based on FDM for patterning micro-

and nanostructures on the surfaces of extrudate parts of thermoplastic polymers. A deeper 

study of the effect of the different manufacturing conditions on the dimensional accuracy 

of the structures is required. For this purpose, the printing accuracy of this patterning 

technique should be tested in a variety of manufacturing conditions. Taking this into 

account, the technique should be repeated at a wider range of extrusion temperatures (170 

⁰C – 240 ⁰C), printing speeds (10 mm/s – 80 mm/s), layer heights (0.10 mm – 0.40 mm) 

and nozzle sizes (0.20 mm – 0.40 mm). Tests should also be performed to determine how 

the different cooling methods affect the accuracy of the patterning method. 

The relationship between the dimensions of the manufactured patterns on the nozzles and 

the patterning precision of the manufacturing technique also needs testing in greater 

depth. From the experimental results, it can be seen that structure dimensions had a 

significant impact on the precision of the method. It would be advisable to verify the 

precision of this method with different materials. Different types of thermoplastics exhibit 

contrasting rheological behaviour, and therefore the particular nature of the material could 

have a great impact on the patterning precision of the proposed manufacturing technique. 

8.3.3 Further development of the implemented level set method. 

In this work a numerical method was proposed for monitoring the filament evolution in 

the FDM process under different manufacturing conditions. This numerical method is 

based on the level-set method. This computational technique was used for tracking the 

evolution of moving interfaces and has been applied for analysing the dynamics of an 

extrudate filament in the FDM process. The implemented program based on the level-set 

method presents some limitations, that require further research.  
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The main problem with this program was the difficulty with simulating the deformation 

of small patterns on the filament. According to the bibliography, numerical methods 

based on the level-set method can present problems simulating points of the interface near 

sharp corners [201]. As a result, the accuracy of level-set methods is lower for structures 

of small dimensions. Another limitation this code presents is the lack of accuracy in 

simulating the evolution of the filament shape with the printing speed. The dynamic of 

the filament shape with time depends on the expansion rate of the PLA surface in the x 

and y directions (ux and uy respectively). No models were found within the bibliography 

to relate the expansion rate with the printing speed. To overcome this problem, a 

parameter was introduced in the expansion rate formula to take into consideration the 

effect of the printing speed. This parameter was assigned after analysing the experimental 

results of filaments expansion at the various printing speeds. Therefore, in order to make 

this simulation method more precise, it should be studied how the printing speed affects 

the function u. 
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Appendix A. A Numerical Analysis of the FDM Process 

The key elements of the FDM process are the pinch roller feed mechanism, liquefier, 

platform extrudate swell, and cooling and road deposition. 

Appendix A.1 Material Feed Mechanism 

FDM technology uses as a feed mechanism a system of pinch rollers that insert the raw 

material with a diameter between 1.5 mm to 3 mm [122]. The pinch rollers are linked to 

a stepper motor which ease to move the feedstock material through the system. The rollers 

normally have a toothed gear shape that grab the filament and push it to the liquefier 

without slippage. Then, the raw material is compressed and inserted against the nozzle at 

the end of the liquefier [267]. Figure A.1 illustrates a schematic representation of the 

roller mechanism. 

 

Figure A.1. A schematic view of the roller mechanism [267]. 

The rollers feed rate (V) depends on the road width (W), angular velocity (wr), radius of 

the rollers (Rr) and extrudate thickness (H) [159], 

                                                      𝑉 =  
𝑄

𝑊·𝐻
= 𝑤𝑟 · 𝑅𝑟                                                (A.1) 

The power required (Pmot) to compress the melted feedstock material through the liquefier 

is defined by the torque (Tq) and the required force (FR) [268], 

                                                    𝑃𝑚𝑜𝑡 = 𝑤𝑟 · 𝑇𝑞 = 𝑤𝑟 ·
𝐹𝑟

2
· 𝑅𝑟                                   (A.2) 
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The feed rate is constrained by the compression used on the liquefier by the feed rollers. 

The critical pressure (PCr) is defined by the elastic modulus of the filament (E), the 

filament length from the rollers to the entrance of the liquefier (Lf) and the filament 

diameter (df) [269], 

                                                           PCr = π2 · E · df
2 / 16 · Lf

2                                                                       (A.3) 

Appendix A.2 Liquefier Dynamic. 

The dynamics of the liquefier are quite complex to simulate and depends on the capacity 

to fluid of the material. The fluidity of the melted material depends on the rheological and 

physical properties of the melted fluid, filament feed rate and pressure drop on the nozzle 

(∆P). All these physical and rheological variables affect the viscosity of the fluid and 

therefore the resolution of the printed part. 

• Melt properties. 

The rheological properties of a melt under the different processing parameters in the 

liquefier plays a key role in understanding the behaviour of the melt in the liquefier and 

nozzle. Feedstocks for FDM (normally PLA and ABS) generally adopts a shear thinning 

rheological behaviour (non – Newtonian) and are normally considered to follow a Power-

law viscosity model (equation 2.5) [136]. 

The effect of temperature on viscosity can be defined using a function that defined the 

Arrhenius model (HA) [268], 

                                                               𝜇 = 𝐻𝐴 · 𝜇𝑇0                                                   (A.4) 

Normal values of 𝛾 for FDM are ranged from 100 s-1 to 200 s-1 [270]. The function H can 

be defined by [159]), 

                                                               𝐻𝐴 = 𝑒[𝛼𝑎𝑐𝑡·(
1

𝑇
−

1

𝑇0
)]

                                         (A.5) 

where T0 is the reference temperature and αact is the activation energy. To date, only 

Power-law viscosity models have been applied for simulating the fluid dynamics inside 

the FDM liquefiers. The disadvantage of this model is that some aspects of the melt 

behaviour will not be considered by it. The biggest problems with this model are that it 

does not include any yield strength as well as it has problems accounting wide ranges of 

𝛾 [271]. The fluid dynamics inside the FDM liquefiers can also be described with more 
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precision by the Carreau rheological model. This model has the disadvantage of greater 

mathematical complexity [271].  

• Estimation of heat flux. 

The heat flux (QFlux) inside the liquefier can be modelled by [272], 

                                  𝑄𝐹𝑙𝑢𝑥 = (
𝜌 · 𝑣 · 𝐴

2 · 𝜋 · (𝐷𝐿𝑖𝑞/2) · 𝐿
) ·  𝐶𝑝 · (𝑇𝑒𝑥𝑖𝑡 – 𝑇𝑒𝑛𝑡)                          (A.6) 

where Cp is the heat capacity of the polymer, DLiq is the diameter of the liquefier and Texit 

and Tent are the temperatures of the polymer at the exit and entrance of the liquefier, 

respectively. Cp of the melt flow is assumed constant, and it is not varying with the 

temperature. However, Cp is changing with respect to the glass transition (Tg) for 

amorphous polymers. Cp of melt varies with respect to temperature. If the temperature is 

below 300 K, it is defined as [268], 

                                                           𝐶𝑝 = 4.4 · 𝑇 + 58                                                  (A.7) 

If the temperature of the melt flow is increased above the 300 K, then it is defined by 

[159], 

                                                            𝐶𝑝 = 1.05 · 𝑇 + 1668                                          (A.8) 

• Pressure drop estimation. 

In order to calculate the total pressure drop (∆P), the liquefier was divided in three regions 

as can be seen in the figure below. 

 

Figure A.2. Liquefier regions [122]. 
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The liquefier can be divided in three regions (area 1, 2 and 3). The total pressure drop is 

the addition of the pressure drops in each region (ΔP1, ΔP2 and ΔP3) [122], 

                                                       ∆𝑃 = ∆𝑃1 + ∆𝑃2 + ∆𝑃3                                       (A.9) 

The pressure drop in each section of the liquefier was modelled by [122], 

                                   ∆𝑃1 = 2 · 𝐿1 · (
𝑣

𝑛
)

1

𝑘
· (

𝑘+3

(
𝐷1
2

)
𝑘+1)

1

𝑘

· 𝑒
[𝛼𝑎𝑐𝑡·(

1

𝑇
−

1

𝑇𝛼
)]

                     (A.10) 

    ∆𝑃2 =  (
2𝑘

3·tan(
𝛽𝑁

2
)
) · (

1

𝐷2

3
𝑚

−
1

𝐷1

3
𝑚

) · ((
𝐷1

2
)

2

· (𝑘 + 3) · (2)𝑘+3)

1

𝑘

𝑒
[𝛼𝑎𝑐𝑡·(

1

𝑇
−

1

𝑇𝛼
)]

      (A.11) 

                                 ∆𝑃3 = 2 · 𝐿3 · (
𝑣

𝑛
)

1

𝑘
· (

(𝑘+3)·(
𝐷1
2

)
2

(
𝐷2
2

)
𝑘+3 )

1

𝑘

· 𝑒
[𝛼·(

1

𝑇
−

1

𝑇𝛼
)]

                        (A.12) 

where D1 and D2 are the diameters of the different sections of the liquefier, βN is the 

nozzle angle, K and n are the rheological constants of the power law model, v is the 

printing speed, αact is the activation energy, Tα is the external temperature of the liquefier 

and T is the extrusion temperature. 

Appendix A.3 Filament Spreading Dynamics in the Platform. 

• Road deposition. 

Once the melted thermoplastic leaves the liquefier, the extrudate material is deposited in 

the platform of the 3D printer following a Hagen-Poiseuille flow behaviour. The 

volumetric flow rate (Q) can be defined by [122], 

                                                        𝑄 =  
𝜋·(

𝐷2
2

)
4

·∆𝑃

8𝜂𝐿2
                                                         (A.13) 

The cross-sectional area (AN) of the extrudate filament is related to the printing speed of 

the printer head (vprint) [122],  

                                                          𝐴𝑁 =  
𝑄

𝑣𝑝𝑟𝑖𝑛𝑡
                                                             (A.14) 

The deposited rod has a maximum speed at which the rod keeps stable. The maximum 

velocity of the print head can be estimated by [122], 
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                                                            𝑣𝑝𝑟𝑖𝑛𝑡 =
𝑄·𝜋

ℎ2                                                          (A.15) 

as well as the minimum cross-sectional area [122].  

                                                             𝐴𝑁 =  
ℎ𝑝𝑧

2

𝜋
                                                            (A.16) 

Here, hpz is the height of the print nozzle opening above the print surface. 

• Road spreading. 

During the deposition of the extrudate polymer on the platform, the material is cooling 

and the viscosity increases until the melt becomes solid. The melt filament will exhibit 

an elliptical shape after its deposition on the platform. The area of the extrudate filament 

depends on the viscosity and the balance of surface energies of the platform surface and 

the polymer layer. The width of the road as well as the contact area between neighbouring 

layers will determine the resolution achieved in the FDM process. The mechanical 

strength of the extrudate part depends on the size of the voids in the material as well as 

the surface area between the different filament layers. 

The deposition process of the extruded melt can be approximated as a laminar 

axisymmetric flow [146]. For that purpose, it was considered no shrinkage and a Bingham 

rheological behaviour of the melt [273], 

                                        (
∆𝑊

∆𝑡
)

𝑥=𝑊
=

𝐴𝑁

8𝜂𝑊2 · (
𝐹(𝜃)

𝑙
− 2Ꞇ𝑦(𝑡)𝑤)                                 (A.17) 

where W is the filament width, F(θ)/l is the driving spreading force per unit length of the 

bead and Ꞇy is the yield strength of the melt. The evolution of the contact angle can be 

modelled by [273], 

                                       (
∆𝑊

∆𝑡
)

𝑥=𝑊
=

𝐴𝑁·𝛾𝐿𝑉

8𝛷𝜂𝑅3
· (

cos(𝜃)−cos(𝜃−𝛷)

𝑙
−

2Ꞇ𝑦(𝑡)𝑅

𝛾𝐿𝑉
)                 (A.18) 

where θ and ɸ are the contact angles of the bead as illustrated in figure A–3 [273], 

assuming the bead is printed on a surface with a circular cross-section. 
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Figure A.3. Illustration of road spreading and the force balance. 

• Road cooling. 

The cohesion energy between neighbouring layers of the extrudate polymer affects the 

mechanical properties of the parts. This cohesion process happens by a sintering 

mechanism. During melt extrusion, the material provide heat which increase the 

temperature of the road being deposited at a temperate well above the glass transition 

temperature (Tg) in order to facilitate the filament bonding. The bonding quality between 

the layers depends on the temperature distribution. This temperature profile will be 

influenced by heat capacity and thermal conductivity of the materials. The heat will be 

transmitted from the roads via conduction to the material below and convection to the 

surrounding air in the build environment. The temperature distribution of the cross-

sectional area (A) has been described by [274], 

                                          𝑇 = 𝑇∞ + (𝑇0 + 𝑇∞) · 𝑒
(

(1−√1+4𝛺𝜘)𝑣𝑡

2𝛼
)
                               (A.19) 

where ρ is density, k is the thermal conductivity, t is time, T0 is the reference temperature, 

T∞ is the temperature in the liquefier, C is the heat capacity, h is the heat transfer 

coefficient (h ≈ 20 W/m2 K) [274], P is the perimeter of the filament and 𝛺 and ϰ are the 

following functions [275], 

                                                                 𝛺 =
𝑘

𝜌·𝐶𝑣
                                                        (A.20) 

                                                                 𝜘 =
ℎ𝑃

𝜌𝐶𝐴𝑣
                                                        (A.21) 
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Appendix B. Technical Specifications of ARES G-2 

In this work it is studied the rheology of PLA (Pro white @RS of 1.75mm) at the full 

range of extrusion temperatures in FDM (170 °C to 240 °C). The rheological study was 

carried out by a rotational rheometer ARES G-2 equipped with a parallel-plate geometry.  

A picture of the rotational rheometer ARES G-2 is shown below. 

 

Figure B.1 - Technical specifications of ARES G-2. 

The technical specifications of the rheometer ARES G-2 are shown below. 

Table B.1 - Technical specifications of the rheometer ARES G-2. 

Force/Torque Rebalance Transducer (Sample Stress) 

Transducer Type Force/Torque Rebalance 

Transducer Torque Motor Brushless DC 

Transducer Normal/Axial Motor Brushless DC 

Minimum Transducer Torque in Oscillation 0.05 μN m 

Minimum Transducer Torque in Steady Shear 0.1 μN m 

Maximum Transducer Torque 200 mN m 

Transducer Torque Resolution 1 nN m 

Transducer Normal/Axial Force Range 0.001 to 20 N 

Transducer Bearing Groove Compensated Air 
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Drive Motor (Sample Deformation) 

Maximum Motor Torque 800 mN.m 

Motor Design Brushless DC 

Motor Bearing Jeweled Air, Sapphire 

Displacement Control/Sensing Optical Encoder 

Strain Resolution 0.04 μrad 

Min. Angular Displacement in Oscillation 1 μrad 

Max. Angular Displacement in Steady Shear Unlimited 

Angular Velocity Range 1 x 10-6 rad/s to 300 rad/s 

Angular Frequency Range 1 x 10-7 rad/s to 628 rad/s 

Step Change in Velocity 5 ms 

Step Change in Strain 10 ms 

Orthogonal Superposition and DMA modes 

Motor Control Force Rebalance Transducer 

Minimum Transducer Force in Oscillation 0.001 N 

Maximum Transducer Force 20 N 

Minimum Displacement in Oscillation 0.5 μm 

Maximum Displacement in Oscillation 50 μm 

Displacement Resolution 10 nm 

Axial Frequency range 1 x 10-5 Hz to 16 Hz 

Stepper Motor 

Movement/Positioning 
Micro-stepping Motor/Precision 

Lead Screw 

Position Measurement Linear Optical Encoder 

Positioning Accuracy 0.1 μm 

Temperature Systems 

Smart SwapTM Standard 

Forced Convection Oven, FCO 150 °C to 600 °C 

FCO Camera Viewer Optional 

Advanced Peltier System, APS -10 °C to 150 °C 

Peltier Plate  -40 °C to 180 °C 

Sealed Bath -10 °C to 150 °C 

 

 



 

225 

Appendix C. 3D Printer Technical Specifications 

The 3D printer applied for the different experiments was a MakerBot Replicator 2X 

equipped with MK8 nozzles. 

 

Figure C.1. Photo of the Makerbot Replicator 2X. 

The technical specifications of the Makerbot Replicator 2X are listed below. 

 

Table C.1. Technical specifications of the Makerbot Replicator 2X. 

Printing 

Print Technology 
Fused Filament 

Fabrication. 
Build Volume 

24.6 cm x 16.3 cm x 

15.5 cm 

Layer Height 

Settings 

High 100 µm 

Medium 200 µm 

Low 300 µm 

Positioning 

Precision 

XY: 11 µm 

 Z: 2.5 µm 

Filament 

Diameter 
1.75 mm Nozzle Diameter 0.4 mm 
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Software 

Software Bundle 
MakerBot 

MakerWare 
File Types STL, OBJ, Thing 

Physical dimensions 

Dimensions 49 x 32 x 38 cm Weight 12.6 kg 

Electrical 

AC Input 
100–240V, ~4 

amps, 50–60 Hz. 

Power 

Requirements 

24V DC @ 9.2 

amps 

Mechanical 

Chassis Powder-coated steel 
Body / Build 

Platform 

PVC Panels / 356 

aluminium 

XYZ Bearings 
Wear-resistant, oil-

infused bronze 
Stepper Motors 

1.8° step angle with 

1/16 micro-

stepping. 
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Appendix D. 3D Printer Upgrade 

The 3D printer applied for the different experiments was a MakerBot Replicator 2X 

equipped with MK8 nozzles. The hardware of the 3D printer was upgraded in order to 

avoid clogging problems as well as other underperforming issues. The different hardware 

updates are listed below. 

Appendix D.1 Replacement of the Extruder 

The traditional MakerBot Replicator 2X extruder was replaced by the “Bondtech upgrade 

kit” for Makerbot Replicator 2X dual nozzle. Bondtech extruders provides a high-

performance material feeding system capable of printing faster with improved quality. 

Figure D.1 shows a picture of the Bondtech extruder kit. 

 

Figure D.1. Photo of the Bondtech extruder kit. 

Appendix D.2 Replacement of the thermal barrier tubes 

The thermal barrier tubes are assembled in the hot block of the 3D printer and enable to 

access the pushed filament from the gears of the extruders to the nozzles. The function of 

these tubes is to insulate the filament from the heat produced below by the thermal 

cartridge in order to avoid heat creep. The conventional thermal barrier tubes of the 

Makerbot Replicator 2X were replaced by an upgraded thermal barrier tubes provided by 

the company Bondtech. The new tube has a thicker layer of PTFE polymer inside of it 

which enables to insulate better the filament inside of it. In addition, the new tubes are 

wider than the standard ones, which reduces the filament friction when it is pushed inside 

the tube. Because the new tubes have a larger diameter, the new mounting bar that 
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attached them must have holes with larger diameters. Figure D.2 shows a picture of the 

Bondtech thermal barrier tube. 

 

Figure D.2. Photo of the Bondtech thermal barrier tube. 

Appendix D.3 Design of a New Mount Bar 

A new mount bar was manufactured in the mechanical workshop to fit the new thermal 

barriers tubes. The reason to that is that the Bondtech thermal barrier tubes that connects 

the extruders with the hot block are wider than the standard tubes of the Makerbot 

Replicator 2X. 

Appendix D.4 Replacement of Hot Block in the 3D Printer 

Keeping constant the hot block temperature at the desired value plays a key role in order 

to have a better dimensional accuracy on the extrudate parts. The tolerances difference is 

mainly due to the heat transfer between the elements of the hotend, especially the heater 

cartridge and the heat block. A high-quality hot block will minimize the thermal 

resistance between the hot block and the heater cartridge as well as enhances a more 

constant temperature all over the heat block. Aside from that, a high-quality hot block 

avoids the formation of over melted plastic or solid plastic particles. 

The hot block of the MakerBot Replicator 2X is made of aluminium which has a thermal 

conductivity of 205 W/m·K [276]. The measured temperature tolerance of the copper hot 

block was ± 1.5 ºC. The standard aluminium hot block was replaced by a copper hot block 

with the same geometrical design and dimensions. The copper hot block was manually 

manufactured in the mechanical workshop. The thermal conductivity of copper is 385 

W/m·K [276]. Therefore, a metal with higher thermal conductivity will minimize the 

thermal resistance between the hot block and the heater cartridge as well as maintain a 
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more constant temperature all over the heat block. The measured temperature tolerance 

of the copper hot block was ± 0.4 ºC. A ceramic insulation tape around the copper hot 

block was added in order to avoid a loss of heat as well as for keeping stabilized the 

temperature in the hot block. Figure D.3 shows a picture of the manufactured copper hot 

block. 

 

Figure D.3. Picture of the manufactured copper hot block. 

In figure D.4 it is shown a draft of the manufactured copper hot block applied in the 

different experiments. 

 

Figure D.4. Draft of the manufactured copper hot block. 
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Appendix D.5 Replacement of the Printer Nozzles 

MakerBot Replicator 2X has attached by default copper MK8 nozzles of 0.40 mm. In this 

work, conventional nozzles were changed by plated-copper alloy nozzles purchase from 

the company E3D-ONLINE. These nozzles have an advanced plating based in nickel 

which makes them much harder than standard nozzles. The mechanical conditions of the 

nozzles have a key importance to manufacture patterns on them with high precision. Also, 

this plating layer that protects the nozzle reduces the adhesion of the heated thermoplastic 

to the nozzle enabling to reduce filament friction during extrusion. Plated-copper alloy 

nozzles also exhibit a much better thermal conductivity than traditional nozzles made of 

copper, which enable these nozzles to exhibit a better performance at high temperatures 

printings (is particularly important at temperatures above 300°C where a silicone sock 

cannot be used).  

In figure D.5 it is shown a picture of the 0.40 mm plated copper nozzle applied in the 

different experiments. 

 

Figure D.5. Picture of the 0.40 mm plated copper nozzle applied in the different 

experiments. 

 

In figure D.6 it is shown a draft of the different E3D-ONLINE plated-copper nozzles. 
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Figure D.6. Draft of the different E3D-ONLINE plated-copper nozzles 
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Appendix E. Experimental Set Up for the Tested Cooling Procedures 

Three different cooling procedures for the extrudate melt are tested on the printed 

scaffolds. The experimental set up of the cooling procedures when the extrudate filaments 

are cooled down with water or with an external blower fan are explained below. 

Appendix E.1 Experimental Set Up for Cooling the Extrudate Filaments with 

Water. 

The cooling method consists of cooling the manufactured parts with water at different 

temperatures (20 ⁰C, 13.5 ⁰C and 7.5 ⁰C) during the deposition of the extrudate melt on 

the bed platform. For that purpose, a plastic container made of poly (methyl methacrylate) 

(PMMA) with dimensions of 15 cm x 8 cm x 1 cm was attached to the bed platform of 

the 3D printer. During the deposition of the extrudate part on the bed platform, water is 

dispensed periodically by a micro-syringe in the different layers of the scaffold. Figure 

E.1 shows a photo of the experimental set up used for cooling filaments with water. 

 

Figure E.1. Experimental set up used for cooling filaments with water. 

Appendix E.2 Experimental Set Up for Cooling the Extrudate Filaments with an 

External Blower Fan. 

In this procedure method, the extrudate filaments were cooled down by an external blower 

fan. This procedure was tested at different fan speeds (0.10 m/s, 0.30 m/s, 0.50 m/s and 

0.70 m/s). The applied fan for the different experiment was a Replicator 2 blower fan 

supplied by Makerbot. It was manufactured a support structure that enables to fit this 
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external blower fan on the extruder head of the printer. This fan allows the air flow 

produced by the device to be focuses on the bed platform where the filament is extruded. 

Figure E.2 shows a photo of the experimental set up used for cooling filaments with an 

external blower fan. 

 

Figure E.2. Experimental set up used for cooling filaments with an external blower fan. 
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Appendix F. Specification of FEI Quanta 3D FEG FIB System 

 

Figure F.1. FEI Quanta 3D FEG FIB system in Heriot-Watt University. 

1. Electron beam resolution. 

• High vacuum. 

1.2nm at 30kV 

2.9nm at 1kV 

• Low vacuum. 

1.5nm at 30kV 

2.9nm at 3kV 

• Extended low-vacuum mode. 

1.5nm at 30kV 

2. Ion beam resolution. 

• 7nm at 30 kV at beam coincident point (5nm achievable at optimal working 

distance). 

3. Electron optics. 

• High-resolution field emission SEM column optimized for high brightness 

/high current. 

• 60-degree objective lens geometry with through-the lens differential pumping 

and heated objective apertures. 

• Accelerating voltage 200 V – 30 kV. 
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• Probe current up to 200 nA – continuously adjustable. 

• Magnification 30 x – 1280 kx in “quad” mode. 

4. Ion optics. 

• High-current ion column with Ga liquid-metal ion source. 

• Source lifetime: 1000 hours guaranteed. 

• Acceleration voltage: 2 kV – 30 kV. 

• Probe current: 1 pA – 65 nA in 15 steps. 

• Beam blanker standard, external control possible. 

• 15-position aperture strip. 

• Magnification 40 x – 1280 kx in “quad” mode at 10kV. 

• Charge neutralization mode for milling of non-conductive samples. 

5. Chamber vacuum. 

• High-vacuum: < 6·10-4 Pa. 

• Low-vacuum: 10 – 130 Pa. 

• ESEM-vacuum: 10 – 4000 Pa. 

• Pump-down time: (high-vacuum) < 3 minutes. 

6. Digital image processor. 

• Dwell time: 50ns – 25ms adjustable in steps of 100 ns. 

• Up to 4096 x 3536 pixel resolution. 

• 256 frame average or integration. 

7. Chamber. 

• 379 mm left to right. 

• 21 ports. 

• 10mm electron and ion beam coincidence point. 

• Angle between electron and ion columns: 52º. 

8. 5-axis motorized stage. 

• Eucentric goniometer stage. 

• X = 50 mm. 

• Y = 50mm. 

• Z = 25mm. 

• Maximum sample height: 50mm. 

• Tilt angle: –15º to + 75º. 

• Rotation angle: n x 360⁰. 

• Minimum step: 300 nm. 
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• Repeatability 0º tilt: 2 μm. 

• Repeatability 52º tilt: 4 μm. 

9.  Gas chemistry. 

• Platinum metal deposition. 

• Insulator deposition (SiO2). 

• Selective Carbon Mill. 
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Appendix G. Implementation of the Level Set Method 

The numerical method based on the level set method as detailed in Chapter 6 was 

implemented in Matlab R2019b and it is composed of the following files: FDM2dv6, 

calculate_phi, structurednozzle2d, polymer_rheology, interfacetracking2d, 

meshiterations2d, upwind_2d, advection_2d and propagation_2d. This appendix provides 

a brief instruction on how to use this toolbox. 

Appendix G.1 FDM2dv6 

The main file of the simulation method is “FDM2dv6” which requires to be run by Matlab 

to initiate the process. This file contains the following information: 

• Definition of some simulation parameters such as the number of iterations (nf), total 

time (ttotal), the time step (Δt) and the smoothing factor (Ɛ). By default, these 

parameters were assigned with the following values. 

Table G.1 – Assignment of the default values of the simulation parameters. 

Simulation parameters Value 

nf 15 

ttotal 3 s 

Δt 0,2 s 

Ɛ 0.60 

 

• Definition of the velocity field. 

• Definition of the manufacturing conditions of the process (extrusion temperature, 

printing speed and cooling procedure) as well as the different manufacturing factors 

required for simulating the FDM process (FS and FC). 

• Definition of the derivatives of Φ. 

• Definition of the iteration process. 

• Definition of the normal function n and the curvature function k. 

• Definition of the recalculation formula for the function Φ. 

• Definition of the formulas of the filament diameter and the swelling factor. 
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Appendix G.2 Structurednozzle2d 

The file “Structurednozzle2d” defines the nozzle radius (rnozzle) and the dimensions of the 

manufactured pattern A (width) and B (height). This file also includes the different angles 

that defines the diverse areas of the manufactured nozzle. It will be applied for defining 

Φ in the file “calculate_phi”. 

Appendix G.3 Calculate_phi 

The file “calculate_phi” describes the Φ function for the different regions of the structured 

nozzle. The function Φ is divided in 6 different areas and depends on the nozzle radius 

(rnozzle) and the dimensions of the manufactured pattern. 

Appendix G.4 Polymer_rheology 

The level set method considers that the particles of the interface to be modelled are elastic. 

The fluid modelled in this simulation is melted PLA. Due to PLA has a viscoplastic 

rheological behaviour, the file “Polymer_rheology” applies a factor called R to address 

the viscoplastic nature of PLA during the simulation. In addition, this file provides the 

different values of the power law coefficients (n and K) for the full range of extrusion 

temperatures. These power law coefficients are not applied for the simulation method 

conducted in 2D, but they are necessary for describing the z component of the velocity 

field (uz) when the simulation program is carried out in 3D. 

Appendix G.5 Interfacetracking2d 

The file “Interfacetracking2d” is used to define mathematically the evolution of the 

functions with time. These calculations are conducted by applying the central difference 

approximation. This file explains how the “padding” is defined for simulating the 

particles in the edges of the simulation grid. 

Appendix G.6 Meshiterations2d 

The file “Meshiterations2d” defines the square meshing grid of the simulation process. 

For that purpose, the number of points of the meshing grid in the x (Nx) and y directions 

(Ny) is defined. This file is also used to define the separation between points in the 

simulation grid in the x (xstep) and y direction (ystep). 
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Appendix G.7 Upwind_2d 

The file “Upwind_2d” introduces the contribution to the level set function Φ of the motion 

in the normal direction to the front. 

Appendix G.8 Advection_2d 

The file “Advection_2d” introduces the contribution to the function Φ of the passive 

advection. 

Appendix G.9 Propagation_2d 

The file “Propagation_2d” introduces the contribution to the function Φ of the motion 

parallel to the curvature direction. 


