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iv. 

Abstract 
 

This dissertation discusses the application of additive manufacturing technologies for production 

of a large-scale rapid prototyping machine , which will be used to produce moulds for prototype 

composite turbine blades for the emerging renewables energy industry within the Eastern Cape 

region in South Africa. The conceptualization and design of three complete printer builds 

resulted in the amalgamation of a final system, following stringent theoretical design, simulation, 

and feasibility analysis. Following the initial product design cycle stage, construction and 

performance testing of a large-scale additive manufacturing platform were performed. In-depth 

statistical analysis of the mechatronic system was undertaken, particularly related to print-head 

locational accuracy, repeatability, and effects of parameter variation on printer performance. The 

machine was analysed to assess feasibility for use in the mould-making industry with accuracy 

and repeatability metrics of 0.121 mm and 0.156 mm rivalling those produced by some of the 

more accurate fused deposition modellers commercially available. The research data gathered 

serves to confirm that rapid prototyping is a good alternative manufacturing method for wind 

turbine blade plug and mould production. 
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Fa                                                          [N]                                         slider acceleration force                                     

Ff                                                           [N]                                        slider bearing frictional force 

Fw                                                          [N]                                        slider weight component 

Fab                                                         [N]                                        belt inertial acceleration force  

Fai                                                          [N]                                        idler pulley inertial force 

ms                                                           [kg]                                      slider mass 

a                                                            [m.s-2]                                    slider block linear acceleration  

μr                                                           [const.]                                  slider dynamic frictional coefficient  

g                                                            [9.81m/s2]                              gravitational acceleration constant  

Ffi                                                          [N]                                         bearing/grease/preload friction  

β                                                            [ O ]                                        slider incline angle 
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xv. 

L                                                            [m]                                         belt length 

b                                                            [m]                                         belt width  

wb                                                          [kg/m3]                                   belt specific weight 

mi                                                           [kg]                                        idler pulley mass 

d                                                            [m]                                         idler pulley diameter 

db                                                           [m]                                         idler bore diameter 

T1                                                           [N]                                         belt tight side tension 

T2                                                           [N]                                         belt slack side tension 

Te                                                           [N]                                         effective belt tension 

d                                                            [m]                                          pulley pitch diameter  

m                                                           [kg]                                         mass to be moved 

v                                                            [m/s]                                       speed 

tb                                                            [s]                                          acceleration time 

μ                                                            [const.]                                   dynamic frictional coefficient 

KA                                                          [const.]                                   load factor 

fn                                                            [const.]                                   life-Time factor 

SB                                                           [const.]                                   safety coefficient 

LKHB                                                       [const.]                                   linear Load Distribution Factor 

TR                                                           [N.m.]                                    lead-screw lifting torque 

F                                                            [N]                                         lead-screw lifting force 

dm                                                           [m]                                         lead-screw mean diameter 

l                                                              [m]                                         lead-screw lead 

f                                                              [const.]                                  lead-screw frictional coefficient 

dm                                                           [m]                                         lead-screw mean diameter 

λ                                                             [ O ]                                        lead-screw lead angle 

τ                                                              [MPa]                                   torsional shear stress



xvi.                                                                                                                                                            Nomenclature 

 

xvi. 

T                                                             [N.m.]                                    applied torque 

d                                                             [m]                                         lead-screw diameter 

Sy                                                            [MPa]                                    yield strength 

Ssy                                                           [MPa]                                    shear yield strength 

F                                                             [N]                                         applied force 

A                                                             [m2]                                       surface area 

p                                                             [m]                                         lead-screw pitch 

nt                                                             [i]                                          number of engaged threads 

V                                                             [F]                                         shear force 

M                                                            [N.m.]                                    moment at cross-section 

I                                                              [m4]                                       moment of inertia 

c                                                              [m]                                        cross-section width 

TO                                                           [OC]                                       reference temperature 

T                                                             [OC]                                       current temperature 

R                                                             [Ω]                                         resistance at current temperature 

RO                                                           [Ω]                                         resistance at reference temperature 

B                                                             [const.]                                  characteristic temperature constant 

Q                                                             [J/s]                                       port heat flow 

Kd                                                           [const.]                                  dissipation factor 

Tc                                                            [const.]                                  thermal time constant 

dT/dt                                                       [const.]                                  temperature rate change 

Pmotor                                                       [W]                                        motor output power 

V                                                             [V]                                         rated dc terminal voltage  

Isupplied                                                      [A]                                        supplied current from driver board 

Feedratefilament                                         [mm/s]                                  filament linear speed 

nmotor                                                        [rev/min]                              current motor shaft speed
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xvii. 

rdrive-gear                                                   [mm]                                      knurled extruder gear radius 

Tmotor,required                                              [N.m.]                                    motor torque required for extruding 

Fextrusion                                                             [N]                                                               material extrusion force 

rdrive-gear                                                   [mm]                                      knurled extruder gear radius 

f’w                                                           [const.]                                  wall static friction coefficient 

p                                                              [N/m2]                                   pressure at hopper base  

po                                                            [N/m2]                                    pressure at height H in section 

W                                                            [m]                                         hopper width 

ρbulk                                                         [kg/m3]                                  average pellet density                        

D*                                                                         [const.]                                                     distribution factor 

δ                                                             [ O ]                                        effective friction angle                          

α                                                             [ O ]                                        hopper wall angle                                 

pO                                                            [N/m2]                                   feed hopper base pressure                     

zb                                                             [m]                                        down-channel distance 

fb                                                              [const.]                                 dynamic frictional coefficient barrel 

f s                                                              [const.]                                 dynamic frictional coefficient screw 

H                                                             [m]                                        screw channel depth 

Wb,Ws                                                      [m]                                        channel widths, screw ends 

Ɵb,Ɵs                                                       [ 
O ]                                       helix angles, screw ends                        

Db,Ds                                                       [m]                                        barrel/screw diameters  

Wa,Da,θa                                                  [m,m,O]                                  average channel parameters                  

X                                                             [m]                                         width of solid bed 

vbx                                                           [m/s]                                      cross-channel barrel velocity 

Tbulk                                                         [K]                                         temperature of melt film 

Tmelt                                                         [K]                                         melting temperature of polymer 

Tsol                                                           [K]                                        temperature of solid pellet bed



xviii.                                                                                                                                                         Nomenclature 

xviii. 

ρm                                                            [g/m3]                                    melted material density 

Cpm,Cps                                                   [J/g]                                      specific heat of polymer melt/solid 

Km                                                           [W/m.K]                                melt thermal conductivity  

λ                                                              [J/g]                                      polymer heat of fusion 

Q/W                                                         [kg/s]                                     mass flow-rate 

vz                                                             [m/s]                                      down-channel velocity of material 

dpinion                                                        [m]                                        timing pulley pitch diameter 

rpinion                                                        [m]                                        timing pulley pitch radius 

Tmotor                                                        [N.m.]                                   motor torque 

Whold                                                         [kg]                                       holding weight 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xix. 

Glossary 

   

CAD:  Computer-Aided Design - the implementation of computing technologies to assist with the 

creation, implementation, planning, analyses, and testing of a concept. (Narayan, K.:2008, p.3) 

CNC:  ‘Computer Numerical Control’ machines controlled via a number of coordinate position commands 

and milling commands to machine components via subtractive processes. (Lynch, M.: 1997) 

G-Code (RS-274):  Most widely used programming language used to control Numerical Control 

machines for machining or components. (Lynch, M.:1997) 

Glass Transition Temperature:  The correctable changeover in unstructured materials, or within semi-

crystalline materials, from a rigid into a gel-like state. (ISO 11357-2: 1999) 

Micro-controller:  An integrated computer or ‘SOC’ (System-on-Chip), containing a processor core, 

memory, and programmable input and output peripherals. (Augarten, S.: 1983) 

Polymer:  A sizeable macromolecule comprised of recurring molecular subunits, which form long 

chains, with high relative molecular mass, and versatile physical properties. (Painter,  C., Coleman, M.: 

1997) 

Print-bed:  Flat plane made of glass or plastic, usually heated, upon which 3D printed model is built up. 

(Rep-Rap Glossary: Dec 2015) 

.STL File (Stereo-lithography file format) :  File format created for rapid prototyping and computer-

aided manufacturing, describes only the surface geometry of the modelled object. (Grimm, T., 2004) 

Thermoplastic:  A plastic polymer substance which transitions to a gel form above a specific 

temperature, and returns to a solid configuration upon cooling. (Baeurle S., Hotta A., Gusev A.: 2006)  

Thermosetting Composites:  A pre-polymer plastic material with embedded strands which, upon 

curing produces a solid structure which cannot be reheated and re-moulded thereafter. (The Open 

University: 2000) 

 

 

https://en.wikipedia.org/wiki/International_Organization_for_Standardization
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Chapter 1 
 

Introduction 

 
The Collaborative Fibre Composites Research, Development and Innovation Programme (CFCP), 

through the Composite Innovation Centre (CIC) has identified an opportunity to enhance tooling, mould 

making, and manufacturing techniques required to develop lightweight turbine blades for the renewable 

energy industry. A multi-stage project will evaluate the potential in using additive manufacturing 

techniques for the development of composite moulds, and provide familiarisation with the rapid 

prototyping industry. The moulds produced will be used for the composite layup and production of 

prototype wind turbine blades, which upon completion, will be thoroughly tested and implemented in the 

wind energy sector. 

As the research aims to develop new blade manufacturing technologies for the emerging wind-energy 

industry within southern Africa, which have, as yet, not been fully exploited, the work-plan is to be 

divided into four distinct project phases. Initially, a prototype horizontal wind turbine blade of 5 meters 

length is to be designed, which conforms to the IEC61400 structural standards [1]. Finite element analysis 

is to be used to determine composite layup with proposed weight and deflection restrictions for the blade. 

Following blade design, an automated blade mould manufacturing platform is to be designed and built, 

thereby resulting in the blade moulds being manufactured by said machine. Finally, the blades are to be 

manufactured via composite layup and traditional production methods using the newly-produced moulds, 

and the strength and deflection testing of the blades performed in due course.  

This dissertation shall focus on the conceptualisation, development, and complete testing of a large-scale 

Additive Manufacturing machine, and the performance testing of said machine specifically looking into 

issues such as locational and printing performance. As a mechatronic [2] system, the resulting research 

output will focus on Additive Manufacturing, which has, as yet, not been applied to the turbine blade 

mould production process on such a large scale. This presents unique learning opportunities for the 

development of new engineering outputs in the moulding industry. 

 

 

[1] – IEC 61400: A set of design configurations sanctioned to make sure that wind turbines are suitably 

engineered against damage from hazards within the product duty cycle (M. Woebbeking: 2008). 

[2] – Mechatronic system: a multidisciplinary engineering field encompassing a combination of systems, 

mechanical, electrical, telecommunications, control, and computer engineering  (L.J. Kamm: 1996).
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1.1. What is additive manufacturing? 

In order to fully understand the purpose for the research hypothesis statement, it is necessary to first 

define additive manufacturing, and various forms of the chosen research field. In a broad sense, the terms 

‘Additive Manufacturing’ and ‘Rapid Prototyping’ refer to the family of manufacturing procedures which 

produce parts by slow deposition or building-up, layer upon layer, of solid material (Kruth, J.P., Leu, 

M.C., & Nakagawa, T: 1998, p.525). Over the years, said terms have evolved into a single commercially-

coined phrase, ‘3D printing’. The contrast from subtractive manufacturing machines is that the tool head 

performs a material-depositing, binding, or melting operation instead of a grinding, polishing, or routing 

operation. Furthermore, additive manufacturing can be broken down into variations of the above parent 

concept, with print methods including ‘Selective Laser Sintering’ (SLS), ‘Selective Laser Melting’ 

(SLM), ‘Selective Heat Sintering’ (SHS), ‘Direct Metal Laser Sintering’ (DMLS), ‘Fused Deposition 

Modelling’ (FDM), ‘Fused Filament Fabrication’ (FFF), ‘Direct Ink Writing’ (DIW), ‘Stereolithography’ 

(SLA), ‘Laminated Object Manufacturing’ (LOM), and ‘Electron Beam Freeform Fabrication’ (EBF3). 

(Grimm, T.: 2004) 

 

1.2. Aim 

The research project encompasses the design, construction, and performance testing of a large-scale 

additive manufacturing platform for the production of a finished plug used to manufacture composite 5 m 

long prototype blade moulds for a horizontal axis wind turbine.  

 

1.3. Motivation 

Significant growth of the renewable energy industry, and in particular the wind energy sector in the past 

two decades, presents unique opportunities for development of new turbine blade manufacturing 

technologies and methods. 

This significant bias in favour of wind technologies and their development is due to several factors. Wind 

farms can be set up in any location globally, both onshore and offshore in the oceans, and are able to 

operate 97 to 98 % of the day (Trewby, J: 2014 p.13). Additionally, the cost of electricity generation per 

unit kilowatt-hour is lowest for onshore wind electricity generation compared to other avenues with 

levelled costs for energy generation being as follows: Gas-burning turbine at ZAR 1110 to ZAR 1859, 

coal at ZAR 1952 to ZAR 2602, nuclear at ZAR 1301 to ZAR 1952 per MW/h respectively. Onshore 

wind electricity generation sets the economic benchmark at ZAR 1301 to ZAR 2323 per MW/h, rivalling 

non-clean generation techniques such as gas and nuclear generation strategies (Trewby, J: p.48). Further 

push factors include the carbon emissions reduction performance of wind farms versus coal and gas 

generation methods. According to tests undertaken by the National Renewable Energy Laboratory, the 

median carbon footprint of wind energy is 11grams of carbon dioxide per kWh generation within a range 

of 5 units, when compared to coal at 970 to 1190 gCO2/kWh, and open cycle gas turbine plants at 550 to 

650 gCO2/kWh  (White, D: 2004).
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Additionally, the myriad of benefits accrued by wind energy offset any challenges associated with the 

technology’s initial expensive start-up investment costs.  Firstly, turbines do not require water to operate, 

as conventional power stations do. The estimated water savings accrued in 2013 was in the region of 

138.15 billion litres due to wind farm installations (American Wind Energy Association: 2014). The 

invention of this new energy source has created a sustainable highly-skilled workforce in the form of 

transportation, logistics, marketing, and legal services, manufacturing, maintenance, and operations jobs. 

According to the American Wind Energy Association (AWEA), the U.S. Market logged 50’500 full-time 

employees in 2013, with that number growing by 33 % annually (American Wind Energy Association: 

2014). Benefits to land owners and farmers exist in the form of remote electricity access to single farms 

and villages, use in auxiliary applications such as phone sites, water and fuel pumps, and is an illimitable 

and generally-reliable power source. 

Finally, the introduction of additive manufacturing as a means of producing moulds could have various 

benefits over the conventional alternative, that is, CNC machining. These benefits include development of 

a new manufacturing standard for mould production, eradication of environmentally-unfriendly CNC 

cutting fluids, material efficiency, part flexibility, and recyclability of AM residue (Faludi, J.: 2014 p.8). 

Furthermore, international competition, market internationalisation, and reduction of manufacturing costs 

affiliated with stringent product quality requirements mandate that moulds production component and 

prototype development be sped up. According to P.D. Hilton and P.F. Jacobs (2000), “the application of 

Rapid Prototyping to the product development cycle has shown a 60 % decrease in lead time over 

traditional means.” Finally, rapid prototyping of moulds has the ability to reduce product development 

cycle times and costs by up to 50 %, due to the rapid response of market demands ensured by the AM 

process compared to traditional casting and machining mould processes (Y. Ding, H. Lan, J. Hong, D. 

Wu: p.282). These facts alone are the driving force for further investigation into the development of rapid 

prototyping for the wind turbine blade mould industry. 

1.4. Objectives 
 

The technical performance metrics that the large-scale additive manufacturing platform should achieve or 

surpass in order to be considered successful include: 

1. The additive manufacturing platform should have a total print area totalling an approximate work 

volume of 7 m3. 

2. The platform should make use of the commercially-suitable fused-deposition modelling print 

method, whereby parts are manufactured via the deposition of a melted thermoplastic filament 

material such as ABS, PLA, PET, nylon, or PC. 

3. The platform should be able to print a 5 m long wind turbine blade plug without interruption, that 

is, an interruptible power supply should be integrated to prevent system power loss during 

unexpected municipal power failures. 

4. The area on which parts are to be printed, called the print-bed, should be moveable, allowing the 

printed object to be transported away on the print bed after job completion.
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5. The system should consist of a rigid gantry system with 3 axes of motion, allowing the FDM 

print-head movement in the x, y, and z directions, with print-head positioning accuracy of 0.1 

mm, and repeatability of 0.1 mm. 

6. The system should be designed so as to allow a maximum print speed of 150 mm/s without 

oscillation or deflection of the system above 0.1 mm. 

7. The manufacturing platform should produce parts suitable for blade plug production, that is, its 

dimensional and surface finish quality should be at least 0.1 mm and 50 μm. 

 

1.5. Hypothesis statement 

The additive manufacturing platform, after being conceptualised, designed, and constructed, will be 

performance tested to ascertain whether or not additive manufacturing is a new acceptable manufacturing 

method for the production of horizontal-axis wind turbine blade plugs with respect to performance 

metrics specified for production of said blade moulds. 

 

1.6. Delimitation 

The following restraints are imposed on the research: 

1. Printer performance shall be tested via the printing of smaller-scale objects such as cubes and not the 

full 5 m blade, so as to reduce material wastage and assess printer dimensional accuracy and other metrics 

more objectively, vizier, it is impossible to measure printer dimensional accuracy via the analysis of 

complex blade surfaces. 

2. The material extruder, or print-head, shall be tested only with PLA material, so as to limit the scope of 

investigation to overall performance of a mechatronic system instead of materials performance. 

 

1.7. Schedule and research timeframe 

The master’s research project, which encompasses conceptualisation, design, construction, simulation, 

real-life testing, and reporting elements, is to be scheduled in the following way. The entire work is 

expected to take one year, with completion and a final research output being produced by December 

2016. Figure 1.1 illustrates the planned research timeframe.
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Figure 1.1: Research Project Proposed Timeline 

 

1.8. Dissertation outline 

This dissertation is structured in the manner described as follows. Chapter 1 introduces the topical 

research area of interest, and provides motivation for why the identified field requires further study and 

work. Chapter 2 functions as a theoretical background for the two Engineering fields that make up the 

project, namely, additive manufacturing and 3D printers, and give the reader a good general knowledge 

about the subject matter of the research question. Chapter 3 will look into the development of various 

additive manufacturing platforms, specifically the gantry, frame, and drive systems thereof, and provide a 

framework for further development in later chapters.  

Thereafter, in Chapter 4, the concepts are scrutinised and a final design amalgamated, with pre-

construction analyses being performed on the various subsystems, in addition to the development of a few 

print-heads for possible manufacture. Chapter 5 presents technical real-life analys is of the manufactured 

printer, with tests being performed, recorded, and presented, and these results compared and contrasted 

with the simulated results and with those of current CNC subtractive manufacturing processes. Finally, in 

chapter 6, the preceding data, analyses, and discussions make it possible to objectively answer the 

hypothesis question posed, vizier, “is additive manufacturing a suitable method of manufacture for the 

production of turbine blade plugs, as an alternative to other manufacturing processes?”, and if the 

objectives posed were met. The chapter also ends off with recommendations for future research and work.
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1.9. Chapter conclusion 

This chapter serves as an introduction to the research work which is to be investigated surrounding 

additive manufacturing and 3D printers, and discusses the aim, objectives, motivation, hypothesis 

statement, and expected timeframe for the master’s dissertation. The following chapter will present a 

background on current turbine blade mould production, as well as the proposed additive manufacturing 

technique fused deposition modelling. 
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Chapter 2 
 

Preliminary Theory and Literature 

Review 

 
The literature review shall touch on the main topics of interest, namely a history of turbine blade 

production, an introduction to additive manufacturing, in particular fused deposition modelling, and the 

respective printers currently available in industry.  

 

2.1. Background of current turbine blade mould production 

At present, the vast majority of wind turbine mould manufacturers, such as Gurit, Dencam, and MFG 

Wind, employ 5-axis CNC milling for the production of blade profiles within large composite mould-

beds. Moulds with a 20 meter diameter or smaller are constructed using an EPS foam base, whereby the 

desired blade profile is CNC-routed in the foam, and an epoxy resin or vinyl-ester layer applied to the 

routing. This layer is again CNC machined with high accuracy; in the region of +-0.1 mm. Additional 

post-processing of the moulds includes gel coats for the routed surface, and waterproofing for the exposed 

exterior surfaces. Variations exist regarding material selection, including using metals, composites, 

various resins, and polymers to produce moulds. The major setback with the use of 3D milling is the 

wastage of material that ensues following the subtractive manufacturing process (Gurit: 2015). 

 

 

Figure 2.1: Current Turbine Moulding Process via CNC Machining and Manual Finishing
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2.2. An Overview of extrusion-based additive manufacturing 
 

In years gone by, the ability to produce or manufacture any kind of mechanical part, tool, machine, or 

apparatus, was hinged on the physical amenities available such as factories, assembly lines, moulds, dies, 

and forges. However, with the invention of the first additive manufacturing machine by Charles Hull in 

1986 in the form of the stereo-lithographic 3D printer, (Srinivasan, V., Bassan, J.: 2012) and with others 

pioneering more accessible machines such as the fused deposition modeller, the world of manufacturing 

opened up to other sectors once restricted to industry. The accessibility of rapid prototyping technology to 

the general public, lower initial cost outlay, and ease of use, serves as a driving force towards 

implementation of 3D-printers in the business, academic, and private spheres for the manufacture of 

custom designed parts. A number of additive manufacturing methods have been pioneered since the 

1980’s, with the most common and viable printing method available being fused deposition modelling. 

 

Figure 2.2: Fused Deposition Modelling Additive Manufacturing Process 

 

Extrusion-based additive manufacturing is based on the concept of a material being heated, changing into 

a liquid form, and pressed out of a jet or nozzle into the desired shape. Materials employed as the 

substrate include thermoplastics, eutectic metals, metal clays, plasticine, rubbers, edible materials, 

ceramic materials, and composites. Fused deposition modelling (FDM) is the most widely-used additive 

manufacturing technology employed at the home, small business, and retail level (E. Pallermo: 2013).
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 FDM was first introduced in the United States by Stratus in 1992, subsequently becoming the most 

widely used 3D-printing method. According to Pallermo, “FDM 3D printing is quickly becoming the 

fastest, most affordable way to create custom consumer goods...” (E.Pallermo: 2013). Additionally, the 

technology is popular in the automotive and food industries for parts manufacturing, rapid prototyping, 

and manufacturing processes. The FDM process begins with a .STL format CAD model of the desired 

design being generated. The .STL file is imported into a G-Code converter software package, such as 

MatterSlice, Skeinforge, Slic3r, amongst others. (Bowyer, A.: 2016) These G-Code converters subdivide 

the .STL model into cross-sections of equal thickness approximately 0.172 mm to 0.356 mm thick, (Chee 

KC; Kah FL, & Chu SL: 2003 p.129) then produces a series of coordinate points at each layer which the 

print head, or extruder, will follow. The tool paths, in the form of G-Code, are then downloaded to the 3D 

printer’s micro-controller memory. Following the instruction set download to hardware, the printing 

operation may commence. The fabrication material, generally a thermoplastic material such as 

polystyrene, poly-amide, or polycarbonate, amongst others, is pulled into the printer’s extrusion head, 

heated until semi-molten by the thermistor-controlled heater tip, and deposited as plastic traces on the 

print-bed. The print bed then drops by a user-defined height between 0.250 mm and 0.965 mm, (Chee KC; 

Kah FL, & Chu SL: 2003 p.129) and then next thermoplastic layer is subsequently deposited. 

2.3. Fused deposition modeller development thus far 

With the expiry of the FDM patent held by Stratasys in 2012, a large surge in the design and production 

of Mechatronic machines which employ the Fused Deposition Modelling printing process has occurred. 

The vast majority of designs feature a three axis motion system driven via timing belt or lead screw drives 

in concert with stepper motors. The printer head, which heats and extrudes the material is attached to the 

three-axis sliding gantry system, and is controlled via a centralized integrated controller board. Delta 

printers, which employ three linear actuators to position the print-head, are far less common. Well-known 

machines commercially available include the Makegear M2, DeltaWASP, and Ultimaker 2 as shown: 

 

Figure 2.3: Popular Fused Deposition Modellers (from left: DeltaWASP, Ultimaker 2, Makergear M2)
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2.4. Chapter conclusion 

This chapter introduced the three topical areas of interest related to the research work to be performed and 

presented later on. These included current turbine blade mould production techniques, fused deposition 

modelling, and some currently-available printer solutions. The subjects presented provide a clearer 

understanding of the engineering fields to be investigated, particularly those relating to fused deposition 

modelling in the next chapter. 
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CHAPTER 3 
 

Fused Deposition Modellers: A 

Technical Analysis 

 

Chapter 3 provides a framework for amalgamation of a final design on a detailed component-level basis. 

3.1. System organisation and interaction of components 

A fused deposition modeller is by nature a mechatronic system containing both a physical mechanical 

integration of components, and an electrical network which actuates the mechanical elements. The 

platform generically contains mechanical elements such as the extruder which ejects the printing material, 

a flat surface known as a print-bed upon which this material is deposited, a linear motion system which 

allows the print-head to move in three directions, and a sturdy chassis which supports and houses all 

components. Furthermore, the electrical system will always be comprised of a logical control board with 

centralized processor, motors to drive motion of the print-head, a display unit such as an LCD screen to 

allow control of the system, and peripheral control boards, known as driver breakout boards, to supply 

current to the motors.  Mechanical and electrical subsystems are all controlled via Arduino-based cross-

compiling, splicing, and G-code generating software. Figure 3.1 demonstrates the system: 

 

Figure 3.1: Fused Deposition Modelling Printer System Configuration
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3.2. Control system 

A control system is by definition a mechanical, optical, or electronic system that is used to conserve a 

certain pre-programmed output command (American Heritage Dictionary: 2016). Control systems are 

termed as either being “open-loop” or “closed-loop”, with closed-loop systems containing feedback 

sensors to actively monitor system parameters in real-time, and the former containing no feedback sensors 

whatsoever. The system as a whole is both closed-loop and open-loop. The following components exist in 

an FDM printer: 

 1 logical Controller Board – controls the entire system including peripherals. 

 3 stepper Motors and driver boards – controls the movement of the ‘x’, ‘y’, ‘z’ axes. 

 2 limit switches per axis to signal end of printer axes range. 

 1 stepper Motor and driver board – controls the print material extrusion. 

 1 resistive heating cartridge and 1x 100K NPC thermistor for temperature feedback sensing.  

 1 PWM fan for cooling of the print head and material during operation if need be.  

The system exhibits a dual nature as shown in Figure 3.2, where it can be noted that process parameters 

such as print-head temperature are actively monitored with a closed feedback loop, but the electrical drive 

system which consists of stepper motors and driver boards, remain under open-loop control. 

 

Figure 3.2: Fused Deposition Modeller Control System
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The physical electrical layout of an FDM control system, including componentry, is shown in Figure 3.3. 

As highlighted in the figure, the motor driver boards and stepper motors control motion of the three axes 

and extrusion rate of material from the print-head, thermistors and heaters control melting of the extruded 

material, and fans are speed-controlled to regulate extruder and motor driver board temperatures during 

operation. 

 

 

Figure 3.3: Fused Deposition Modeller Generic Electrical Layout 

 

A crucial initial step in the development of an additive manufacturing solution is in the mathematical 

description and modelling of the system. The purpose thereof is that it permits the reader to gain concise 

and clear knowledge of the machine in terms of cause and effect relationships which exist between 

various system peripherals. As illustrated in Figure 3.2, control systems are generally illustrated in the 

form of a block diagram, with each system component or process represented by a transfer function, and 

link via signal control paths. According to Kuo, (Automatic Control Systems: 1993, p.21) a transfer 

function is a linear mathematical approximation of the relationship between a signal input and output for 

systems such as single-input single-output filters and controllers within communications and control 

machines. Since 3D printer technologies operate with voltages and currents in linear time, it can be 
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assumed that the control system is of a continuous nature, that is, the system values can be monitored at 

near infinite sample rates. Therefore, for a fused deposition modelling application, each system 

component can be represented by taking the Laplace Transform[4] of the input and output signals to the 

device. Then a general transfer function for each device is: 

                                                                  𝐻(𝑠) =
𝑌(𝑠)

𝑋(𝑠 )
=  

𝐿{𝑦(𝑡)}

𝐿{𝑥(𝑡)}
                                                             (3.1) 

Where 

𝑋(𝑠) = 𝐿{𝑥(𝑡)} =  ∫ 𝑥(𝑡)𝑒−𝑠𝑡𝑑𝑡
∞

−∞
 

𝑌(𝑠) = 𝐿{𝑦(𝑡)} =  ∫ 𝑦(𝑡)𝑒−𝑠𝑡𝑑𝑡
∞

−∞
 

Full understanding of the system requires that each transfer function be fully expanded upon.  The digital-

to-analogue signal converters, in the form of stepper motor driver boards, convert a digital binary 

command signal into a corresponding analogue current at a nominal voltage, which is pulsed to the 

stepper drives. Typically, a DAC can be envisioned as a digitally-controlled potentiometer whose output 

is a percentage of the full-scale analogue voltage determined by the digital input code (Understanding 

Data Converters: 1999, p.3). The DAC transfer function has a ramp characteristic; therefore the signal 

converter stage transfer function is defined as: 

                                                                       𝐺1𝑖..𝑛 (𝑠) =  
1

𝑠2                                                                    (3.2) 

The stepper motor transfer function at the end of a step, with initial load torque of zero, as derived in 

Appendix A.5., is given by: 

                                                       𝐺2𝑖..𝑛(𝑠) = 𝜃(𝑠) =  
(

−1

𝐽
)𝛥𝑇𝐿 (𝑠)(𝑁𝑅𝑇 )

𝑠2 +
𝐷

𝐽𝑠
+ 

√2𝐾𝑇𝐼𝑁𝑅𝑇

𝐽

                                                   (3.3) 

Transfer functions G3(s) and G4(s) for the drive train and print-head are as yet undecided and are analysed 

at a later stage. However, for a dc-powered fan with varying amperage and constant voltage, the transfer 

function is: 

                                                                  𝐺5(𝑠) =  
𝑉𝑜(𝑠)

𝑉𝑖(𝑠)
=

1

𝑠∗𝑅𝑓𝑎𝑛
                                                           (3.4) 

 

Similarly, for the dc-powered resistive heater unit of the print-head, the transfer function G6(s) is: 

 

                                                                𝐺6(𝑠) =  
𝑉𝑜(𝑠)

𝑉𝑖(𝑠)
=

1

𝑠∗𝑅ℎ𝑒𝑎𝑡𝑒𝑟
                                                         (3.5) 

[4] – Laplace Transform: a function f(t) which is integrable over domain[0,∞), has the Laplace transform 

F(s) = ∫0
infe-stf(t)dt, where s = σ + iω is the complex number frequency parameter (Kuo: 210, p.18).
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Thereafter, the feedback transfer function H(s), is derived for NPC thermistor in Appendix A.6. as: 

 

                                                          𝐻(𝑠) =  𝑅(𝑠) =  −
𝑅𝑜

𝑠
[

1

𝑠−
𝐵

𝑇(𝑠)−𝑇𝑜

]                                                    (3.6) 

 

Generally, a closed-loop system transfer function is given by: 

 

                                                                        𝑀(𝑠) =  
𝐺(𝑠)

1+𝐺(𝑠)𝐻(𝑠)
                                                           (3.7) 

 

Where G(s) is the forward path transfer function and H(s) is the feedback path transfer function. For the 

3D-printer system illustrated in Figure 3.2, the control system should be separated into two independent 

systems, namely a motor control system, and a print-head control system. The transfer functions of each 

are: 

                               𝑀(𝑠)𝑝𝑟𝑖𝑛𝑡ℎ𝑒𝑎𝑑 =  
𝐺(𝑠)

1+𝐺(𝑠)𝐻(𝑠)
=  

𝐺𝑛(𝑠)[𝐺5(𝑠)+𝐺6(𝑠)]

1+{𝐺𝑛(𝑠)[𝐺5(𝑠)+𝐺6(𝑠)]}𝐻(𝑠)
                                         (3.8) 

 

                                                     𝑀(𝑠)𝑎𝑥𝑖𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 𝐺1𝑖(𝑠)𝐺2𝑖(𝑠)𝐺3𝑖(𝑠)                                                    (3.9) 

 

for all axes of motion I = 1…n. The overall transfer function of the system is then: 

 

                                                        𝑀𝑠𝑦𝑠(𝑠) = 𝑀(𝑠)𝑎𝑥𝑖𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 + 𝑀(𝑠)𝑝𝑟𝑖𝑛𝑡ℎ𝑒𝑎𝑑                                               (3.10) 

= 𝐺1𝑖(𝑠)𝐺2𝑖(𝑠)𝐺3𝑖(𝑠) +
𝐺𝑛 (𝑠)[𝐺5(𝑠) + 𝐺6 (𝑠)]

1 + {𝐺𝑛 (𝑠)[𝐺5(𝑠) + 𝐺6(𝑠)]}𝐻(𝑠)
  

= (
1

𝑠2
)(

(
−1

𝐽
)𝛥𝑇𝐿(𝑠)(𝑁𝑅𝑇)

𝑠2 +
𝐷

𝐽𝑠
+ 

√2𝐾𝑇𝐼𝑁𝑅𝑇

𝐽

) (𝐺3𝑖(𝑠)) + 
(

1

𝑠2) [
1

𝑠
(𝑅𝑓𝑎𝑛 + 𝑅ℎ𝑒𝑎𝑡𝑒𝑟 )]

1 + {
1

𝑠2
[

1

𝑠
(𝑅𝑓𝑎𝑛 + 𝑅ℎ𝑒𝑎𝑡𝑒𝑟 )]}{−

𝑅𝑜

𝑠
[

1

𝑠− 𝐵
𝑇(𝑠)−𝑇𝑜

]}
 

 

3.3. Drive system 

Currently there are three methodologies used to produce motion of the print head. These are rack and 

pinion, timing belt and pulley, and power-screw systems. It is necessary to investigate all means of gantry 

movement in the ‘x’, ‘y’, and ‘z’ directions so as to better apply this knowledge to the development of the 

final design. Historically, a drive system is a combination of components which convert energy, whether 

it be electrical, chemical, or potential, or heat, into kinetic energy. When related partic ularly to FDM 

additive manufacturing platforms, it is comprised of a number of motors of the stepper or servo variety, 

and a drive system to convert rotational movement of the motor shafts, into a linear movement. The drive 

system components are generally duplicated three fold on the machine, so as to provide independent  
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perpendicular triaxial [5] motion. The machine print-head is assembled with the three axes of motion such 

that independent travel in each direction can be achieved simultaneously. 

 

3.3.1. Drive options 

Timing belt and pulley drives 

Timing belt is toothed belting generically used in industrial and automotive power transmission 

applications, with a repeating square, trapezoidal, or round teeth profile on the underside of the belt. 

These provide accurate positional and velocity figures if tensioned correctly, and are typically constructed 

of reinforced polyurethane, with nylon, Kevlar, aramid, and carbon embedded fibre reinforcement. 

Furthermore, the belts are mated to aluminium or plastic timing pulleys with corresponding teeth profiles, 

and connected to motors for use on current 3D printers as a cost effective solution. This drive 

methodology has been implemented extensively on lower-cost printing machines in GT2 6 mm wide 

format in conjunction with linear stainless steel rod, bushings, and a linear position slider due to the low 

implementation costs and simplicity of design. Figure 3.4 illustrates such a 3D printer drive mechanism: 

 

 

 

Figure 3.4: Timing Belt and Linear Bearing Slide Used On 3D Printers 

 

 

[5] – Triaxial: three independent directions, vizier, ‘x’, ‘y’, and ‘z’ directions. (Merriam-Webster: 2016)
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Suitability for the 3D-printing application from a power requirements standpoint can be assessed and 

calculated using the following pre-conceived timing belt and pulley specifications, as detailed in 

Appendix A.2. Employing 16-tooth T2.5 16 mm diameter aluminium pulleys with 6 mm-wide T2.5 timing 

belt and NEMA17 48 mm 0.471 N.m. stepper motors the required motor pulley torque is: 

 

                                                                      𝑀 = 0.09348 𝑁. 𝑚. 

 

And since the stepper motors produce a maximum torque of 0.471 N.m., the design factor is: 

 

                                                                         𝑛 = 5.0400 

 

Leading to the conclusion that a timing belt and pulley drive system is a viable solution.  

 

Rack and pinion drives 

Conventionally employed almost entirely in the railway, stair-lift, and heavy industrial sectors, rack and 

pinion drives can be implemented in additive manufacturing for the conversion of rotational into linear  

movement. A rack and pinion system comprises a pair of gears, whereby a circular pinion engages a tooth 

rail, which, upon circular rotation, forces the rack system to move linearly in one direction, or vice-versa. 

Typically the system is made of steel in varying pitches and modules, and provides excellent repeatability 

and accuracy of up to 2 x 10-4 mm and 9.4x10-5 mm/m respectively (Entwistle, J.: 2011). The system does 

however have the drawback of having the motors attached to the moving pinion, which requires 

additional electrical cable management. Other concerns are backlash due to improper mounting and 

locating of pinions, which can be negated by employing a dual pinion configuration on each rail. Another 

advantage is the unlimited travel length possible achieved by the splicing of rack lengths. Figure 3.5 

demonstrates a rack and pinion drive. 

 

 

 

Figure 3.5: Rack and Pinion Drive Mechanism
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Viability of rack and pinion systems are investigated from a mechanical standpoint, specifically relating 

to the forces, stresses, and power requirements needed for the 3d printer application. The system should 

be able to accelerate a 10 kg load up to 300 mm/s in the ‘x’ and ‘y’ linear directions with acceleration of 

1m/s2. Referring to the calculations performed in Appendix A.3., and selecting a generic module 3 C45 

hardened indium rack with 16MnCr5 20 tooth pinion, the maximum allowable tangential force is: 

  

                                                                        𝐹𝑢 𝑧𝑢𝑙,𝑝𝑒𝑟. = 4.05 𝑘𝑁                                                  

 

With a safety factor for rack strength as: 

                                                                              𝑛 = 204.44                                                               

 

Additionally, the minimum system torque requirement may be derived from the tangential force, Fu, 

produced as: 

                                                                        𝑇𝑟𝑒𝑞. = 0.1981 𝑁. 𝑚.                                                      

 

The torque design factor is given as: 

                                                                              𝑛𝑚 = 2.377                                                              

 

Power-screw and bearing drives 

A power screw, also coined a lead-screw, is a cylindrical shaft with spiralled thread running along its 

longitudinal axis in a screw-like manner. The power-screw is conventionally attached at one end with a 

motor drive, which converts the rotational motion of the screw, into translational movement of the nut [6].  

Three thread types, namely buttress, round and square profiles are available, with 90, 29, and 45 degree 

tooth angles respectively. Power screws are manufactured from low and high carbon steels, stainless 

steels, and aluminium alloys, with the threads being cold-rolled for higher accuracy than conventional 

cutting methods (Roton: 2009). Historically, lead-screws have been used predominantly in CNC and lathe 

applications due to their high repeatability and accuracy, but suffer with low overall acceleration values 

due to collar inertia. Additionally, due to the mating of threads between rod and collar, large frictional 

forces are present, resulting in a self-locking characteristic when not being rotated, unless of the screw is 

of the ball-screw variety, which contains ball bearings which rotate inside the collar threads, reducing the 

frictional coefficient and removing the self-locking property of the drive. 

 

 

 

[6] – Leadscrew Nut: a collar with inside thread which screws onto a male power-screw; generally used to 

provide linear motion of objects attached to the collar.
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Figure 3.6: Power-Screw and Collar (Nut) General Layout 

Referring to Appendix A.4, the viability of using a lead screw-nut combination is investigated thoroughly. 

Assuming that a TR8x82P2 lead screw and two NEMA17 60 mm stepper motors with 0.62 N.m. of torque 

are selected to drive each axis, the maximum weight that can be lifted was calculated as: 

 

                                                                        𝐹𝑙𝑖𝑓𝑡𝑖𝑛𝑔 ≈ 38.36 𝑘𝑔                                                     

 

Additionally, it was found that the maximum stress in the screw, namely the bearing stress is: 

 

                                                                           𝜎𝑏 = 71.78 𝑀𝑃𝑎                                                   

 

This is significantly less than the yield strength of high carbon steel at approximately 470 MPa. Therefore 

from a physical analysis standpoint, the power-screw could be driven using the specified motors. 

 

3.3.2. Comparison and selection of drive system 

Careful analysis and scrutiny of the three drive methodologies needs to be undertaken in order for the 

design conceptualization process to commence. Particular selection bias is emphasized towards the 

accuracy and repeatability of the gantry assembly, as positioning performance of the print-head is 

essential to producing prints that are dimensionally accurate. Maximum travel of the drive system and 

cost are also of paramount importance since the required print volume is large at 12 m3. Auxiliary 

performance metrics such maintenance, efficiency, and axial loading were given less weighting since the 

duty cycle, vizier, the operation schedule and durations thereof are sporadic and the loading scenario of 

the subassembly assumed to be under-stressed. The performance characteristics of each drive are 

summarized in Table 3.1.
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Table 3.1: Order of Merits Table for Various 3D Printer Drive Train Options 

Characteristic   Weight (/1)                                               Drive Option Score (/5) 

                                                  Rack & Pinion                Power Screw & Rod         Timing Belt & Pulley 

Maximum Travel    0.9           unlimited spliced (4)         3 m                         (1)      unlimited              (5) 

Accuracy                 1.0            0.94 mm/m          (3)         0.2916 mm/m         (4)     1.04 mm/m            (2) 

Repeatability           1.0            2x10-4 mm            (4)         0.127 mm               (3)     0.508 mm             (2) 

Linear Velocity       0.5            <7.3 m/s               (5)          <0.4 m/s                (1)      <5 m/s                 (5) 

Efficiency                0.5            98.5 %                 (5)         45-90 %                 (2)      <=95 %               (5) 

Maintenance            0.5            Low (Gear           (4)         Medium (Thread    (3)      Medium (Belt     (3) 

                                                  Lubrication)                        & Bearing Wear)              Tensioning/Replace 

Axial Loading          0.3           Very High            (5)         High (<3660 N)     (4)      Low (<440 N)      (2) 

Capability                                 (>4400 kN) 

Price                         1.0           +-ZAR 500           (2)      +-ZAR 3000/m          (1)      +-ZAR 60/m      (5) 

Total:                          (/27)                                     20                                        14                                  20.6 

Rating (Out of 100):                                               74.07                                   51.85                            76.30 

 

 

 

Figure 3.7: Order of Merits Graph for Selection of Printer Drive Train
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Comparing the various attributes of each drive methodology, it can be noted from Table 3.1 that the 

accuracy level of solid machined mechanical assemblies, that is, the rack-pinion and power-screw drives, 

is very high at 0.94 mm/m and 0.2916 mm/m when compared with flexible timing belt at 1.04 mm/m. The 

higher accuracy levels nets these drives a higher merit score of 3 and 4 compared with 2 for timing belt. 

When analysing maximum travel lengths, it should be noted that power-screw rod is only available in 

lengths up to 3 m, critically restricting its application for axes with travel requirements surpassing this 

figure. The rack-pinion and timing belt may be spliced, or joined end-to-end, derestricting axis travel 

length, therefore these methods were allocated a score of 5 and the power-screw a score of 1. A critical 

limitation inherently imposed upon ball-screws and lead-screws is the phenomena of “screw-whip”. 

Screw whip is defined as vibrations which develop at the critical rotational speed of the screw, that is, at 

the natural harmonic frequency of the solid, which is dependent on screw diameter and length (S. Mraz: 

May 6 2009). This phenomena, as well as the inherent inertial load of the rotating nut, limits power-screw 

linear velocity to less than 0.4 m/s, whereas rack-pinion and timing belt systems can tolerate much higher 

values up to 7.3 m/s (Wittenstein: 2016). These facts bias favour towards the timing belt and rack-pinion 

solutions, netting these options merit scores of 5.  Furthermore, exorbitant prices of precision ball-screw 

and rack-pinion in the region of ZAR 3000/m, (Cncdirect: 2016) which is ultimately determined by 

machining costs, leads to the conclusion that timing belt is the best cost-effective drive solution, as 

evidenced by the highest merit rating or 76.30, albeit with a slight reduction in accuracy.  

 

3.4. Print head 

Two variations of FDM print heads exist which are each differentiated by the material being utilized, and 

the physical configuration thereof, whether filament reel or pellets. The first group of FDM extruders 

pulls a thin polymer wire into a heated Bowden tube via a gearing system, and melts the material for 

deposition on a flat surface, thereby building up an object layer by layer. The second group of extruder 

heads makes use of pellet, or pebble-like polymer beads which are fed into a screw-like assembly called 

an auger, which subsequently melts the material upon contact with a temperature controlled heated barrel 

subassembly. Both printing systems will be investigated thoroughly. 

3.4.1. Filament extruding print head 

The print head is a mechanical subassembly on a fused deposition modeller which performs the function 

of melting and ejecting material in a continuous stream. All extruders consist of the following critical 

components: 

 Stepper motor & knurled gear – Attached to the motor shaft which catches the filament material 

and pushes it downwards towards the “hot end” subassembly. 

 Hot end – An aluminium or brass funnel-nozzle system which melts and directs filament material 

downwards for deposition. 

 100 K thermistor – Attached to the hot end; used to measure temperature in degrees Celsius for 

hot end temperature control. 

 Resistive heater – 40 W 12 V resistor cartridge which supplies heat up to 300 OC to the hot end.
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Figure 3.8 details a generic filament extruder with all critical components.  

 

Figure 3.8: FDM Extruder Mechanical Sub-assembly 

The rotation of the motor shaft with angular velocity ω rad.s -1 produces a linear movement of filament 

down into the heated section of the extruder. The linear velocity of filament, also known as the feed-rate, 

can be expressed as a function of the stepper motor speed as: 

                                               

                                                 𝐹𝑒𝑒𝑑𝑟𝑎𝑡𝑒𝐹𝑖𝑙𝑎𝑚𝑒𝑛𝑡 =  
2𝜋𝑛𝑚𝑜𝑡𝑜𝑟

60
∗ 𝑟𝑑𝑟𝑖𝑣𝑒−𝑔𝑒𝑎𝑟                                        (A7.2) 

≈ 45 𝑚𝑚/𝑠𝑒𝑐 

 

Polylactic acid thermoplastic, commonly abbreviated as PLA, is selected as the printing material of 

choice over commonly-used Acrylonitrile Butadiene Styrene due its biodegradability being derived from 

starches, lower melting point of 180 OC compared to 210 OC, and does not warp or dimensionally-deform 

at the print-bed surface, compared with ABS (Chilson, L. 2013). Therefore, the required hot end 

temperature range is: 

180𝑂𝐶 <  𝑇ℎ𝑜𝑡−𝑒𝑛𝑑 < 200𝑂𝐶 

 

Additionally, it is known that the force required to push 1.75 mm thermoplastic filament through a hot-

end heated to 190 OC is given by manufacturers, then the required stepper motor torque required to 

extrude various filaments is obtained via: 

 

                                                     𝑇𝑚𝑜𝑡𝑜𝑟,𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =  𝐹𝑒𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑟𝑑𝑟𝑖𝑣𝑒−𝑔𝑒𝑎𝑟                                          (A7.3) 

≈ 0.4 𝑁.𝑚.
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3.4.2. Pellet extruding print head 

The second form of solid-liquid heated print-heads currently employed, particularly in large scale plastic 

processing, is the ‘single-screw plasticising extruder’. These extruders employ a feed hopper, auger screw 

drive, thermocouples, and heat channel, to facilitate the transport, melting, and extrusion of polymer 

granular pellets. These extruders consist of the following features: 

 Feed hopper – Funnel shaped storage container which houses the plastic pellets prior to 

processing; pellets travel down into heating channel via gravitational action. 

 Auger screw drive subassembly – A motor with auger screw characterised by a large thread pitch 

which facilitates transport of material between the screw threads.  

 Melt conveying zone – The long cylindrical channel containing heating elements and 

thermocouples for temperature feedback and control; pellets are transported and melted in this 

region via the auger. 

 Die exit – The end attachment unit or nozzle governing the thickness and shape of plastic 

extrudate [7]. 

Figure 3.9 illustrates a generic single-screw plasticising extruder upon which pellet print heads are based: 

 

 

Figure 3.9: General Layout of Single Screw Plasticising Pellet Extruder 

 

 

[7] – extrudate: material that has been extruded through a die. (https://en.wiktionary.org/wiki/extrudate)

https://en.wiktionary.org/wiki/extrudate
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The first four zones are mathematically modelled and explained in detail in Appendix A.8 with the 

relations for feed-hopper base distribution pressure, extruder barrel inter-particular pressure distribution, 

and the rate of polymer pellet melt at the hot end being given by: 

 

                                                𝑝 =  𝑝𝑜𝑒
(−

4𝐵𝐷𝐻

𝑊
)

+
𝜌𝑏𝑢𝑙𝑘𝑔𝑊

4𝐵𝐷∗
[1 − 𝑒

(−
4𝐵𝐷𝐻

𝑊
)
]                                           (A8.1) 

                                               𝑝 = (
ℎ𝑜

𝐻𝑜
)𝜓  𝑝𝑜 +  

𝑝𝑏𝑢𝑙𝑘𝑔ℎ𝑜

𝜓−1
+ [1 − (

ℎ𝑜

𝐻𝑜

)
𝜓−1

]                                           (A8.2) 

                                                                        𝑝 =  𝑝𝑜𝑒−𝜆𝑧𝑏                                                                 (A8.3) 

                                                                     𝜔 =  𝛷(
𝑑𝑇

𝑑𝑦
)𝑦=0𝑋                                                              (A8.4) 

 

The above equations may prove useful for further testing and parameter verification in the Appendices. 

3.4.3. Selection and development of print head 

It was decided to commence with development of both a filament, as well as a pellet print-head assembly. 

The printer would first be calibrated and tested with the filament unit, and then the pellet extruder built 

and tested on the existing platform. The motivation therefore is that pellet material is 80 % more cost-

effective than the filament option (M.McCracken: 2013). Additionally, pellet extruders have as yet, not 

been fully explored and integrated into 3D printer applications, which could produce useful research 

outputs and applications for future work. Lastly, the use of recycled plastics serves as an environmentally-

friendly alternative to filament, reducing the carbon footprint.  

 

3.5. Comparison and selection of electronic components 

Having introduced the control and drive systems for a fused deposition modeller, it is required to analyse 

the control and electrical system on a component level, contrasting and comparing each peripheral so as 

to select components which will produce a machine with the desired performance characteristics. 

3.5.1. Printer controller motherboard 

Selection of the printer controller board is done first since all system peripherals are controlled by this 

component, and as such, need to be appropriately selected based upon the specifications of the 

motherboard. The controller board needs to at a minimum support the functions highlighted in the 

bulleted list in Section 3.2. Due to the emergence of the large open source RepRap DIY 3D printer 

community, a number of manufacturer’s have started producing integrated 3d printer controller boards 

with capabilities such as 3-axis motion control, stepper motor interfacing and control, peripheral 

temperature control, and interfacing via universal serial bus and memory cards. Three controller board 

solutions are presented and their features and relative merit scores listed in Figure 3.10 and Table 3.2.
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Figure 3.10: FDM System Motherboards (from left: MakerBot MightyBoard, GeeTech GT2560, and 

GeeTech Rumba 

 

Table 3.2: Order of Merits Table for Various 3D Printer Controller Boards 

Characteristic       Weight (/1)                                            Controller Board Score (/5) 

                                               MakerBot MightyBoard           GeeTech GT2560           GeeTech Rumba 

Power Input                 0.5            12 – 24 VDC       (3.5)         12 – 24 VDC    (3.5)     12 – 35 VDC    (5) 

Processor                      0.7           Atmega 1280       (2.5)         Atmega 2560   (2.5)     Atmega 2560   (5) 

Temp. Sensors              0.7           3x                         (3)            3x                     (3)        5x                    (5) 

Reset Button                 0.3           Yes                       (5)            Yes                  (5)         No                (2.5) 

Motor Driver Slots       1.0           5x                         (4)            5x                     (4)         6x                    (5) 

TF Card Slot                0.5            Yes                       (5)            No, Exp.          (3)         No, Exp.         (3) 

On/Off Switch              0.3           Yes                       (5)            No                    (2.5)      No               (2.5) 

Display                         0.5           LCD2004             (2.5)         LCD2004,        (5)         LCD2004,      (5) 

                                                                                                     LCD12864                     LCD12864 

Price                             0.8           +-ZAR 2639         (1.5)        +-ZAR 1123     (5)     +-ZAR 1385    (4.5) 

Total:                          (/26.5)                                      17.55                                19.85                            23.6 

Rating (Out of 100):                                                    66.23                                74.90                          89.05
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Figure 3.11: Order of Merits Graph for Selection of Printer Controller IC Board 

Selection criterion for the controller board is based upon the need for a central processing unit which is 

able to adequately handle and process print G-code, as well as a board with as many motor driver outputs 

as possible. The reason thereof is so that should the need for extra axes drive motors arise, there are 

adequate outputs to facilitate such a design implementation. Other board features, namely the on/off 

switches and card slot are not of great importance, achieving a weighting of 0.3 and 0.5 respectively, 

since these features do not affect machine print performance. Due to the MakerBot Mightyboard’s high 

cost of approximately ZAR 2639, the lower number of stepper drivers, and out-dated Atmega 1280 

processor with only 128 kB of CPU cache, this product was considered underpowered for the application, 

evidently reflected in the final merit score of 66.23. The GeeeTech GT2560 and Rumba were evenly 

matched with regards to the price-point, but the Rumba is selected for further system development over 

the GT2560 due to the impressive number of stepper drivers, temperature measurement slots, and broader 

12 V to 35 V input operating range. 

3.5.2. Motor driver breakout board 

As indicated in Figure 3.3, each stepper motor requires a motor driver board in order to operate. The 

reasons for the addition of these peripheral boards on the main controller board are three-fold. Firstly the 

board brings functionality via stepping up the supply voltage from 2.5 to 5.25 V on the motherboard side, 

to a maximum of 45 V at the stepper motor terminals. The driver board essentially acts as a power 

amplif ier and transformer, by converting a high amperage low voltage supply current into a high voltage 

low amperage motor supply. Secondly, the board provides micro-stepping capability, whereby variation 

of current-sensing resistor values alters pole energisation, which results in minute movements, up to 

1/32th of a step, of the motor shaft (Pololu.com: 2016). Thirdly, the driver board allows for direction and 

speed change of the motor, via varying the input current to the rotor coils from 0 A up to a maximum 



27                                                                                                                 3.5.2. Motor driver breakout board 

27 

value as specified and direction change via pole energisation manipulation. Three compatible driver 

boards were analysed and contrasted for the printer application in Table 3.3. 

 

 

Figure 3.12: Stepper Motor Controllers (from left: Pololu A4988, DRV8825 and DRV8834) 

 

Table 3.3: Order of Merits Table for Various 3D Printer Stepper Motor Driver Boards 

Characteristic      Weight (/1)                                         Driver Board Score (/5) 

                                                     Pololu A4988                        Pololu DRV8825         Pololu DRV8834 

Output Voltage            0.5           3 – 5.5 V              (3.5)         2.5 - 5.25 V      (4)      2.5 – 5.5 V       (4.5) 

Step Resolution            0.7          1/16 Step              (3)            1/32 Step          (5)      1/32 Step            (5) 

Peak Amp Output        0.9           2 A                        (3)            2.2 A                (4)        2 A                    (3) 

Input Voltage               0.5           8 V – 35 V           (3.5)         8.2 V – 45 V     (5)      2.5 V – 10.8 V (2.5) 

Continuous Current     1.0           1 A                        (3.5)          1.5 A                (4)        1.5 A                (4) 

Price                             0.8           +-ZAR 89             (5)          +-ZAR 120         (4)     +-ZAR 140        (3) 

Total:                          (/22)                                        15.80                                18.80                           16.10 

Rating (Out of 100):                                                   71.81                                85.45                           73.18
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Figure 3.13: Order of Merits Graph for Selection of Printer Motor Driver Board 

The main criterion of driver board selection was that the board has to be able to supply a large current to 

the motors over a wide voltage range, thereby resulting in a high torque being produced in the motors. A 

high load-moving capacity results in quicker acceleration of the print-head during operation, therefore 

“peak amp output” and “continuous current” were weighted at 0.9 and 1.0 respectively. Operating 

voltages are less important due to the large voltage range of roughly 30 V which all the boards operate 

over. As demonstrated in Table 3.3, the DRV8825 achieved the highest merit score as a result of its high 

1/32 step resolution, high continuous current rating of 1.5 A, and the largest input voltage range of 36.8 V 

nominal. The Pololu DRV8825 was therefore selected for further product development.  

3.5.3. End stops 

Three-axis gantry-format machines, that is, machines which are able move a centralized work-head in 

three directions, require a home position to reference their movements from. This home position, also 

known as a datum, is achieved via the implementation of end-stops in the system. End stops, referred to 

as limit switches, are sensors or switches which stop the gantry work-head from moving out of the 

intended workspace of the machine, which could result in damage to the assembly. Three end stop 

variations are investigated and contrasted, namely, mechanical, optical, and Hall Effect sensors. 

Mechanical end-stops are 2-terminal on/off switches whereby if the switch is triggered by making 

physical contact a moving printer axis, the state of the signal changes, signalling the software to stop 

movement of the gantry. Optical sensors consist of a transmitter LED and receiver which sense the level 

of UV light in the immediate area. Should the moving axis in question move adequately close to the 

sensor, the emitted UV light is reflected off the axis surface and back into the sensor’s UV receiver, 

thereby signalling the printer to cease motion. Finally, magnetic Hall-effect sensors employ a transducer 

which converts a magnetic field into a proportional voltage in the c ircuitry. In 3-axis assemblies, a magnet 
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is attached to the moving axis, which when appropriately close to the sensor, signals the controller to 

cease motion of the system. Having explained the operation of each, they are contrasted: 

 

 

Figure 3.14: End-Stop Variations (from left: mechanical, optical, and magnetic) 

 

Table 3.4: Order of Merits Table for Various Limit Switches 

Characteristic                Weight (/1)                                Limit Switch Score (/5) 

                                                          Mechanical                          Optical                         Magnetic 

Electrical Damage Risk       0.7        None                    (5)          Medium      (3)            Medium          (3) 

Programming Complexity   0.9        None                    (5)          Medium       (3)            High               (1) 

UV Interference                   0.7        None                    (5)          High            (1)            None               (5) 

Magnetic Interference         0.7         None                    (5)          None           (5)            High               (1) 

Mechanical Damage            0.5        Yes, possible.       (2)          None           (5)            None              (5) 

Electrical Interference         0.7         None                    (5)          Medium     (2.5)          Medium      (2.5) 

Reliability                            0.5        18’000 switches   (2.5)       50’000 sw.  (3)            100’000 sw.   (5) 

Repeatability                        0.8         100 %                  (5)           <0.04 mm   (4)            >0.05 mm      (4) 

Price                                     0.3         +-ZAR 26            (5)         +-ZAR 80    (4)           +-ZAR120      (3) 

Total:                                   (/29)                                  26.25                           19.15                             18.05 

Rating (Out of 100):                                                      90.52                           66.03                             62.24 
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Figure 3.15: Order of Merits Graph for Selection of Printer End-Stops 

Both optical and Hall Effect end-stops are susceptible to significant electrical, UV, and magnetic 

disturbance. This which may affect proximity sensing, resulting in misreads of the axes endpoints, 

whereas mechanical limit switches are simple on-off devices, with a 100 % possibility of endpoint 

detection. The uncertainty of operation accuracy surrounding the optical and magnetic sensor garnered 

lower scores of 1 in the “Interference” attributes. With regards to price, mechanical units are significantly 

cheaper due to reduced complexity, at approximately ZAR 26 compared to ZAR 80 to 120 for the latter, 

resulting in a score of 5 for price for the mechanical switch, and 4/3 respectively for the latter . 

Additionally, it should be noted that since the mechanical switches are being physically contacted, 

deformation of the metal read switch does occur over time, limiting the lifetime of the sensor to roughly 

18’000 contacts, whereas with optical and magnetic sensors, lifetime is much improved to due non-

contact, but is limited by system overvoltage and power spikes. Noting the above advantages and 

drawbacks, the mechanical switch netted the highest score of 90.52 due to the anti-interference properties, 

simple operation, no need for programming, and low cost, and is therefore selected for further system 

development. 

3.5.4. Stepper motors 

Following selection of the motor driver board in section, it becomes necessary to select motors based 

upon the electrical specifications of said Pololu DRV8825 driver board. A stepper motor is by definition a 

brushless direct current electric motor with multiple electromagnets distributed on the inner surface of the 

motor frame (B.G. Liptak: 2005, p. 2462). The electromagnets are individually energized by the Pololu 

driver board, causing an attraction and subsequent rotation of the inner iron rotor mechanism, thereby 

turning the motor shaft. The basic motor requirements according to the driver board are as follows:
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 Motor format: bipolar DC stepper motor with 1/16 or 1/32 micro-stepping. 

 Stepper motor operating voltage: 2.5 V – 5.25 V DC. 

 Peak motor amperage per coil: 2.2 A maximum. 

 Continuous motor amperage per coil: 1.5 A maximum. 

A typical stepper motor is illustrated in Figure 3.16, with more detail available in Appendix D. 

 

Figure 3.16: NEMA17 Bipolar Stepper Motor 

The following motors as illustrated in Table 3.5 are suitable for the application: 

Table 3.5: Suitable Stepper Motors for FDM Printer Design Application 

Characteristic                     NEMA 17-34 mm/2.1      NEMA 17-48 mm/4.2     NEMA 17-48 mm/4.8 

Step Angle (O)                                  1.8                                        0.9                                  0.9 

Motor Length (mm)                          34                                         48                                  48 

Rated Voltage (V)                            12                                          2.7                                 2.4 

Rated Current (A)                             0.4                                         1.68                               2.4 

Phase Resistance (Ω)                       30                                          1.6                                 1.0 

Phase Inductance (mH)                    37                                          3.5                                 1.8 

Holding Torque (N.m.)                    0.255                                      0.41                              0.47 

Rotor Inertia (g/cm3)                        34                                           68                                  68 

Detent Torque (N.m.)                       0.02                                       0.025                             0.025 

Weight (kg)                                      0.2                                          0.36                               0.36 

Price (ZAR)                                     ≈ 242                                     ≈ 265                             ≈ 320
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3.6. Software 

Additive manufacturing platforms, being practically identical from a control and physical standpoint 

when compared with CNC-based platforms, similarly make use of G-code as a software control language 

medium. G-code is a computer programming language and command system most commonly used in 

applications where the control of 3 to 6-axis tool-paths, as well as auxiliary machinery is desired (Lynch, 

M.: 2010). G-code may perform a host of system functions, but in the 3D printer context, controls the 

movement of the 3-axis gantry and operation of the printer head subsystem. The printer operation and 

software integration begins with the design of a CAD model in CATIA V6, which will eventually be 

printed. The CAD model is saved as a .STL file which describes only the surface geometry of the part to 

be printed (Stereolithography Interface Specification, 3D Systems Inc.: July 1988). Thereafter, the file is 

inputted into the slicer software Skeinforge, which dissects the model into a number of horizontal cross -

sections roughly 0.5 mm in thickness. The G-code path for printing is produced, and subsequently edited 

and fine-tuned with a number other commands to ensure smooth operation of the printer. Finally, the G-

code is uploaded on an SD card, and placed in the GeeeTech LCD card reader, and the printing operation 

started. The software and information flow diagram for the printer is shown. 

 

 

Figure 3.17: Software Process Flow Diagram 

 

G-code is presented in single command lines with bold letter and double number types. For instance, first 

setting the printer gantry speed, or federate to 1700 mm/min, then moving the printer x-axis to the 60.7 

mm location, y-axis to 6.7 mm location, while extruding 30.1 mm of filament, the G-code representation 

may be expressed as:
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𝐺1 𝐹1700 

𝐺1 𝑋60.7 𝑌6.7 𝐸30.1 

A basic explanation of all possible G-code commands and their functions are given in the Table 3.6. 

 

Table 3.6: 3D Printer G-Code Syntax Explanations 

Command        Description                                                                              Example 

Type 

Dxxx                 Filament diameter setting                                                 D3: 3 mm Filament selected 

Exxx                 Length of filament available on reel                                 E10: Extrude 10 mm material 

Fxxx                  Print-head velocity (millimetre per minute)                     F1200: Feed-rate 1200 mm/m 

Gxxx                 Standard movement command                                         G0/G1: Rapid linear move 

Hxxx                 Heater temperature setting (PID controlled)                    H60: Heater bed at 60 OC 

Ixxx                  Gantry x-offset value, PID Ki constant setting                 I20: Tool home position +20 mm  

Jxxx                  Gantry y-offset value                                                        J20: Tool home position +20 mm 

Mxxx                Electrical peripheral on/off command                              M0: Machine E-stop 

Nxxx                 Line number for command/code                                      N21: 21st line of code 

Pxxx                  Set time parameter, PID KP constant setting                   P1: Tool number 1 

Rxxx                 extruder hot end standby temperature                              R120: standby temp at 120 OC 

Sxxx                 extruder hot end temperature setting                                S230: active temp at 230 OC 

Txxx                 Select tool and nozzle command                                      T1: Select first tool saved settings 

Xxxx                 Move to x-coordinate                                                       X50: Move x = 50 mm position 

Yxxx                 Move to y-coordinate                                                       Y20: Move y = 20 mm position 

Zxxx                 Move to z-coordinate                                                        Z20: Move to z = 20 mm position 

*xxx                  Check for communication error                                       *10: Check line 10 for errors. 
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3.7. Chapter conclusion 

This chapter presented the initial framework for development of the selected full printer system concept, 

by analysing a fused deposition modeller on the component level. This was achieved by first modelling 

the control system and system component hierarchy, and amalgamating FDM components such as 

motors, controller boards, limit sensors, and the like. Each component was investigated, all possible 

options for said component compared and contrasted, and the best options selected. The components are 

to be implemented into working printer designs in Chapter 4. 
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CHAPTER 4 
 

Design Generation and Selection 
 

This chapter shall detail the conceptualization, design, and feasibility analysis of three additive 

manufacturing platform solutions. The concepts will be scrutinized in detail, particularly with regards to 

operational function, printing process actualisation, feasibility, cost, as well as finite elemental analyses of 

the concepts, and a printer configuration will be selected for further analysis and product development.  

4.1. Multiple zoned filament-based printer 

The first additive manufacturing platform solution is a horizontal flat-bed printer with multiple printing 

zones. The operation, physical attributes, and print-head are described below. 

4.1.1. Operation 

Process cycle time optimization is the main goal of this concept. Five 1 m by 2 m print zones are 

allocated, with each zone printing a unique cross-section of the chosen part to be produced. The design 

incorporates five identical gantry systems as highlighted in Figure 4.1, which allow movement of each 

print-head in three directions. Additionally the system is to be controlled via five sets of identical 

controllers and electronics, whereby the desired part to be produced is cut into five sections, and G-Code 

produced for each controller. The data is then loaded into each controller, and the part is built up, 

reducing product cycle time five-fold. 

 

Figure 4.1: Multiple-Zoned Filament 3D Printer Concept: Isometric View
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4.1.2. Physical layout 

The physical layout of the system consists of a 5.3 m by 2 m rectangular frame constructed of 60 mm2 

aluminium extrusions, with five 2 m by 1 m plain untreated glass panes making up the print-bed surface. 

The frame is squared, oriented, and fastened using 6mm thick aluminium gusset plating and anodized 

M10 cap-screw fasteners. An innovative feature of the design, as indicated in Figure 4.2, is the 

incorporation of overlapping y-axis print zones, allowing for more robust printing capabilities. Axes are 

driven using a combination of 12 mm SKF ball-screw, NEMA17 stepper motors, and linear guide railing 

assemblies, giving the printer an effective print envelope of 10 m2.  

 

Figure 4.2: Multiple-Zoned Filament 3D Printer Concept: X and Z Axes 

The initial specifications for the printer as given in Table 4.1: 

Table 4.1: Multiple-Zone Filament Printer Attributes 

Characteristic                             Value                                                Description 

Dimensions                                6 m x 2 m x 1 m                           Length x width x height. 

Weight                                       +-200 kg                                       Total assembly weight. 

Motors                                        Stepper Motors                            NEMA17 48 mm 0.5 N.m. bipolar DC. 

Drive                                          Ball-screw & Nut                         SKF SH12 Mini Screw & 12 mm rod. 

Axes                                           Linear Guide & Carriage             Hiwin MG12 rails/carriages.  

Print Material Type                    Filament                                       1.75 mm PLA thermoplastic filament. 

Frame Material                          Aluminium Extrusions                 Bosch Rexroth Profile ALU. Series  

Fasteners                                    Bolts, Nuts, T-Nuts                      Black anodized Allen head caps crews.
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4.1.3. Print head 

The first print-head design makes use of two stepper motors, filament extruder cold ends, and heated 

material ‘hot-ends’ and associated mounting brackets and material cooling fans as illustrated in Figure 

4.3. 1.75 mm thermoplastic filament material, usually PLA or ABS, is pulled into the cold end via a 

knurled gear attached to the rotating stepper motor shaft. The filament enters the hot-end top feeder hole, 

and is pushed down into the heater block region, where it is melted by a 12 V 40 W resistive cartridge 

heater element. Hot end temperature is maintained in the region of 190 to 240 OC, with feedback being 

sent to the 12 V DC cooling fans to solidify the extrudate (O. Martin, L. Averous.:2001, p.14). 

 

Figure 4.3: Multiple-Zoned 3D Printer Concept: Print Head 

The perceived initial advantages and drawbacks for Design I are as follows: 

Table 4.2: Expected Advantages and Disadvantages for Multi-Zone Filament 3D Printer 

                   Expected Advantage                                                                  Expected Disadvantage 

Print time increased five-fold due to five print-                Cost for the gantry (x,z) axis increases five-fold 

heads and zones working simultaneously.                        due to five sets of print assemblies. 

Fast print-head and gantry dynamical response                Possible loss of accuracy along z-axis (long axis) 

due to low inertia of gantry.                                              –  increase in sum of errors over distance. 

Filament extrusion methods are proven                           Synchronization of multiple print-heads is 

technology; relatively easy to calibrate                            difficult with separate controllers for each 

print-head.                                                                         print-zone: possible gantry collisions.
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4.2. Pellet-based vertical 3D printer 

The second additive manufacturing platform concept is based on a vertical design which prints upwards.  

4.2.1. Operation 

This second printer concept prints the object by laying down material of each cross-section layer by layer, 

producing the blade plug in an upright position. In most printing scenarios, the print head makes a number 

of start-stop operations, decelerating and accelerating the gantry when reaching object vertices and profile 

perimeters. Printing the plug vertically could reduce print time since the print-head motion is able to 

follow a circular print-path, due to the blade’s naturally oval profile, reducing stop-start movements due 

to constant arcing circular motions of the gantry. 

 

Figure 4.4: Vertical Pellet-Based 3D Printer Platform: Isometric View 

4.2.2. Physical layout 

Regarding the physical configuration and attributes of the concept, the printer is set up as a three-axis 

gantry system with a 1.5 m by 1.5 m by 5 m print envelope. The frame is constructed of 60 by 60 mm 

aluminium extrusions for rigidity and transportability due to lower weight than steel. Additionally, the 

outer frame is braced with 25 by 25 mm hollow extrusions in the form of crossbeams, which increase 

frame stiffness, and assist in the correct squaring of the frame, that is, ascertaining that the outer cross -

members are perfectly perpendicular. Referring to Figure 4.6, it can be noted that the square gantry 

system runs on four 16 mm stainless steel round tubing and 16 mm 
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round profile aluminium slides on each corner. Furthermore, the ‘x’ and ‘y’ directions are driven by T2.5 

6 mm steel-embedded polyurethane timing belts, 16-tooth T2.5 aluminium pulleys, and NEMA17 48 mm 

0.5 N.m. stepper motors, and are axially located and run along 12mm stainless steel square-profile linear  

guides and carriages. The print-bed is a 1.4 m2 5 mm thick plain untreated glass pane, supported by an 

aluminium square frame, which is removable from the printer assembly once the print is completed, while 

cable management is achieved using plastic drag-chain and aluminium channels. Relative positioning and 

locating of the axes and print-head are achieved via the use of 2-terminal micro-switches and spring-

bracket end-stops, which define printer work area limits. 

 

Figure 4.5: Vertical Pellet-Based 3D Printer Platform: Gantry View 

Table 4.3: Vertical Pellet Extruder Printer Attributes 

Characteristic                             Value                                                Description 

Height                                        5.3 m x 1.6 m x 1.6 m                   Height x length x width. 

Weight                                       +-250 kg                                       Total assembly weight. 

Motors                                        Stepper Motors                           NEMA17 48 mm 0.5 N.m. Bipolar DC 

Drive                                          Timing Belt & Pulley                  Alum. T2.5 16T Pulley, T2.5 6 mm Belt 

Axes                                           Linear Guide & Carriage             Hiwin MG12 and MG12R rails/carriages 

Print Material Type                    Pellet                                            2 mm PLA thermoplastic recycled pellet 

Frame Material                           Aluminium Extrusions                 Bosch Rexroth Profile ALU. Series  

Fasteners                                    Bolts, Nuts, T-Nuts                      Black anodized Allen head cap screws.
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4.2.3. Print head 

The second concept incorporates a print-head designed specifically to extrude, melt and print pellet-like 

thermoplastic material. Initially, the pellets are fed through the M22 feeder tube via gravity, as illustrated 

in Figure 4.6. The pellets are housed in a polycarbonate chamber, which are subsequently pulled down 

into the aluminium hot end channel by the rotating auger bit. The auger bit is rotated using a timing belt 

pulley torque increasing system attached to a powerful 60 mm NEMA17 stepper motor as shown. As the 

pellets are pushed down the aluminium channel via the rotational frictional action of the bit, the material 

is melted at the aluminium heater block interface via a 40 W 12 V resistive cartridge heater seated in the 

block. The temperature is maintained at a nominal 210 OC via a NTC 100K thermistor monitoring the 

block temperature. Should the temperature exceed or fall below the set point, resistive current is 

increased, or the 12 V DC fan is activated and speed controlled via PWM [3]. 

 

 

Figure 4.6: Vertical Pellet-Based 3D Printer Platform: Print Head 

 

[3] pulse width modulation – a pulsing technique use to control amount of power sent to device. (A 

Schonung, H. Stemmler: 1964)
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Table 4.4: Expected Advantages and Disadvantages for Vertical Pellet-Based 3D Printer 

                   Expected Advantage                                                                  Expected Disadvantage 

Printing material cost savings up to 70%                               New extruder technology, testing and fine- 

                                                                                                tuning development stages extensive. 

Decreased plug print time due to circular                               Stability issues when gantry at the highest 

printing path taken. Improve cycle time.                                Position during printing. Possible oscillation. 

                                                                                                 Possible belt stretch or misalignment of 

                                                                                                 gantry in z-direction due to long belt length. 

 

4.3. Horizontal CNC-FDM hybrid 3D printer 

The final printer concept exhibits a print-head with both routing as well as printing capabilities, and 

makes use of the flat print-bed surface configuration similar to that of Concept I. 

4.3.1. Operation 

Concept III operates as a dual purpose hybrid 3-axis routing and finishing machine. A polystyrene, resin, 

or plastic rectangular block is placed on the print-bed. Thereafter, the CNC-chuck is activated, rotating at 

high rpm figures up to 3000 rev/min. A tool path is programmed into the controller, and the machine goes 

about routing out the profile of the turbine blade plug within the mould. Thereafter, another set of G-code 

is inputted into the controller, and a thermoplastic or composite molten fluid extruded onto the surface of 

the newly-routed profile. 

 

Figure 4.7: CNC/FDM Hybrid 3D Printer Concept: Isometric View
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4.3.2. Physical layout 

The physical layout of the system is similar to that of concept I, the multi-head filament printer, with the 

exception that the CNC-FDM printer contains a single gantry system which is heavily braced and 

reinforced to support the cutting forces induced on the spindle. The gantry contains a dual linear rail and 

carriage system for the ‘x’ direction, as well as single linear guides for the ‘z’ and ’y’ directions. 

Furthermore, the axes are driven using Mod 1.5 hardened steel rack and pinion drive with NEMA17 48 

mm 0.5 N.m. stepper motors. Additionally, the movement of the tool-head vertically, that is, in the z-

direction, is achieved using a 8 mm x 8 mm x P2 lead-screw which is self-locking under static conditions. 

Table 4.5 details the general specifications for printer concept III. 

 

Table 4.5: Horizontal CNC-FDM Hybrid 3D Printer Attributes 

Characteristic                             Value                                                Description 

Height                                        1 m                                               Height from floor to top of gantry. 

Width                                         2 m                                               Total frame width. 

Length                                        5.3 m                                            Total frame length. 

Weight                                       +-160 kg                                       Total assembly weight. 

Motors                                        Stepper Motors                            NEMA17 48 mm 0.5 N.m. Bipolar DC 

Drive                                          Rack and pinion                           Mod 1.5 15 mm Rail & 20T Pinion 

Axes                                           Linear Guide & Carriage             Hiwin MG12 and MG12R rails/carriages 

Print Material Type                    Filament                                       1.75 mm PLA/ABS filament 

Frame Material                          Aluminium Extrusions                 Bosch Rexroth Profile ALU. Series 

Fasteners                                    Bolts, Nuts, T-Nuts                      Black anodized Allen head cap screws. 

 

4.3.3. Print head 

The last conceptual print-head is based upon the idea that both printing and finishing of thermoplastic 

materials can be achieved with a single tool-head. The design incorporates a swivelling tool-head 

whereby the tool centre point, or location where the process is being performed, is at the exact same 

position whether in ‘print mode’, or in ‘machining mode’. The concept incorporates a stainless steel CNC 

collet chuck and round-profile CNC drill bit, as well as a filament extruder head. Selec tion of the tool to 

be used is done manually, with securement via four locating pins. Additionally, extra tool height 

adjustment is achieved via the NEMA17 stepper motor and lead-screw combination. These features are 

illustrated in Figure 4.8
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Figure 4.8: CNC/FDM Hybrid 3D Printer Concept: Print Head 

 

Initial impressions and assumptions regarding design feasibility are tabulated below. 

Table 4.6: Expected Advantages and Disadvantages for Horizontal CNC-FDM Hybrid 3D Printer 

                   Expected Advantage                                                                Expected Disadvantage 

High finishing accuracy and smooth surface finish.                 Extremely rigid gantry required. Expensive.  

High machine versatility, usable for NC and                            Possible deflection of tool-head under load. 

machining of metal/wood/composite components.                   Part finish errors, dimensional errors.  

                                                                                                   Possible not enough torque from stepper 

                                                                                                   Motor for routing operation required. 
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4.4. Cost analysis 

Costing analyses was performed for each printer design, to assess the viability of each option from an 

economic standpoint. Each concept is subdivided into five costing sections based upon function, namely, 

the printer outer frame, gantry system including ‘x’, ‘y’, and ‘z’ axes, the print-head subassembly, 

electronics, and fasteners. It should be noted that the electronics and fasteners are common to all 

concepts. The full cost breakdown is observable in Appendix D. 

 

Table 4.7: Costing Summary for Horizontal Multiple-Zoned Filament 3D Printer 

Concept I: Horizontal Multi-Zoned Filament 3D Printer 

Component                                                             Subtotal 

Frame                                                                          ZAR 13377.89 

X,Y,Z Axes                                                                 ZAR 87523.50 

Extruder Subassembly                                                 ZAR 1380.00 

Electronics                                                                   ZAR 6945.71                             Total Cost: ZAR 129’476.68 

Table 4.8: Costing Summary for Horizontal Multiple-Zoned Filament Printer 

Concept II: Pellet-Based Vertical 3D Printer 

Component                                                             Subtotal 

Frame                                                                          ZAR 59375.54 

X,Y,Z Axes                                                                 ZAR 42103.30 

Extruder Subassembly                                                 ZAR 809.70 

Electronics                                                                   ZAR 6945.71                             Total Cost: ZAR 109’514.11 

Table 4.9: Costing Summary for Horizontal FDM-CNC Hybrid 3D Printer 

Concept III: Horizontal FDM-CNC Hybrid 3D Printer 

Component                                                             Subtotal 

Frame                                                                          ZAR 21958.86 

X,Y,Z Axes                                                                 ZAR 30703.01 

Extruder Subassembly                                                ZAR 31076.00 

Electronics                                                                  ZAR 6945.71                                Total Cost: ZAR 91’474.95
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4.5. Risk and feasibility analysis 

Feasibility and the analysis thereof is the process of assessing how practical or beneficial the development 

of a system, process, or product will be to an organization, but generally ascertains the general success 

obtained by a project according to certain pre-defined metrics, or standards. Each design risk is 

categorized into eight sectors, namely technology, interfaces, safety, funding, schedule, quality 

requirements, contractor capabilities, and complexity of pollution. Furthermore, each risk factor is ranked 

from low to high, with an allocated sliding scale score between 1 and 5. Furthermore, a justification for 

each score is tabulated with possible prevention strategies for each possible problem. 

 

Table 4.10: Risk Assessment Matrix for 3D Printer Designs 

Risk Factor     Printer Concept           Risk Score    Risk Contributors    Mitigation/Contingencies 

Technology      Filament Printer (I)        Low/Med (2) Part deformation             Perform calibration 

                                                                                       Print errors/artefacts       Tighten/anchor assembly 

                         Pellet Printer (II)            Low/Med (2) Extruder jamming           Powerful extruder motors 

                                                                                       Material handling            Hopper/piping assembly 

                         CNC/FDM Hybrid (III) High (5)         Frame vibration               Reinforce/secure frame 

                                                                                       Routing tool deflection   Reinforce gantry/tool head 

Interfaces         Filament Printer (I)        Low (1)               

                                                                                       No dependency on other project timelines, 

                         Pellet Printer (II)            Low (1)         therefore minimal ‘Interfaces’ risk involved. 

                         CNC/FDM Hybrid (III) Low (1) 

Safety               Filament Printer (I)        Low (1)         No perceived health        No mitigation 

                                                                                       or safety risks.                necessary. 

                         Pellet Printer (II)            Low (1)         No perceived health        No mitigation 

                                                                                       or safety risks.                necessary. 

                         CNC/FDM Hybrid (III) Medium (3)    High velocity routing     Install protection 

                                                                                       tool; contact injuries.      barrier/windows.            

Funding            Filament Printer (I)        Low (1)         Less than one                  No mitigation 

                                                                                       year project duration.     necessary. 

                         Pellet Printer (II)            Low (1)         Detailed estimated          No mitigation
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                                                                                       costs acquired.                necessary. 

                         CNC/FDM Hybrid (III) Med/High (4) NC tooling expensive,    Resort to more cost- 

                                                                                       conceptual estimate.       effective design. 

Time/Schedule Filament Printer (I)        Low/Med (2)  Comfortable timeframe  Project management 

                                                                                        for project completion.   plan implemented. 

                         Pellet Printer (II)            Low/Med (2)  Possible to complete       Project management 

                                                                                        within timeframe            plan implemented. 

                         CNC/FDM Hybrid (III) Med/High (4) Difficult to reproduce     Requires task team 

                                                                                        under time constraints.   implementation. 

Quality             Filament Printer (I)        Medium (3)    50 µm surface                Accurate machine 

Requirements                                                                 roughness,                      calibration. 

                         Pellet Printer (II)            Medium (3)   Dimensional                    Print-head parameter 

                                                                                       accuracy +-0.1 mm         fine-tuning. 

                         CNC/FDM Hybrid (III) High (5)         5 µm Sur. Rough.            Reinforced structure 

                                                                                       dim. Acc. +-0.05 mm      for accurate routing. 

Contractor        Filament Printer (I)        Low (1)          Proven track record         No mitigation 

Capabilities                                                                    and resources                  necessary. 

                         Pellet Printer (II)            Low (1)         available immediately. 

                             CNC/FDM Hybrid (III) Med/High (4) Ltd. experience, Mod.     External consultation 

                                                                                       resource capability.         required. 

Complexity      Filament Printer (I)        Low/Med (2)  ABS carcinogenic           Well-ventilated print 

of                                                                                    gases upon melting.        workspace, Sealed 

Pollution          Pellet Printer (II)            Low/Med (2) ABS carcinogenic           printer configuration 

                                                                                       gases upon melting.        advised. 

                   CNC/FDM Hybrid (III)  Medium (3)   Polluting cutting fluid,    Manual clean method 

                                                                                       Routed waste material     waste disposal. 

Risk Score:        Filament Printer (I): 13/40           Pellet Printer (II): 13/40    CNC/FDM Hybrid: 29/40 

                                                              = 32.5%                              = 32.5%                                = 72.5%
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Figure 4.9: 3D Printer Conceptual Risk Analysis 

From Figure 4.11 it should be noted that concepts I and II offer a much lower project risk of 32.5 % 

failure rate as opposed to 72.5 % for the CNC-FDM hybrid machine. The majority of the risk 

accumulated with the CNC printer hybrid lies in the machining complexities and difficulties which arise 

when developing a subtractive manufacturing process. Additionally, the accuracy of such a machine is 

dependent on structural rigidity, which is difficult to attain within a low budget threshold. This outcome 

will influence the selection of a final design in forthcoming sections. 

 

4.6. Dynamic simulation of printers 

Full simulation and stress testing of a product prior to manufacture is essential to ascertain whether or not 

the product is robust and strong enough to handle the stress placed upon it without undue physical 

deformation, in the form of elemental displacement, or in the extreme case, product failure. It is often 

extremely time-consuming and difficult to estimate the stresses induced in an assembly via simple 

analytic and mathematical principles; therefore finite elemental analysis will be used to test the robustness 

of each conceptual design. Finite element method, abbreviated FEM is a mathematical technique for 

finding approximate solutions for stress, deflections, displacements, and forces within a body. FEA is 

engineering application of the finite elemental method, whereby a large object with initial conditions is 

subdivided into a meshed object with nodes, and the stresses at each node computed  (J.N. Reddy: 2006). 

4.6.1. Environment setup and results 

The printing operation will be simulated for each conceptual design in a FEA software pac kage. During a 

conventional 3D printing operation, the print-head reaches gantry acceleration values of (Reprap: 2016):
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𝑎𝑥−𝑑𝑖𝑟 = 1 𝑚.𝑠−2 

𝑎𝑦−𝑑𝑖𝑟 = 1 𝑚. 𝑠−2  

𝑎𝑧−𝑑𝑖𝑟 = 𝑛𝑒𝑔𝑙𝑖𝑔𝑖𝑏𝑙𝑒 

Acceleration values ranging from 0 m/s2 to 1 m/s2 are applied to the linear slides of each concept in 

CAD/CAM finite elemental analysis models, and the Von Mises stress, deformation, and induced 

moments tabulated. The printer base is clamped representing a bolting of the assembly to the floor. The 

simulation setup with red vectors representing gantry linear accelerations ax-dir and ay-dir are shown in 

Figure 3.12, in addition to the displacement vector representation of the deformation observed in the 

structures once the applied accelerations are simulated for Concepts I and II. 

 

Figure 4.10: Print Head & Gantry Axes Acceleration Simulation Setup 

 

Figure 4.11: FEA Mesh Deformation Using Vector Representation
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The simulated Concept I FEA results, including induced structural stresses, body stretch, torques, and 

strain are tabulated and represented graphically below for gantry acceleration values ranging from 0 to 1.0 

m/s2. 

Table 4.11: Concept I FEA Results 

Print Head          Von Mises Stress       Structure Stretch      Resultant Moments        Strain Energy 

Accel, m/s2         MPa                                  mm                                  N.m.                                       J 

0.2                        0.0109                          0.000046                      0.0178                                5.479x10-10 

0.4                        0.0219                          0.000092                      0.0527                                2.192x10-9 

0.6                        0.0328                          0.000138                      0.0885                                4.931x10-9 

0.8                        0.0437                          0.000185                      0.1305                                8.767x10-9 

1.0                        0.0547                          0.000231                      0.1780                                1.37x10-8 

 

 

Figure 4.12: Concept I FEA Results 
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Similarly for concept II: 

Table 4.12: Concept II FEA Results 

Print Head          Von Mises Stress       Structure Stretch      Resultant Moments        Strain Energy 

Accel. m/s2          MPa                                  mm                                   N.m.                                        J 

0.2                        0.0255                         0.0000401                    0.1098                                7.295x10-10 

0.4                        0.0510                         0.0000801                    0.2195                                2.918x10-9 

0.6                        0.0765                         0.00012                        0.3269                                6.565x10 -9 

0.8                        0.1020                         0.00016                        0.4384                                1.167x10-8 

1.0                        0.1270                         0.00020                        0.5470                                1.824x10 -8 

 

 

Figure 4.13: Concept II FEA Results 

Regarding the third printer concept, which utilizes a CNC routing spindle during operation, a different 

simulation environment must be instantiated. It is known 3-axis CNC milling induces various stresses and 

loads on the routing tool, which is transferred to the machine gantry and frame. The force produced at the 

routing tool face is a three-dimensional one, and varies with rotation of the spindle from 0 to 360 O. The 

derived voxel simulation model of a CNC cutting tool, (O Yousefian, J.A. Tarbutton: 2015), as found in 

Appendix A.9 which estimates the tangential, radial, and axial forces acting on the cutting tool are:
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                                          [
𝐹𝑡

𝐹𝑟

𝐹𝑎

] = [
cos(𝜃) sin(𝜃)sin(𝜅) sin(𝜃) cos(𝜅)

sin(𝜃) cos(𝜃) sin(𝜅) cos(𝜃) cos(𝜅)

0 cos(𝜅) sin(𝜅)
][

𝐹𝑋

𝐹𝑌

𝐹𝑍

]                             (A9.4) 

                                   θ                   local angle with respect to tool origin              degrees, O 

                                   κ                   axial immersion angle                                      degrees, O 

 

 

Figure 4.14: CNC Tool Cutting Forces Diagram 

 

For a 1.2 mm depth cut at 1500 RPM spindle speed, with 762 mm/min feed-rate, the induced cutting tool 

forces when machining thermoplastic material are: 

 

Table 4.13: Induced Cutting Forces on CNC Routing Tool for Concept III 

Rotation Angle         Cutting Force            Cutting Force              Cutting Force          Resultant Force 

Cutting Tool, θ          Ft , N                               Fr  , N                              Fa , N                            F, N 

0                                 -30                               +80                              +10                            86.023 

60                              +0                                  -25                              +60                            65.000 

120                             -20                               +75                              +40                            87.321 

180                             -30                               +80                              +20                            87.75 

240                            +5                                  -25                              +60                            65.192 

300                             -13                                +65                              +55                           86.134 

360                             -30                                +60                              +10                           67.823
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Figure 4.15: Induced Cutting Forces on CNC Routing Tool for Concept III  

 

The above cyclical induced spindle cutting forces are transferred from the tooling bit to the third 

concept’s frame. The tangential, axial, and radial forces, when applied to the FEA simulation, yield the 

following Von Mises stresses and body deformation in the printer, as given in Table 4.14 and Figure 4.16. 

 

Table 4.14: Concept III FEA Results 

Rotation ⦨         Von Mises Stress       Structure Stretch      Resultant Moments    Strain Energy 

Tool, θ                  MPa                                 mm                                   N.m.                                    J 

0                           17.5                            0.136                              12.23                            3.327x10-3 

60                         8.97                            0.0519                            14.08                            5.873x10-4 

120                       21.7                            0.142                              18.55                            4.362x10-3 

180                       22.9                            0.161                              17.18                            5.129x10-3 

240                       7.24                            0.039                              13.79                            4.780x10-4 

300                       19.2                            0.123                              18.99                            3.413x10-3 

360                       17.5                            0.136                              12.23                            3.327x10-3
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Figure 4.16: Concept III FEA Results 

 

4.6.2. Discussion of FEA results 

A linear increase in the lateral acceleration of the gantry was induced for each printer concept from 0.2 

m/s2 up to 1 m/s2, and the FEA simulation model produced with associated results. These included 

maximum localized stress within the structure, known formally as Von Mises stress, the maximum body 

displacement observed, bending moments, as well as strain energy which gives an indication of the 

overall stretch of the systems. A linear relationship was noted between the applied input, that is, the 

gantry acceleration, and the measured outputs, where, as the acceleration was increased, the output 

stresses, displacements, and moments increased proportionally from 0.0109 MPa and 4.6x10-5 mm to 

0.0547 MPa and 2.31x10-4 mm respectively at 1 m/s2 acceleration, as evidenced in Table 4.11. The same 

trend was observed in Concepts I and II. However, comparing the induced stresses and body 

displacements, it may be observed that Concepts I and II exhibit almost identical body deformation 

figures at 2.31x10-4 mm and 2.00x10-4 mm respectively at 1 m/s2 gantry acceleration. These results 

ascertain that the structure is suitably rigid for operation. Induced Von Mises stress is much higher for the 

vertical printer concept at 0.1270 MPa when contrasted with 0.0547 MPa for the horizontal flatbed 

printer, predominantly due to structural configuration. These figures are however well below the 

minimum yield strength value of 160 MPa for aluminium which is satisfactory for design purposes.
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When observing trends for forces induced on Concept III, vizier, CNC machining forces on the 

machining spindle and to a lesser degree the gantry, it can be seen from Figures 4.15 and 4.16 that the 

maximum induced cutting force is 87.75 N when the spindle is at 180 O rotation phase. Subsequently, the 

maximum Von Mises stress and gantry displacement also occurs at this phase, with values of 22.9 MPa 

and 0.161 mm respectively. It should be noted that the stresses and body displacement induced in Concept 

III are much higher than those of I and II. The cyclic displacement of 0.18 mm during machining, as 

evidenced by the sinusoidal output in Figure 4.16, is much higher than associated displacement figures of 

2.31x10-4 mm and 2x10-4 mm for Concepts I and II, deterring the selection of Concept III as a viable 

printer solution, from a structural-analysis standpoint. 

 

4.7. Final printer design selection 

Having analysed each design with regards to practicality, risk and design feasibility, costing, and 

structural integrity through FEA analysis, the combined results of the analyses performed in this chapter 

are presented in Table 4.15. 

 

Table 4.15: Order of Merits Table for Selection of Final 3D Printer Configuration 

Characteristic           Weight (/1)                                          Score (/5) 

                                                     Concept I                         Concept II                         Concept III 

Print Material Cost          0.5      ZAR 380/kg           (1)     ZAR 100/kg           (4)     ZAR 380/kg        (1) 

Printer Build Cost            0.8      ZAR 129’476.68    (3)     ZAR 109’514.11   (4)     ZAR 91’474.95   (5) 

FEA Results                     1.0      σm = 0.0547 MPa   (5)     σm = 0.1270 MPa   (4)    σm = 22.90 MPa  (1) 

                                                            E = 2.31x10-4 mm              E = 2x10-4 mm                  E = 0.1610 mm 

Risk Analysis Results      0.9      Risk = 32.5 %         (4)     Risk = 32.5 %        (4)    Risk = 72.5 %     (2) 

Total:                               (/16)     11.50                                 12.80                                 7. 30 

Rating (Out of 100):                     71.875 %                          80.00 %                            45.625 % 
 

Referring to Table 4.15, it is observed that filament printing material utilized in Concept I and II are 

nearly four times the cost of recycled pellets used in Concept II’s pellet extruder print-head, netting lower 

merit scores of ‘1’ versus ‘4’ (J. Lefebvre: 2015). Build costs for all concepts are similar, as evidenced in 

Appendix D, but significant bias of scores occurs in the ‘FEA Results” section with the more structurally-

sound Concepts I and II receiving scores of ‘5’ and ‘4’ versus ‘1’ for  the hybrid CNC-FDM design. It was 

also noted that increased project risk was present with the CNC design, as the field of study is currently 

un-researched and presents a plethora of additional engineering complexities. Accumulating a total merit 

percentage score of 80.00 %, the vertical 3D printer configuration is selected for manufacture and testing. 

The complete manufactured unit is displayed. 
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Figure 4.17: Printer X/Y/Z Axes – Gantry Subassembly View 

 

Figure 4.18: Controller Box & 12V Battery Supply (left), Counterweight System (right)
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Figure 4.19: Gantry ‘x’ Axis and Print-Head Subassembly 

 

Figure 4.20: Top View of Printer – Printing Material Reel System
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Figure 4.21: Full Isometric View of Large-Scale Additive Manufacturing Platform
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4.8. Chapter conclusion 

This chapter presented three additive manufacturing platform solutions, and analysed the feasibility of 

each from a practical, risk, structural, and cost point of view. In-depth comparisons for each attribute were 

performed using order of merit tables, and the ‘vertical pellet-based 3d printer’ concept finally selected 

for further design development and manufacture.  
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CHAPTER 5 
 

Experimental Setup, Testing, and 

Results 

 

This chapter presents the calibration and performance testing of the physical additive manufacturing 

platform. Initially, the expected precision and design uncertainty of the printer are estimated using 

statistical formulae. The calibration procedure is to be explained in detail, giving the reader an 

understanding of the machine setup and fine-tuning of system parameters. Thereafter, a variety of 

physical tests focusing on the performance of the gantry, which includes the frame and X/Y/Z axes, as 

well as the extruder printing capabilities are performed. The analysis performed in this chapter provides a 

strong foundation for later discussion and answering of the hypothesis statement.  

5.1. Theoretical system performance 

Theoretical statistical analysis is performed on both physical and electrical systems prior to performing 

physical calibration on selected equipment so as to provide an estimate of overall system accuracy while 

printing. The data utilized for obtaining the uncertainty threshold values are component statistical 

performance parameters such as instrument resolution, accuracy, range, and the like. By definition, the 

accuracy of a component attribute or instrument reading is how close the produced reading is to the actual 

value, whereas precision, or repeatability, is the range over which the measured value varies when 

measured under identical conditions  (J.R. Taylor: 1999). This concept is detailed in Figure 5.1. 

 

Figure 5.1: Statistics of Measured Data



5.1. Theoretical system performance                                                                                                               60 

60 

The component performance values for printer components are shown below in Table 5.1.  

Table 5.1: 3D Printer Component Performance Specifications 

  Instrument                               Measurement Type             Range             Repeatability          Accuracy 

  Component                              (units) 

Pololu DRV8825                      Revolution Accuracy            0.05625 O       5 % (0.09 O)              0.05625 O 

Stepper Motor Driver               (degrees, O)                            to 1.8 O 

Hiwin MG12R                          Dimensional Accuracy           

Linear Rail/Carriage                 (Class C, mm)                        0.08 mm          100 % (0 mm)           0.04 mm 

                                                  Running Parallelism 

                                                  (μm/m rail)                            11 μm              100 % (0 μm)            23 μm 

BrecoFlex T2.5 6 mm               Linear Positioning                 1 m                   0.508 mm               1.04 mm/m 

Timing Belts & Pulleys            Accuracy 

EPCOS Thermistor                   Temperature                          355 OC             2 % at 25 OC             0.25 OC 

B57540G0104F000                   (Resistive)                                                      (0.5 OC) 

 

The ability of the printer to position the sliding bearing carriages and hence print-head accurately are in 

part determined by the precision of the constituent components of the drive train, that is, the Pololu 

DRV8825 motor driver, Hiwin linear railing systems, and the timing belt and pulley drives. The zero 

order uncertainty of a measurement or component is defined as ‘the uncertainty of an instruments 

measurement result only with regards to its resolution’, and is given by (Figliola, R.S. & Beasley, D.E.: 

2011): 

                                                                         𝑢𝑂 = ±(0.5)(𝑟)                                                              (5.1) 

 

                                  μo                                 zero order uncertainty                     various 

                                  r                                   measurement resolution                  various  

The instrument uncertainty is defined as the measurement accuracy of an instrument at a 95 % probability 

confidence level, and is a product of the components individual elemental errors: 

 

                                                             𝑢𝑒 =  √(𝑢1
2 + 𝑢2

2 + ⋯ + 𝑢𝑛
2)                                                      (5.2) 

=
∑ 𝑢𝑐

𝑛
=

∑ (𝑎 + 𝑘𝑑)𝑛−1
𝑘=0

𝑛
=

1

2𝑛
(2𝑎 + (𝑛 − 1)𝑑)
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                            a                                      first reading taken                                          various  

                            d                                      difference between readings taken                various 

                            n                                      total number of readings taken                      integer  

                            μ1..n                                  measurement values over range                     various 

                            μe                                     instrument error                                             various 

 

Then the design-stage uncertainty, which may be used as a guide for selecting measurement equipment or 

componentry, is given as: 

                                                                      𝑢𝑑 = √(𝑢𝑜
2 + 𝑢𝑒

2                                                                 (5.3) 

                            μo                                    zero order uncertainty                                   various 

                            μe                                    instrument error                                            various 

                            μd                                   design-stage uncertainty                                various 

 

The overall instrument uncertainty, or estimated measurement errors, is shown in Table 5.2.  

 

Table 5.2: 3D Printer Design Stage Uncertainty Analysis Results 

  Instrument                      Error Type           Zero-order               Instrument                Design-Stage 

  Component                                                        Uncertainty (μo)    Uncertainty (μe)      Uncertainty (μd) 

Pololu DRV8825              Revolution           +-0.005 O               0.10125 O                      0.8955 O 

Stepper Motor Driver       Accuracy         

Hiwin MG12R                  Dimensional          0.005 mm              0.0032 mm                      0.0059 mm 

Linear Rail/Carriage         Accuracy                

                                          Running                0.5x10-6 mm          2.53x10-10 mm                5x10-7 mm 

                                          Parallelism         

BrecoFlex T2.5 6 mm       Locational             0.0005 mm             1.04 mm                         1.04 mm 

Timing Belts & Pulleys    Accuracy 

EPCOS Thermistor           Temperature          0.05 OC                   0.3295 OC                      0.3333 OC 

 

Theoretical Locational Performance                                                                                     1.04 mm
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5.2. System calibration 

Practical performance testing of the additive manufacturing platform first requires that the system be 

calibrated, both at the sensor stage, as well as the physical system itself. Calibration by formal definition 

is “Operation that, under specified conditions, in a first step, establishes a relation between the quantity 

values with measurement uncertainties provided by measurement standards and corresponding 

indications with associated measurement uncertainties (of the calibrated instrument or secondary 

standard) and, in a second step, uses this information to establish a relation for obtaining a measurement 

result from an indication” (JCGM 200: 2008). The reason for undertaking printer calibration is so that 

exact, dimensionally-accurate, and smooth quality prints are obtained. Without proper calibration, 

numerous part defects, such as ‘warping’, ‘elephant foot’, ‘sinking layers’, and ‘skewed prints’, amongst 

others, are produced  (F. Grieser: 2015). 

The system calibration process is carried out in a methodical and specific manner as recommended by the 

3D printer ‘RepRap” calibration guide (RepRap Calibration: February 2016). The calibration process 

plan, or measurement test plan, is prescribed as: 

 

 

Figure 5.2: System Calibration Procedure Process Diagram
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5.2.1. Motherboard and motor calibration 

The first phase in calibration is to specify firmware settings relating to printer gantry velocity, material 

extrusion rates, acceleration rates, enabling or disabling of peripherals such as end-stops, and selection of 

peripheral types such as thermistors and the like. In the Arduino Marlin software, the .h files are edited 

for the large-scale printer, and adjusted as necessary. The full software is given in appendix E.6. 

 

Figure 5.3: Firmware Setup in Arduino Development Environment 

Thereafter, calibration for the NEMA17 48 mm 0.48 N.m. stepper motors may be performed. Adjustment 

of the Pololu DRV8825 is necessary since the motors produce significant noise during operation if current 

is over-supplied. Additionally, if the motor vibrates without turning when given a signal to move, current 

is under-supplied for the torque requirement of the application. Finally, if the axis moves momentarily at 

a high acceleration and then stops, the DRV8825 current level is over the 2.2 A per phase limit, causing 

the board to overheat and thermally protect itself by shutting down. Adjustment of motor current for each 

axis and the extruder is done using the linear current trim-pot ranging from 0 V to 1.1 V: 

 

Figure 5.4: Adjusting Motor Trim-pot Current to Acceptable Level



5.2.1. Motherboard and motor calibration                                                                                                    64 

64 

Following motor calibration, thermistor and PID calibration is performed, whereby the heater gain, KP, 

KI, and KD parameters are tweaked to ensure heating and stabilization of the print-head to 190 OC. Table 

5.3 indicates the values that were tested for the PWM heater module to achieve satisfactory temperature 

stabilization of the print-head. 

Table 5.3: PID Settings versus Temperature Performance 

PID Setting, K,KI,KP,KD     Max Overshoot OC   Delay Time, s   Rise Time, s   Settling Time, s    

75, 0.03, 2.04, 3.28              2                                 2                         68                     12 

127.5, 0.05, 2.04, 5.00         4                                 1                         50                     12   

127.5, 0.5, 2.04, 5.00           4                                 1                         55                      9 

127.5, 0.05, 2.04, 50.0         1                                 1                         61                      8 

191, 0.07, 2.04, 12.3            3                                0.5                       46                      10 

255, 0.07, 1.50, 50.0            2                                0.5                       37                       7 

 

 

Figure 5.5: Tuning of Heater PID settings 

5.2.2. End stops adjustment 

Physical adjustment and setup of the 2-terminal micro-switches on each axis, that is, the ‘x’, ‘y’, and ‘z’ 

axes, is important to prevent collision of the print-head into axis endpoints, resulting in damage to the 

extruder, motors, gearing, and print-bed surface. Typically, a 3D printer axis is characterized by at least 

one physical limit switch, and the maximum feed length, or axis travel length. The end stop implemented 

in this design is a 2-terminal on/off switch which triggers the stepper motor drive system to stop when the 

axis carriage makes physical contact with this switch. The setup procedure should be duplicated for each 

axis, that is, performed for the two limit switches of the ‘x’, ‘y’, and ‘z’  axes.
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Checking switch operation status 

Initially, the printer 12 V DC supply is off, with no current available to the controller board or electrical 

peripherals. The print-head and carriage assembly is manually moved to the centre of the print area, with 

the extruder assembly being clear of the glass print-bed. 12 V supply is switched on and the normally 

open (Ilimit-switch = 0) limit switch to be tested is physically contacted with the hand, closing the connection 

and making the output (Ilimit-switch = 1). The following commands are activated in Marlin software to enable 

the x-axis limit switch reading: 

X_ENABLE_ON = 1, X_HOME_DIR = 1 

With the limit switch pushed in manually, the print-head is instructed to move away and towards the 

switch by 10 mm and check if a limit switch has been contacted by using the command “G1 X10 S1”. 

Should the limit switches be operational and connected correctly, the axis will not move. The test is 

repeated with the limit switches left normally open, resulting in the axis moving when the software 

command is given. The test is then repeated for all switches on the ‘x’, ‘y’, and ‘z’ axes. Figure 5.6 

demonstrates the testing of the switches. 

 

Figure 5.6: Testing of Limit Switch Operation 

Determining axis boundaries 

The next required axis calibration step is to ascertain the limit of x-axis travel in the direction of the 

selected end-stop, where the x-axis limit is the closest point to the edge of travel available before frame 

collis ion occurs. The axis move command is given such that the print-head stops just before making 

contact with the end-stop. At this point another incremental move command is given, producing contact 

between the moving gantry and the end-stop, and hence triggering the appropriate motors to stop. The 

gantry is commanded to move 10 mm away from the end-stop, and this new position now designated as 

the proper end-stop location, which will prevent collision of the moving gantry into the stationary frame.
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5.2.3. Bed levelling and surface preparation 

The 1.4 m2 glass print bed requires levelling in order for the print-head nozzle to be located at an equal 

height above the bed when in various ‘x’ and ‘y’ lateral locations. The predominant motivation for print-

bed levelling is so that the extruded material binds equally to the surface. Problems associated with an 

uneven print surface include: plastic bonding to portions of the bed, deformation or delamination of the 

first print layer, or collis ion of the print-nozzle with the bed (Reprap Calibration: 2016). The printer head 

assembly is first commanded via software to move to a print-bed corner. The “Bosch Rexroth VA 

Levelling Foot” height at the selected corner is adjusted so as to produce a 2 mm gap between the print 

nozzle exit and the glass surface. The foot height is measured using Veneer callipers, and the process 

repeated for each table corner, thereby levelling the surface. The process is illustrated in the Figure 5.7. 

 

Figure 5.7: Levelling of Printer Bed via Bosch Rexroth VA Adjustable Feet 

Thereafter, the glass print-surface is cleaned comprehensively with isopropyl alcohol and a non-abrasive 

cloth, thereby removing all oils and residue from the surface. Cleaning is performed so as to prevent poor 

adhesion and bubbling of the first thermoplastic layer. 

5.2.4. Extruder calibration 

Print-head calibration is necessary in order to produce a fluid and uniform melted thermoplastic stream 

from the hot-end, which exits at a constant linearized rate, is uniform in cross-sectional area, and is free 

from bubbles or gas particles. The software settings illustrated in Table 5.4 were found to be optimal for 

the printer application, after significant adjustment and fine-tuning. 

Table 5.4: Extruder Software Settings 

Setting Name                       Setting Optimised Value                       Setting Description 

Extruder Steps/Distance       M92 E<new value>               To set the distance and amount of filament that 

                                                                                             is extruded per number of motor steps. 

Print Layer Height               Skeinforge → Craft                To correct the layer height settings to reflect
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                                             → Carve <0.28 mm>             the printer’s actual layer height. 

Infill                                     Skeinforge → Craft                To correct the amount of filament present in 

                                             → Fill <1.0>                           model centre – object material density setting. 

Hot Temperature                  PLA: 185 OC                          To ensure correct plastic melt rate – varies for 

                                             ABS: 230 OC                          various plastic makes and types. 

Perimeter Width                   Skeinforge →                           To adjust the object perimeter width ratio versus 

                                                  Craft → Carve →                     print thickness. 

                                                  Edge Width/Height                 (Generic Setting = 1.0) 

Oozebane                             Printer Settings →                    To stop material oozing out of the hot-end 

                                             Extruder → Wipe Before        nozzle during non-printing/waiting periods. 

                                             Retract 

 

5.2.5. X/Y/Z axes calibration 

The horizontal axes and part dimension ratios may be calibrated using the software parameters “Track 

Offset” and “Overall Scaling”. Overall scaling is the ratio between actual measurement units in mm 

versus the amount of stepper motor pulses outputted for a particular part dimension being printer and is 

given as: 

                                                               𝑆𝑎𝑥𝑒𝑠 =
𝑙𝑒𝑛𝑔𝑡ℎ𝐶𝐴𝐷 𝑀𝑜𝑑𝑒𝑙

𝑙𝑒𝑛𝑔𝑡ℎ𝐴𝑐𝑡𝑢𝑎𝑙  𝑃𝑎𝑟𝑡
                                                             (5.4) 

The track offset is defined as half the width of one extruder stream of filament and assists in producing a 

print inside the desired perimeter of part schematic. The track offset essentially prints the perimeter layer 

of filament inside the desired profile as shown in Figure 5.8. 

 

 

 

Figure 5.8: Track Offset
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The distance that the extruder must move to produce a side length which is exactly to scale with the CAD 

model is (Hitter, M.T.: 2016): 

                                                                       𝑀𝑥 = (𝑥 − 2𝑇)𝑆                                                             (5.5) 

 

                                 Mx                           actual extruder movement                                mm 

                                 x                              intended dimensional length                            mm 

                                 T                              track offset                                                   0.875 mm 

                                 S                              scaling factor                                                    1:1 

 

The above derivations are used to establish the exact amount of steps required to achieve 1:1 print scaling.  

The z-axis part accuracy is achieved via scaling the CAD model height to that of the actual printed part. A 

test part, such as a cube, with designed height hdesign, is printed and allowed to cool. The actual height 

hacutal is measured, and the size ratio difference noted, that is: 

 

                                                           𝑝𝑎𝑟𝑡 ℎ𝑒𝑖𝑔ℎ𝑡 𝑟𝑎𝑡𝑖𝑜𝑧−𝑎𝑥𝑖𝑠 =
ℎ𝑑𝑒𝑠𝑖𝑔𝑛

ℎ𝑎𝑐𝑡𝑢𝑎𝑙
                                               (5.6) 

 

This ratio, or difference in dimensionality is noted, and the following “STEPS_PER_MM” parameter 

adjusted in the config.h software file to adjust the ratio to 1:1. For a Pololu DRV8825 stepper driver with 

1/32 micro-stepping, and a stepper motor with 200 steps per revolution, the steps/mm figure is derived as 

follows: 

 

                                                      𝐹𝑒𝑒𝑑𝑟𝑎𝑡𝑒 =  
𝑠𝑡𝑒𝑝𝑠 /𝑟𝑒𝑣

𝑐𝑖𝑟𝑐.
= 78.35 𝑠𝑡𝑒𝑝𝑠/𝑚𝑚                                      (5.7) 

Where 

𝑠𝑡𝑒𝑝𝑠 𝑝𝑒𝑟 𝑟𝑒𝑣 = 200 ∗
32

2
 

𝑐𝑖𝑟𝑐. =  𝜋𝑑 = 13𝜋 𝑚𝑚 

These steps conclude the fine-tuning of the system.
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5.3. Measurement test plan and results 

A testing plan is by definition a procedural approach to efficient experimental work for testing a system 

such as a machine or process. In engineering, the execution of the test plan is intended to evaluate a 

specific dimension of performance (Figliola, R.S., Beasley, D.E.: 2011, p.6). In the case of the additive 

manufacturing platform, the locational accuracy, repeatability, print time and speed, and the part 

dimensionality and roughness related to the adjustment of system parameters are investigated. The 

ultimate objective of the measurement test plan is to establish the overall precision of the printer, and later 

contrast the results with those obtainable by standard subtractive processes.  

5.3.1. Gantry locational performance 

The first experiment performed on the printer is to ascertain the accuracy of the gantry system in locating 

the print-head at a desired pre-programmed location. Static calibration entails a known value being input 

into the system under calibrated system conditions, and the system output recorded, with the values of the 

variables remaining constant throughout the test (Ziegler, J.G., Nichols, N.B: 1942, p.759-768). In the 

case of testing for the locational accuracy of a 3-axis printer an appropriate test is devised using the origin 

and end-stops as a probe. A tape measure and high-accuracy +-0.01 mm digital vernier calliper are 

employed to measure distance from the origin to the print-head nozzle centre point. 

 

Figure 5.9: 3-Dimensional Measurement Probe Test Setup 

The test begins with the nozzle being driven to the calibrated home position as defined in software, at 

coordinate (0, 0, 0). Thereafter, the gantry print-head is instructed via G-code to position itself at 

coordinate (2, 2, 2), that is, exactly 2.71 mm away from the probe. At this point, the distance 
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is noted and this value recorded. The print-head is instructed to move to coordinate location (100, 100, 

100) and then directly back to the original (2, 2, 2) ‘test’ position. At this point the measurement is taken 

again, and any errors noted. This process is repeated for coordinate positions in 100 mm ascending 

increments. The results of the experiment are presented in Table 5.5. 

Table 5.5: Printer Locational Error Measurement Data 

Set point (mm)                 Test I (mm)                                Test II  (mm)                      Test III (mm) 

X, Y, Z                                       X, Y, Z                                            X, Y, Z                                      X, Y, Z 

100, 100, 100              0.040, 0.120, 0.050                    0.020, 0.030, 0.030               0.040, 0.010, 0.100 

200, 200, 200              0.090, 0.070, 0.040                    0.040, 0.060, 0.090               0.060, 0.070, 0.080 

300, 300, 300              0.040, 0.060, 0.090                    0.080, 0.040, 0.070               0.060, 0.100, 0.090 

400, 400, 400              0.030, 0.040, 0.070                    0.040, 0.020, 0.030               0.100, 0.030, 0.090 

500, 500, 500              0.110, 0.010, 0.060                    0.060, 0.080, 0.100               0.090, 0.040, 0.080 

600, 600, 600              0.030, 0.080, 0.100                    0.100, 0.050, 0.130               0.030, 0.090, 0.050 

700,700, 700               0.060, 0.040, 0.090                    0.090, 0.070, 0.030               0.120, 0.050, 0.070 

800, 800, 800              0.020, 0.090, 0.110                    0.030, 0.010, 0.010               0.010, 0.090, 0.040 

900, 900, 900              0.090, 0.060, 0.070                    0.030, 0.040, 0.130               0.080, 0.070, 0.120 

1000, 1000, 1000        0.050, 0.050, 0.140                    0.090, 0.160, 0.060               0.060, 0.100, 0.040 

1100, 1100, 1100        0.040, 0.010, 0.110                    0.120, 0.040, 0.090               0.110, 0.070, 0.100 

1200, 1200, 1200        0.020, 0.050, 0.080                    0.020, 0.070, 0.080               0.030, 0.090, 0.040 

Following collection of the locational errors, the pooled data which is collected so as to provide a better 

statistical estimate of the measured locational errors is investigated from a theoretical standpoint. The 

sample mean for each locational measurement is the sum of probe readings divided by the number taken: 

                                                                           �̅� =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1                                                           (5.7) 

                                    �̅�                                     measurement mean                           mm 

                                    N                                     number of measurements                  i 

                                    xi                                     measurement reading                       mm 

The sample standard deviation, known as the average deviation of test readings from the mean, is: 

                                                              𝑠𝑥 = √𝑠𝑥
2 = (

1

𝑁−1
∑ (𝑥𝑖 − �̅�)2𝑁

𝑖=1 )1/2                                         (5.8) 

                                sx                                      standard deviation                                mm
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It is also required to know the precision of a reading at a given probability or confidence level of 95 %: 

                                                                               ±𝑡𝑣,𝑃𝑆𝑥                                                                      (5.9) 

                                                                             𝑣 = 𝑁 − 1                                                                 (5.9.1) 

                               tv,P                                     coverage factor                                 constant 

                                P                                      confidence level                                   % 

The Chi-Squared probability distribution, which estimates reading discrepancy due to random chance, is: 

                                                                      √
𝑣𝑠𝑥

2

𝜒0.025
2 < 𝜎 < √

𝑣𝑠𝑥
2

𝜒0.975
2                                                     (5.10) 

                                σ                                        random error range                              mm 

                                χ2                                       Chi-squared constant                          const. 

For the printer positioning tests performed, as highlighted in Table 5.6, the statistical data is as follows: 

Table 5.6: Printer Locational Error Statistical Data 

Location                                Mean                        Standard                Coverage                    Chi-Square 

Set Point (mm)                      x                              Deviation, sx         Factor,  tv,P                 Probability, σ 

100, 100, 100         0.036, 0.058, 0.063     0.013, 0.055, 0.035    +- 0.028, 0.119, 0.076    0.101 <σ < 0.242 

200, 200, 200         0.069, 0.072, 0.075     0.027, 0.005, 0.029    +- 0.058, 0.011, 0.063    0.061 <σ < 0.145 

300, 300, 300         0.066, 0.072, 0.089     0.022, 0.033, 0.009    +- 0.048, 0.072, 0.019    0.062 <σ < 0.149 

400, 400, 400         0.058, 0.033, 0.070     0.037, 0.010, 0.031    +- 0.081, 0.022, 0.067    0.075 <σ < 0.181 

500, 500, 500         0.091, 0.050, 0.087     0.022, 0.033, 0.017    +- 0.048, 0.072, 0.037    0.066 <σ < 0.159 

600, 600, 600         0.058, 0.079, 0.096     0.042, 0.021, 0.038    +- 0.092, 0.046, 0.083    0.093 <σ < 0.223 

700,700, 700          0.093, 0.058, 0.070     0.026, 0.016, 0.034    +- 0.057, 0.035, 0.074    0.070 <σ < 0.167 

800, 800, 800         0.024, 0.071, 0.057     0.006, 0.045, 0.049    +- 0.013, 0.098, 0.106    0.102 <σ < 0.244 

900, 900, 900         0.072, 0.060, 0.113     0.030, 0.013, 0.029    +- 0.065, 0.028, 0.063    0.066 <σ < 0.159 

1000, 1000, 1000   0.074, 0.109, 0.083     0.021, 0.054, 0.053    +- 0.045, 0.117, 0.115    0.120 <σ < 0.288 

1100, 1100, 1100   0.091, 0.047, 0.106     0.044, 0.030, 0.009    +- 0.095, 0.065, 0.019    0.082 <σ < 0.196 

1200, 1200, 1200   0.028, 0.075, 0.072     0.005, 0.023, 0.027    +- 0.011, 0.050, 0.058    0.054 <σ < 0.130 

Average:                   x = 0.121 mm              Sx = 0.047 mm        tv,P = +- 0.103 mm       0.079 <σ < 0.190
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Figure 5.10: Print Head Locational Performance 

The relationship between set-point value and the measurement may be compared for linearity using 

regression analysis. Assuming a linear relationship, the equation of an input-output regression curve is: 

                                                                      

                                                   𝑦𝑐 = 𝑎𝑜 + 𝑎1𝑥 = 0.0617424+ 1.000002448𝑥                               (5.11) 

                                                            𝑎0 =
∑ 𝑥𝑖 ∑ 𝑥𝑖𝑦𝑖 −∑ 𝑥𝑖

2 ∑ 𝑦𝑖

(∑𝑥𝑖)2−𝑁 ∑ 𝑥𝑖
2 = 0.0617424                                    (5.11.1) 

                                                                𝑎1 =
∑𝑥𝑖 ∑ 𝑦𝑖 −𝑁 ∑𝑥𝑖𝑦𝑖

(∑ 𝑥𝑖)2−𝑁 ∑ 𝑥𝑖
2 ≈ 1.00                                               (5.11.2) 

 

                            xi                                   location set point reading                              mm 

                            yi                                   probe location reading                                   mm 

                            N                                   number of measurements                                i 

                            a1                                   function gradient                                             - 

                            ao                                   function y-intercept                                         - 

 

The ‘fit’ of the measured probe data to the expected linear output can be measured using a correlation 

coefficient, where a value approaching 1 denotes a very linear and accurate fit as
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                                   𝑟𝑥𝑦 =
𝑁 ∑ 𝑥𝑖𝑦𝑖−∑ 𝑥𝑖

𝑁
𝑖= 1 ∑ 𝑦𝑖

𝑁
𝑖=1

𝑁
𝑖=1

√𝑁 ∑ 𝑥𝑖
2 −(∑ 𝑥𝑖)

𝑁
𝑖=1

2𝑁
𝑖=1

√𝑁 ∑ 𝑦𝑖
2 −(∑ 𝑦𝑖

𝑁
𝑖=1 )2𝑁

𝑖=1

= 1.000001499                  (5.12) 

                            Rxy                                 correlation coefficient                                0.00 to 1.00 

Additionally, the random error uncertainty between the measured data can be approximated for the curve: 

 

                                                               𝑆𝑦𝑥 = √
∑ (𝑦𝑖 −𝑦𝑐𝑖 )2𝑁

𝑖=1

𝑁−2
= 0.2756 𝑚𝑚                                       (5.13) 

 

                             Syz                                random error uncertainty                               mm 

                             N                                 number of test readings                                   i 

                              yci                               regression predicted reading                          mm 

                                                                    ±𝑡11,95𝑆𝑦𝑥 =  ±0.6005                                                      (5.14) 

The regression curve for locational accuracy across a range of distance set-points from 100 mm to 1200 

mm is shown in the figure below: 

 

Figure 5.11: Regression Curve for Printer Locational Accuracy Test
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Following plotting of the regression curve, a number of measurement errors can be computed based upon 

these pooled results. It is essential to calculate each individual error contributor, so as to estimate the final 

full-scale uncertainty of the printer’s gantry system. The uncertainty of the four repeated tests due to 

random error is shown to be: 

 

                                                              𝑢𝑥 = ±
𝑡𝑣,𝑃𝑆𝑦𝑥

√𝑁𝑘
= 0.3467 𝑚𝑚                                                  (5.15) 

                                                               %𝑢𝑥 =
𝑢𝑥

𝑟𝑜
∗ 100 = 0.028 %                                                   (5.16) 

 

                            %ux                               random uncertainty error                        % 

                               ro                                range of measurements                          mm 

                               Nk                              number of repeated tests                          i 

 

It is observed from the regression plots of Figure 5.11 that the relationship between the measured and 

measurements are not exactly linear, that is, a linear error develops which is expanded as: 

 

                                                         𝑢𝐿,𝑚𝑎𝑥 = 𝑦𝑖 (𝑥) − 𝑦𝑐𝑖 (𝑥) = 0.1557 𝑚𝑚                                     (5.17) 

                                                 %𝑢𝐿,𝑚𝑎𝑥 =
𝑢𝐿,𝑚𝑎𝑥

𝑟𝑜
∗ 100 = 0.013 % (0.156 𝑚𝑚)                            (5.17.1) 

 

Repeatability is defined as the ability of a measurement device to produce the same output value in 

multiple random tests under identical conditions (Figliola, R.S., Beasley, D.E.: 2011, p.24). Repeatability 

errors can be found by taking note of the maximum standard deviation over the range of test 

measurements, that is, 

𝑆𝑥,𝑚𝑎𝑥 = 0.078 𝑚𝑚   ,𝑟𝑜 = 1200 𝑚𝑚 

                                                %𝑢𝑅𝑚𝑎𝑥 =
2𝑆𝑥

𝑟𝑜
∗ 100 = 0.013% (0.156𝑚𝑚)                                      (5.18) 

 

Finally, the overall printer locational uncertainty can be deduced by combined all the estimates thus far 

using the equation: 

 

                               %𝑢𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = (%𝑢𝑜
2 + %𝑢𝑐

2 + %𝑢𝑛𝑙
2 + %𝑢𝑥

2 + %𝑢𝐿,𝑚𝑎𝑥
2 + %𝑢𝑅𝑚𝑎𝑥

2 )0.5               (5.19) 

= 0.034 % 
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5.3.2. Part dimensionality, tolerances, and effects of parameter changes on part 

performance 

Part dimensionality, that is, the accuracy of the printer part dimensions, was investigated since low 

tolerances and variability in the average part size is desired for correct plug and mould manufacturing. 

Engineering tolerance by definition is the allowable limits of variation in the physical dimensions of an 

object, space, value, or physical property (Menin, S.: 2012). Typically, in mould production, the tolerance 

guidelines set out by industry are grouped into three tolerance classes: normal, medium, and fine. For 

plastic moulding strategies such as ABS, polycarbonate, nylon, and acetyl/acrylic, the suggested 

tolerances for moulded parts are set out in Appendix E.5.  

Parts produced with the printer are to be compared dimensionally to the guidelines given. Part tolerance is 

tested by designing a 10 mm3 cube for multiple print tests. Printer parameters including gantry 

acceleration, gantry velocity, and heater temperature settings were independently adjusted from the 

minimum threshold values to maximum allowable values and separate print tests performed for each. 

Thereafter the dimensions of each printed part were measured using a digital micrometre, and the effects 

of parameter changes noted. 

Table 5.7 and Figure 5.13 present the first experimental dataset relating to the effect on printed part 

dimensional error when gantry acceleration values are ramped up from 0.1 to 0.5 m/s2. 

Table 5.7: Printer Axes Acceleration versus Printed Part Accuracy 

Test         Printer Acceleration     Part Dimensions              Total Error (mm)      Tolerance Grade 

                  Setting (m/s2)                   LxWxH (mm)                    (L2+W2+H2)0.5 

1               0.1                            10.02 x 10.04 x 10.01                        0.04                         fine 

2               0.2                            10.01 x 10.09 x 10.05                        0.10                         fine 

3               0.3                            10.10 x 10.12 x 10.09                        0.18                         medium 

4               0.4                            10.08 x 10.17 x 10.13                        0.23                         normal 

5               0.5                            10.27 x 10.34 x 10.15                        0.46                         normal 

Average:                                   10.09 x 10.14 x 10.08                        0.196                       medium
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Figure 5.13: Printed Part Dimensional Errors vs. Printer Acceleration 

 

Table 5.8 and Figure 5.14 present data relating to printer axis velocity settings versus part error variances. 

 

Table 5.8: Printer Axes Velocity versus Printed Part Accuracy 

Test         Printer Velocity             Part Dimensions              Total Error (mm)      Tolerance Grade 

                  Setting (m/s)                    LxWxH (mm)                    (L2+W2+H2)0.5 

1              0.05                              10.00 x 10.00 x 10.01                   0.01                          fine 

2              0.10                              10.01 x 10.00 x 10.01                   0.02                          fine 

3              0.15                              10.03 x 10.01 x 10.02                   0.04                          fine 

4              0.20                              10.21 x 10.15 x 10.07                   0.27                          normal 

5              0.25                              10.23 x 10.17 x 10.08                   0.30                          normal 

Average:                                      10.09 x 10.06 x 10.04                   0.13                          fine
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Figure 5.14: Printed Part Dimensional Errors vs. Printer Velocity Settings 

 

Table 5.9 and Figure 5.15 presents data comparing part error versus changes in printing temperature.  

 

Table 5.9: Extruder Heater Temperature versus Printed Part Accuracy 

Test         Heater Temperature    Extrusion                       Total Error (mm)         Tolerance Grade 

                  Setting (OC)                       Rate (mm3/s)                 (L2+W2+H2)0.5 

1              180                                        5                                       0.07                          fine 

2              190                                       10                                      0.02                          fine 

3              200                                       15                                      0.06                          fine 

4              210                                       20                                      0.16                          medium 

5              220                                       25                                      0.20                          medium 

Average:                                                                                         0.10                          fine
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Figure 5.15: Printer Material Heater Temperature versus Printed Part Accuracy 

 

5.4. Chapter conclusion 

Chapter 5 detailed the theoretical and physical experimental setup and testing of the additive 

manufacturing platform with respect to print-head locational performance, part dimensionality, surface 

roughness, and process cost and timing. In-depth mathematical analysis was performed, and results 

generated which are to be used in chapter 6 as a contrast against the manufacturing alternative, subtractive 

CNC machining. 
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CHAPTER 6 

 

Conclusions and Hypothesis Validation 

 

This final chapter draws on and makes significance of the experimental results gathered in Chapter 5 

specifically with respect to the large-scale additive manufacturing platform’s printing and technical 

performance. The results are explained and discussed, as well as overall conclusions drawn about the 

machine and whether or not it fulfils the hypothesis statement, that is, if it is a suitable manufacturing 

platform for the production of turbine blade plugs and moulds. Thereafter further potential improvements 

and applications are explored, and the lessons learnt during the research process presented. 

 

6.1. Additive manufacturing process performance evaluation 

In the previous chapter, full technical performance testing of the large-scale additive manufacturing 

platform was performed and the results amalgamated and synthesized. Tests on the apparatus were 

conducted and formulated so as to achieve the research objective, that is, to ascertain if an additive 

manufacturing process is a suitable substitute for mould production. Experiments were 

compartmentalized into two main areas, namely, the statistical performance analysis of the 3-axis gantry’s 

locational accuracy, and the effects which changes in system’s parameter changes had on the quality of 

the printed parts produced. These results are discussed and conclusions drawn henceforth. 

 

6.1.1. Theoretical gantry locational performance 

Prior to physical testing of the ‘x-’, ‘y-’, and ‘z-‘ axes performance, the theoretical accuracy, repeatability, 

precision, and machine errors were calculated using statistical analysis, as highlighted in Tables 5.1 and 

5.2 respectively. Theoretical locational performance is estimated by combining and in essence averaging 

the component errors specified by manufacturers for each component of which the machine is built. Table 

5.1 presents the manufacturer-specified range, repeatability, and accuracy of the motors, linear rail,  timing 

belts, and drivers which make up the printer drive system. Initial inspection of Table 5.1 reveals a 

significant reduction in positional accuracy occurring due to belt stretch in the BrecoFlex T2.5 timing 

belts at 1.04 mm/m accuracy and 0.508 mm repeatability. Linear railing and stepper motor influences are 

less profound at 0.04 mm for translational positioning, 23 μm for running parallelism, and 0.05625 O, or 

0.006 mm for motor rotational accuracy. The possible reasoning for this less-significant impact is as a 

result of the railing being a solid steel member as opposed to the flexible nature of timing belt’s 

composite construction, good Class ‘C’ machining accuracy, and accurate 1/32 micro-stepping 
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achieved via the Polulu DRV8825 stepper motor driver boards. Referring to Table 5.2, component errors, 

in the form of theoretical Design-Stage Uncertainty, μd, are calculated and the an estimate of 1.04 mm 

locational error produced for the entire gantry system. This figure proposes that should the x, y, or z, axes 

be moved electronically to a set destination, the overall theoretical error in the print-head’s new position 

can be estimated at 1.04 mm.  

 

6.1.2. Real-life gantry locational performance 

Physical testing of the printer locational performance seeks to verify the theoretical results obtained 

above, or to surpass the performance predication thereof. Testing, as explained in section 5.3.1, made use 

of a digital vernier to measure the distance from the specified origin that the print-head had travelled 

when given a specified jog command. The measurement tests, repeated thirty-six times, provide a good 

estimate of machine error within a 0.001 mm resolution. Referring to Table 5.5, it can be observed that for 

various location set-points between (100 mm, 100 mm, 100 mm) and (1200 mm, 1200 mm, 1200 mm), the 

locational error magnitudes do not follow a specific trend but are produced randomly, independent of the 

location input command. The data reveals that the errors range between 0.02 mm to 0.14 mm, with 

average errors being larger for the vertical axis, as opposed to the horizontal ‘x’ and ‘y’ axes. It is 

surmised that the reason thereof is due to the longer 5 m travel distance of the vertical axis, with belt 

stretch and oscillation of the axis occurring when changing velocity, as opposed to the sufficiently-

tensioned horizontal axes timing belts and shorter, more rigid linear rail configuration. Additionally, 

another possible factor relating to the increased error in the z-direction may be due to friction and slight 

overload of the vertical stepper motors during the gantry lifting process. According to D.W. Jones, 

stepper motors may lose steps and locating accuracy when at the limit of their torque capacity (Jones, 

D.W.: 2004). 

Referring to Table 5.6, which consolidates the test data and presents the mean, standard deviation, 

coverage factor, and Chi-Square probability distribution for the printer’s locational performance, it can 

noted in the last row that the actual mean accuracy achieved by the machine is 0.121 mm, significantly 

better than the theoretical performance calculated via design-stage uncertainty processes as discussed in 

section 6.1.1. Furthermore, the standard deviation, coverage factor, and Chi-Square probability figures 

indicate by how much the mean locational error may vary, that is, the average performance lies within S x 

= 0.047 mm, +-0.103 mm, and 0.079 mm < σ < 0.190 mm at a 95 % probability. Therefore further 

deduction of the Table proposes a final gantry locational accuracy within the range of 0.121 mm +- 0.190 

mm. Attention needs to be brought to the graphical representation of the printer’s accuracy, as shown in 

Figure 5.10. There appears to be no discernable correlation between printer accuracy and the print-head 

position, with the mean locational error being rather constant and oscillat ing around 0.12 mm. However, it 

may be observed that the error interval, namely the upper and lower standard deviations, increase in 

magnitude as the print-head is commanded to locations (900, 900, 900), (1000, 1000, 1000), and upwards. 

It is surmised that the ‘drift’ in the z-axis is as a result of excess stretch in the counterweighted belts, as 

the counterweight is at the bottom of the structure, increasing belt length and hence displacement. The 

linearity of measured data is displayed on the regression plot in Figure 5.11, highlighting a nearly perfect 

correlation between measured position and expected print-head position as indicated by the correlation 
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coefficient value of Rxy = 1.000001499 in equation 5.12. In Figure 5.11, print-head actual location 

oscillates by approximately 0.15 mm around the set-point, as evidenced by the green readings surrounding 

the yc = 1.000002448x + 0.0617424 theoretical linear regressive plot.  

The large-scale platform’s performance is contrasted against currently available machine variants in 

Figure 6.1 with relation to price, size of parts produced, object surface resolution, and dimensional 

accuracy. The data gathered highlights that the large-scale printer performs well with respect to working 

volume and print resolution, while not sacrificing much accuracy despite its size. The reason for the low 

resolution and relatively good accuracy at 0.012 mm and 0.121 mm comes down to the small diameter of 

the printing nozzle at 0.3 mm and the combination of high-quality machined components, in addition to 

stringent assembly and calibration methods. However, due to the large printing volume of 8.112 m3 and 

machine’s physical enormity, invariably machine cost is high at ZAR 115’000 compared with smaller 

machines such as the FORMLABS FORM2 and M3D Micro printers at ZAR 55’000 and ZAR 7500 

respectively. Being a fused deposition modeller, the machine compares well and improves upon the 

accuracy achieved by the smaller M3D fused deposition printer available commercially, but cannot 

achieve the part accuracy available to Stereo-lithographic printers and machined components which have 

accuracy ratings of 0.05 mm and 0.012 mm. The limitations are inherent to the fused deposition modelling 

printing process and print accuracy can only be improved up to a certain point, that is, 0.1 mm, without 

significant budget overhauls, and modification of existing motor and drive components.  

 

 

Figure 6.1: Comparison of Various 3-Axis Machine Locational Performance
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6.1.3. Effects of parameter variation on printer performance 

Velocity variation 

As presented in section 5.3.2, printer performance and part reproduction accuracy was tested for various 

velocity, acceleration, heater temperature settings. The results thereof are presented graphically in figures 

5.13 to 5.15. Referring to figure 5.13, it is observable that for low gantry velocity settings starting at 0.05 

m/s, the total dimensional error of parts increases at a low rate from 0 to 0.15 m/s. Up until that point the 

total part error reading is only 0.04 mm. However, when velocity settings are increased over 0.15 m/s the 

total error increases substantially to 0.27 mm. It is theorized that this 0.15 m/s velocity ‘cap’ is due to the 

stepper motors losing steps at higher velocity settings, and losing positioning torque. At velocity settings 

above 0.15 m/s, the stepper motors are therefore unable to reproduce the same positioning accuracy 

afforded. Other factors may be the axes inertial effects, that is, the faster the print-head and associated 

drive-train is moving, the more time it takes for the motors to change and position the print-head, thus 

resulting in unanticipated positioning ‘overshoot’. Finally, belt shift or backlash, and stretch of belting 

during operation above 0.15 m/s may play a role in the increased part error accumulation. 

Acceleration variation 

Similarly, in Figure 5.13, the printer axes acceleration settings versus printed part error follows a roughly 

linear trend, with errors increasing proportionally when acceleration settings are increased, from 0.04 mm 

at 0.1 m/s2, up to 0.23 mm at 0.4 m/s2. It should be noted however that increasing the acceleration beyond 

0.4 m/s2 results in a degradation of positioning accuracy further, where the graph relationship becomes 

almost exponential, with total part error reaching 0.46 mm at 0.5 m/s2. The factors are synonymous with 

those experienced during the velocity tests. 

Material heater temperature variation 

The final parameter to be adjusted and the effects on part accuracy noted is the temperature at which the 

material is to be melted. PLA thermoplastic was employed for the tests due to availability, ease of 

printing when compared to ABS plastic, and the biodegradability of PLA. The tests are performed 

between the recommended melting temperature range for the material, that is, between 180 OC and 220 
OC. As seen in Figure 5.15,  printed part error is affected less by temperature at 0.2 mm maximum error 

when compared with velocity and acceleration variations of  0.3 mm and 0.46 mm respectively. The 

temperature versus error data obtained presents some interesting findings on part accuracy. When a part is 

produced at the minimum printing temperature 180 OC, total part dimensional error is 0.08 mm, and 

decreases to 0.02 mm when the printing temperature is increased to 190 OC. However, when test parts are 

printed at successively higher temperatures of 200, 210, and 220 OC, the part error again increases to 

higher values of 0.06, 0.16, and 0.20 mm. The reason for a larger part error at 180 OC when compared to 

the 190 OC setting is as a result of the material not melting quickly enough for deposition, thus causing an 

under-extrusion of material and therefore inaccurate part volume and density. Conversely, higher material 

melting temperatures cause the PLA material to bubble and bind with atmospheric gases, causing larger 

part volumes and thus dimensional errors and part surface defects. Thus, referring to Figure 5.15, it is 

surmised that the optimal printing temperature for PLA is 190 OC to eradicate material-gas cohesion, but 

also prevent material under-extrusion.
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6.2. Research objectives achieved 

In essence, the purpose of this paper and the research performed was to investigate rapid prototyping as a 

manufacturing method for wind turbine blade plug and mould production, and then conceptualise, design, 

and manufacture a machine which would perform such a task. The machine would as such, have to be 

performance tested to assess the suitability of said machine for the application. With regards to the 

research objectives which were set out in Chapter 1, all objectives were achieved, namely, a large-scale 

additive manufacturing platform was conceptualized, designed, manufactured, and performance tested, 

and fulfilled the technical metrics: 

 The machine has a total print envelope of 1.2 m x 1.2 m x 5 m, that is, 7.2 m3. 

 The platform has the capability to print with any commercially-available filament material, and 

has been tested with ABS and PLA plastics. 

 The design incorporates a 12 V DC 80 Ah deep cycle battery power supply with continuous 

recharge, allowing continuous uninterruptable printing of blade plugs. 

 The print-bed, upon which the designed part is produced, is a separate assembly and is able to be 

moved away from the machine following print completion. 

 Positioning accuracy and repeatability achieved through testing is 0.121 mm (Table 5.6) and 

0.156 mm (Eq. 5.18) respectively, which just satisfies the criteria set out of 0.1 mm for both. 

 The system achieves a 0.1 mm system deflection at 160 mm/s print-speed (Figure 5.14), which 

exceeds the research objectives target by 10 mm/s. 
 

6.3. Fulfilment of hypothesis statement 

The final research objective which requires verification of achievement is that of suitability of the large-

scale manufacturing platform for the production of blade plugs with regards to machine accuracy. 

Conventionally, blade plugs are machined to approximate dimensions using three-axis CNC machines. 

Thereafter the plugs are laid over with tooling paste or laminate and are further machined to the correct 

dimensions. Further manual sanding allows a glass-like smooth finish to be realized (Marsh, G.: 2008). 

Dimensional accuracy and surface finish achieved for CNC milling is in the region of 0.025 to 0.050 mm, 

and surface roughness of 50 µm. Prior to manual polishing, the blade plugs achieve the above 

dimensional accuracy. 

In Chapter 1, the criteria laid out for suitability via additive manufacturing were a part dimensional 

accuracy of 0.1 mm and a surface roughness measurement of 50 μm. In performance testing the locational 

ability of the x-y-z gantry system, it was found that the print-head was able to locate to an accuracy of 

0.121 mm with 0.013 % uncertainty, as shown in Chapter 5, section 5.3.1. Additionally, print repeatability 

of 0.156 mm was achieved, with resolution determined by the print nozzle, in the region of approximately 

0.1 mm. These performance attributes fall in line with those required by industry for the production of 

turbine blade plugs, as well as mould dimensional standards as found in Appendix E.5, thus, the additive 
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manufacturing technique compares admirably in accuracy and surface finish to the CNC method. 

Additionally, both methods require that the plug be further sanded and polished via manual methods. 

Therefore, the large-scale additive manufacturing platform satisfies the hypothesis statement and research 

objectives as laid-out, and is an acceptable manufacturing method for production of blade plugs.  

 

6.4. Recommendations for future work 

Upon further reflection following research completion, possible machine improvements were noted. The 

system at present contains an open-loop stepper motor control system. This system could be upgraded 

with an encoder closed loop feedback system to more accurately measure axis travel. Additionally, 

development and manufacture of the pellet-extruding print-head concept could be undertaken to exploit 

the financial benefits of the new technology, so as to improve the environmental-‘friendliness’ of the 

design. Finally, a host of other print materials such as carbon-fibre, ceramic-polymer, and metal-

composite filaments could be tested with the printer as alternatives to PLA and ABS for production of 

moulds and plugs.  

6.5. Chapter conclusion 

The final chapter discusses the results obtained by the performance testing of the large-scale rapid 

prototype, and attempts to answer the hypothesis statement, and whether or not the technical performance 

of the machine coincides with the objectives laid out at the onset of the research. Furthermore, 

recommendations for future work in large-scale additive manufacturing and improvement of the machine 

are explored.
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A       Appendix   -   Design Calculations 
 

A.1. Timing belt and pulley viability derivations 

 

It is necessary to calculate the effective forces imposed on a pulley system drive implementation, so as to 

assess the viability of the proposed solution. 

As with all rotational systems, the pulley angular velocities can be derived from the rotational speed as: 

 

                                                                        𝜔1,2 = (𝜋𝑛1,2)/30                                                        (A1.1) 

                             ω1,2                             pulley angular velocity                                  rad.s-1 

                             n1,2                             pulley rotational speed                                   rev/min 

 

According to Gates, (Gates Mectrol Belt Theory: p.6) the ‘effective tension generated at the driver pulley 

is the actual working force that overcomes the overall resistance to belt motion’. Since the 3d printer 

drive system is representative of a power transmission drive system, the resistance to motion occurs at the 

driven pulley. Then the torque requirement at the driver can be derived as follows: 

 

                                                       𝑀1 = 𝑇𝑒
𝑑1

2
=  

𝑀2

𝜂
.

𝑑1

𝑑2
=  

𝑃2 𝑑1

𝜔2𝜂𝑑2
=

𝑃2

𝜔1𝜂
                                             (A1.3) 

 

                              M1                              driving pulley torque                                  N.m. 

                              M2                              torque at driven pulley                                N.m. 

                              ω1,2                             pulley angular velocities                             rad.s-1 

                              d1,2                              pulley pitch diameters                                 m 

                              P2                               driven pulley power requirement                 W 

                              η                                   belt efficiency                                               0.94→0.96 

 

The load to be transported, in this case the print-head, is attached to a linear slider assembly, which is 

moved via the timing belt. The load is accelerated via the timing belt and sets up inertial and tensile forces 

in the belt. The effective tension in the belt, as mentioned earlier, is shown to be:
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                                                          𝑇𝑒 = 𝐹𝑎 + 𝐹𝑓 + 𝐹𝑤 + 𝐹𝑎𝑏 + 𝐹𝑎𝑖                                                   (A1.4) 

 

                           Fa                                slider acceleration force                                    N 

                           Ff                                slider bearing frictional force                            N 

                           Fw                               slider weight component                                   N 

                           Fab                              belt inertial acceleration force                           N  

                           Fai                               idler pulley inertial force                                   N 

 

The separate force components of equation A1.4 are given as: 

 

                                                                        𝐹𝑎 =  𝑚𝑠𝑎                                                                  (A.1.4.1) 

 

                           ms                                slider mass                                                         kg 

                           a                                  slider block linear acceleration                          m.s-2 

 

                                                                𝐹𝑓 = 𝜇𝑟𝑚𝑠𝑔𝑐𝑜𝑠𝛽 + 𝐹𝑓𝑖                                                       (A1.4.2) 

 

                           μr                              slider dynamic frictional coefficient                   const. 

                           g                               gravitational acceleration constant                     9.81 m/s2 

                           Ffi                             bearing/grease/preload friction                            N 

                           β                               slider incline angle                                              O 

 

                                                                      𝐹𝑤 =  𝜇 𝑟𝑚𝑠𝑔                                                                (A1.4.3) 

                                                                      𝐹𝑎𝑏 =
𝑤𝑏𝐿𝑏𝑎

𝑔
                                                                  (A1.4.4) 

 

                           L                                belt length                                                          m 

                           b                                belt width                                                           m
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                           wb                              belt specific weight                                            kg/m3 

 

                                                                 𝐹𝑎𝑖 =  
𝑚𝑖 𝑎

2
. (1 +

𝑑𝑏
2

𝑑2
)                                                          (A1.4.5) 

 

                           mi                              idler pulley mass                                                kg 

                           d                                idler pulley diameter                                          m 

                           db                               idler bore diameter                                             m 

 

 As a timing belt rotates around two appropriately-sized pulleys under load, a differential in tension is 

produced on the “entering” and “leaving” sides of the belt. The relationship is denoted as effective 

tension, which is shown to be: 

                                                                            𝑇𝑒 = 𝑇1 − 𝑇2                                                              (A.1.5) 

                            T1                                     belt tight side tension                                   N 

                            T2                                     belt slack side tension                                  N 

 

The system driving torque, M, for a single belt-pulley combination with diameter d can be expressed as: 

 

                                                                               𝑀 = 𝑇𝑒
𝑑

2
                                                                (A1.6) 

                                 Te                                effective belt tension                                    N 

                                 d                                 pulley pitch diameter                                    m                 

 

A.2. Timing belt viability calculation 

Generically, a 16 tooth T2.5 16 mm diameter timing pulley and 6mm wide T2.5 timing belt are selected 

for each axis of motion, with NEMA17 48 mm 0.471 N.m. stepper motors driving the system. The 

maximum power available is derived from the stepper motor as: 

                                                              𝑃2 = 𝐼𝑠𝑡𝑒𝑝𝑝𝑒𝑟 𝑉 = (1.8 𝐴)(12 𝑉)                                               

= 21.6 𝑊 

 

Additionally, maximum bearing slide speed attainable for 3d printers at 300 mm/s linear speed is:
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𝜔1,2 = 37.5 𝑟𝑎𝑑/𝑠 

Employing equation A1.3, the driver torque requirement is: 

 

𝑀1 =  
𝑃2

𝜔1𝜂
=  

21.6 𝑊

(37.5 𝑠−1)(0.95)
= 0.606 𝑁.𝑚. 

 

Selecting a Hiwin MG12R short carriage with mass ms = 0.034 kg and print-head system with mass 10 kg 

and acceleration a = 1 m/s2 results in: 

 

𝐹𝑎 =  𝑚𝑠𝑎 = (10 𝑘𝑔)(
1 𝑚

𝑠2 ) = 10 𝑁 

 

The bearing slide operates on a flat plane at β = 0O with frictional coefficient μr = 0.01 and small grease 

friction Ffi resulting in a carriage frictional force of: 

 

𝐹𝑓 = 𝜇 𝑟𝑚𝑠𝑔𝑐𝑜𝑠𝛽 + 𝐹𝑓𝑖  

= (0.01)(10 𝑘𝑔)(9.81)(𝑐𝑜𝑠0) + 0.5 𝑁 

= 1.481 𝑁 

𝐹𝑤 =  𝜇𝑟𝑚𝑠𝑔 = (0.01)(10 𝑘𝑔)(9.81) 

= 0.981 𝑁 

 

The belt inertial acceleration force for T2.5 6 mm belting with a specific weight wb = 0.009 kg/m, per 

meter is: 

𝐹𝑎𝑏 =
𝑤𝑏𝐿𝑏𝑎

𝑔
  

=
(0.009 𝑘𝑔.𝑚−1)(1 𝑚)(0.006 𝑚)(1 𝑚.𝑠−1)

9.81
 

= 5.504 𝑥 10−6  𝑁 

 

The inertial force required to produce movement in a 16T T2.5 idler pulley with mass mi = 0.005 kg is: 

𝐹𝑎𝑖 =  
𝑚𝑖 𝑎

2
. (1 +

𝑑𝑏
2

𝑑2)
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=  
(0.0050 𝑘𝑔)(1 𝑚.𝑠−1)

2
. (1 +

(0.0050 𝑚)2

(0.0150 𝑚)2) 

= 0.0027̇ 𝑁 

 

Finally, the effective belt tension is calculated as: 

𝑇𝑒 = 𝐹𝑎 + 𝐹𝑓 + 𝐹𝑤 + 𝐹𝑎𝑏 + 𝐹𝑎𝑖  

= 10 𝑁 + 1.4810 𝑁 + 0.9810 𝑁 + (5.504 𝑥 10−6  𝑁) + 0.0027 𝑁 

= 12.4647 𝑁 

Effectively, T1 should equal T2 if adequate preloading or tensioning is applied prior to use. Lastly, the 

required pulley torque for a 15 mm T2.5 pulley can be calculated as: 

𝑀 = 𝑇𝑒

𝑑

2
 

= (12.4647 𝑁)(
0.0150 𝑚

2
) 

= 0.09348 𝑁. 𝑚. 

Since the stepper motors produce a maximum torque of 0.471 N.m., the design factor is: 

𝑛 =  
𝑇𝑚𝑜𝑡𝑜𝑟

𝑀
=  

0.4710 𝑁. 𝑚.

0.0934 𝑁. 𝑚.
= 5.0400 

Leading to the conclusion that a timing belt and pulley drive system is a viable solution.  

 

A.3. Rack and pinion drive viability derivations 

Viability of rack and pinion systems are investigated from a mechanical standpoint, specifically relating 

to the forces, stresses, and power requirements needed for the 3d printer application. The system should 

be able to accelerate a 10 kg load up to 300 mm/s in the ‘x’ and ‘y’ linear directions with an acceleration 

of 1 m/s2. Initially the following system parameters are assumed for the printer gantry. Formulas and 

values for the tangential forces experienced between meshing gear teeth are as follows: 

Pinion subassembly acceleration: 

 

                                                                                  𝑎 =  
𝑣

𝑡𝑏
                                                                  (A3.1) 

Actual Tangential Meshing Force: 
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                                                                            𝐹𝑢 =  
𝑚𝑔𝜇+𝑚𝑎

1000
                                                            (A3.2) 

Maximum Theoretical Tangential Design Load: 

 

                                                                         𝐹𝑢 𝑝𝑒𝑟𝑚 =  
𝐹𝑢𝑇𝑎𝑏

𝐾𝐴𝑆𝐵𝑓𝑛 𝐿𝐾𝐻𝐵
                                                  (A3.3) 

Strength Design Factor: 

 

                                                                               𝑛 =  
𝐹𝑢 𝑧𝑢𝑙,𝑝𝑒𝑟

𝐹𝑢
                                                           (A3.4) 

Motor Torque Requirement: 

                                                                             𝑇𝑟𝑒𝑞. = 𝐹𝑢𝑟𝑝𝑖𝑛𝑖𝑜𝑛                                                       (A3.5) 

Motor Design Factor: 

                                                                                    𝑛𝑚 =
𝑇𝑚

𝑇𝑟𝑒𝑞.
                                                          (A3.6) 

 

                                m                              Mass to be moved                                                kg 

                                v                               Speed                                                                    m/s 

                                tb                               Acceleration time                                                 s 

                                g                               Gravitational acceleration constant                      m/s2 

                                μ                               Dynamic frictional coefficient                            const. 

                                KA                             Load factor                                                         const. 

                                fn                               Life-Time factor                                                 const. 

                                SB                             Safety coefficient                                                const. 

                                LKHB                         Linear Load Distribution Factor                         const. 

Tooth strength calculation 

The pinion acceleration along the rack can be defined as: 

 

𝑎 =  
𝑣

𝑡𝑏
=  

0.3 𝑚. 𝑠−1

0.3 𝑠
= 1 𝑚. 𝑠−2  
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Then the tangential force experienced on the meshing teeth is found to be: 

 

𝐹𝑢 =  
𝑚𝑔𝜇 + 𝑚𝑎

1000
=  

(10 𝑘𝑔)(9.81)(0.1)+ (10 𝑘𝑔)(1 𝑚.𝑠−2)

1000
= 0.01981 𝑘𝑁 

 

Selecting a generic module 3 C45 hardened indium rack with 16MnCr5 20 tooth pinion, the maximum 

allowable tangential force is: 

𝐹𝑢 𝑧𝑢𝑙,𝑝𝑒𝑟. =  
𝐹𝑢𝑇𝑎𝑏

𝐾𝐴 𝑆𝐵𝑓𝑛𝐿𝐾𝐻𝐵
= 

11.5 𝑘𝑁

(1.5)(1.2)(1.05)(1.5)
= 4.05 𝑘𝑁 

 

Finally the safety factor for the system is: 

 

𝑛 =  
𝐹𝑢 𝑧𝑢𝑙,𝑝𝑒𝑟

𝐹𝑢
=  

4.05 𝑘𝑁

0.01981 𝑘𝑁
= 204.44 

Therefore, due to the large safety factor, the teeth will not deform or shear under load. 

Motor power calculation 

It is also necessary to assess the load-carrying capacity of motors when paired to a rack and pinion drive. 

Assuming implementation of a NEMA17 48 mm stepper motor and 20 mm diameter pinion: 

 

𝑇𝑚 = 0.471 𝑁.𝑚. 

 

The minimum system torque requirement may be derived from the tangential force, Fu, produced as: 

 

𝑇𝑟𝑒𝑞. = 𝐹𝑢 𝑟𝑝𝑖𝑛𝑖𝑜𝑛 = (19.81 N)(0.01 m) = 0.1981 𝑁. 𝑚. 

The torque design factor is given as: 

𝑛𝑚 =
𝑇𝑚

𝑇𝑟𝑒𝑞 .
=  

0.471 𝑁. 𝑚.

0.1981 𝑁. 𝑚.
= 2.377 

The low design factor achieved requires prohibits timeous acceleration and change of direction of the 

system, which is not advantageous. 

 

A.4. Power screw drive viability derivations 

Square threaded power screws are employed for moving the gantry in the z direction. The design of a 

lightweight gantry crossbeam is governed by the strength of the stepper motors employed. A square-

threaded lead-screw, with mean diameter dm, lead angle λ, helix angle ψ, and pitch p, is under the load of 
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the gantry crossbeam, with compressive downward force F. Initially, mean diameter dm, lead angle λ, 

helix angle ψ, and pitch p, are specified by selecting a lead-screw and stepper motor combination with the 

following specifications: 

 

                                Motor                                                          NEMA-17, 60  mm Depth 

                                Resolution                                                  200 Steps/Rev 

                                Rated Current                                             1.5 A @ 4 V 

                                Holding Torque                                          TR = 0.65 N.m. 

                                Shaft Diameter                                            dm = 5 mm 

                                Lead-screw Pitch                                        Tr8x8 (P2)  

                                Lead-screw Lead                                        l = 8 mm 

                                Lead-screw Diameter                                 d = 8 mm 

                                Lead-screw Pitch                                        p = 2 mm 

 

According to Shigley (p.408: 2008) for a steel nut being driven on the steel lead-screw with oil lubrication 

employed, the frictional coefficient is estimated as: 

𝑓 = 0.13 

Knowing the above motor and lead-screw specifications, the force rating of the motor-screw subassembly 

may be determined, that is, the amount of weight that the two stepper motors are able to lift. Knowing the 

total lifting torque available is: 

𝑇𝑅 = 0.65 𝑁.𝑚. 

Since the Acme thread profile is employed on the lead-screws specified, the Acme thread angle α is: 

 

2𝛼 =  29 𝑂 

𝛼 = 14.5 𝑂 

                                                       sec(𝛼) =  
1

cos (𝛼)
=

1

cos (14.5 𝑂)
= 1.033                                          (A4.1) 

 

                                     α                            ACME thread angle                                          O 
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The formula used to calculate required lifting torque can be rearranged to obtain the lifting force of the 

subassembly: 

                                                                     𝑇𝑅 =
𝐹𝑑𝑚

2
(

𝑙+𝜋𝑓𝑑𝑚

𝜋𝑑𝑚−𝑓𝑙
)                                                           (A4.2) 

 

                                     TR                        lead-screw lifting torque                                       N.m. 

                                     F                          lead-screw lifting force                                         N 

                                     dm                        lead-screw mean diameter                                     m 

                                      l                          lead-screw lead                                                      m 

                                      f                          screw-nut frictional coefficient                             const. 

 

Rearranging the above yields: 

                                                                𝐹𝑙𝑖𝑓𝑡𝑖𝑛𝑔 =
2𝑇𝑅

𝑑𝑚
(

𝜋𝑑𝑚−𝑓𝑙𝑠𝑒𝑐𝛼

𝑙+𝑓𝑑𝑚𝑠𝑒𝑐𝛼
)                                                (A4.2.1) 

=
2(0.65 𝑁. 𝑚. )

0.008 𝑚
(

(3.14)(0.008 𝑚) − (0.13)(0.008 𝑚)(1.033)

0.008𝑚 + (0.13)(0.008)(1.033)
) 

= 376.35 𝑁 

≈ 38.36 𝑘𝑔 

 

Therefore, with a specified design factor of nd = 3 and employing two motors, the x-axis crossbeam 

subassembly should be designed with a maximum weight less than: 

 

                                                                      𝑤𝑔𝑎𝑛𝑡𝑟𝑦 < 
2𝐹𝑙𝑖𝑓𝑡𝑖𝑛𝑔

𝑛𝑑
                                                          (A4.3) 

<  
2(38.36 𝑘𝑔)

3
 

𝑤𝑔𝑎𝑛𝑡𝑟𝑦 < 25.57 𝑘𝑔 

Self-locking lead-screw determination 

Self-locking of a lead-screw is achieved whenever the thread’s friction coefficient is equal to or greater 

than the tan of the lead angle, namely: 

 

                                                                              𝜋𝑓𝑑𝑚 > 1                                                                (A4.4) 

                                                                             𝑓 > tan (𝜆)                                                             (A4.4.1)
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0.13 > tan (6 𝑂) 

0.13 > 0.105 

 

                    f                                         lead-screw frictional coefficient                             const. 

                    dm                                      lead-screw mean diameter                                      m 

                      λ                                        lead-screw lead angle                                              O 

 

Therefore the lead-screw is self-locking, which is a desirable result. 

Lead-screw efficiency 

Lead-screw efficiency is simply the ratio of torque to raise the load with frictional losses versus those 

without. The lifting torque TO without frictional losses is: 

 

                                                                             𝑇𝑂 =
𝐹𝑙

2𝜋
                                                                     (A4.5) 

=  
(376.35 𝑁)(0.008 𝑚)

2(3.14)
 

= 0.47918 𝑁. 𝑚. 

 

Lifting force TR with friction, as mentioned previously is: 

𝑇𝑅 = 0.65 𝑁.𝑚. 

Then the lead-screw efficiency E is: 

                                                                    𝐸 =  
𝑇𝑂

𝑇𝑅
=

0.47918  𝑁.𝑚.

0.65 𝑁.𝑚.
                                                       (A4.6) 

= 0.7372 

= 73.72 % 

Stress analysis of lead-screws 

It is necessary to investigate the effect of the designed gantry load on the lead-screws, so as to ascertain if 

any bending or deformation occurs structurally. Firstly, the maximum nominal torsional shear stress of 

the screw body, τ, can be approximated as: 

                                                                             𝜏 =  
16𝑇

𝜋𝑑3                                                                      (A4.7)
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=
16(0.65 𝑁. 𝑚. )

(3.14)(0.005 𝑚3)
 

= 26.49 𝑀𝑃𝑎 

 

                            τ                                      torsional shear stress                                   MPa 

                            T                                     applied torque                                              N.m. 

                            d                                     lead-screw diameter                                     m 

                            Sy                                   yield strength                                                MPa 

                            Ssy                                  shear yield strength                                      MPa 

                            F                                    applied force                                                 N 

                            A                                   surface area                                                   m2 

                            p                                    lead-screw pitch                                            m 

                            nt                                   number of engaged threads                            i 

                            V                                   shear force                                                     F 

                            M                                  moment at cross-section                                N.m. 

                            I                                    moment of inertia                                           m4 

                            c                                    cross-section width                                        m 

The approximate yield strength of high carbon steel used to manufacture Acme lead-screws is 450 MPa, 

and by definition, the shear yield strength is a percentage of the tensile yield strength: 

 

                                                                           𝑆𝑠𝑦 = 0.57𝑆𝑦                                                              (A4.8) 

= (0.57)(450 𝑀𝑃𝑎) 

= 265.5 𝑀𝑃𝑎 

 

Since, τ < Ssy the lead-screws will not shear during operation. The axial stress, that is, the normal stress 

acting longitudinally, is approximated as: 

 

                                                                           𝜎 =  
𝐹

𝐴
=  

4𝐹

𝜋𝑑2
                                                            (A4.9) 

=  
(4)(376.35 𝑁)

(3.14)(0.005 𝑚)2
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= 19.17 𝑀𝑃𝑎 

 

Which is substantially less than Sy = 450 MPa. 

The maximum bearing stress, where nt are the number of engaged threads, is experienced at the bottom 

thread of the collar-screw interface, and is shown to be: 

 

                                                                       𝜎𝑏 =
𝑀𝑐

𝐼
=

6𝐹

𝜋𝑑𝑟𝑛𝑡𝑝
                                                         (A4.10) 

=  
6(376.35 𝑁)

(3.14)(0.005 𝑚)(1)(0.002 𝑚)
 

= 71.78 𝑀𝑃𝑎 

 

Additionally, the transverse shear stress at on the lowest thread is: 

 

                                                                         𝑇 =  
3𝑉

𝐴
=  

3𝐹

𝜋𝑑𝑛𝑡𝑝
                                                         (A4.11) 

=
3(376.35 𝑁)

(3.14)(0.005 𝑚)(1)(0.002 𝑚)
 

= 35.94 𝑀𝑃𝑎 

Since all stress approximations fall well below the material’s failure strength parameters, the lead-screws 

are suitable for use in the intended application. 

A.5. Stepper motor transfer function derivation 

This derivation attempts to model the operation of a permanent-phase stepper motor when the motor 

completes one step, that is, 1/16th of a revolution, with both phases being energized. It is assumed that the 

applied torque at the start of operation is zero (Robinson, D.J: 1969, p.20). The initial conditions are: 

 

                                                                     [
𝑑𝜃

𝑑𝑡
]0 = [

𝑑2 𝜃

𝑑𝑡2 ]0 = 0                                                            

                                                                         𝐼1,0 = 𝐼2,0 = 𝐼                 

                                                

The motor torque values at the t = 0 operating point are: 

 

                                                       𝐾𝑇𝐼2,0𝑐𝑜𝑠𝜃0 − 𝐾𝑇𝐼1,0𝑠𝑖𝑛𝜃0 =  𝑇𝐿,0                                               (A5.1) 

 

When TL,0 = 0, θ0 = 45 O, then the linearized equations of friction are:                                                (A5.2)
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−𝐾𝑇𝐼[𝑠𝑖𝑛𝜃0 + 𝑐𝑜𝑠𝜃0]𝛥𝜃(𝑡) + 𝐾𝑇𝑐𝑜𝑠 𝜃0Δ𝐼2(𝑡) − 𝐾𝑇𝑠𝑖𝑛𝜃0Δ𝐼1(𝑡)

=  
𝐽

𝑁𝑅𝑇
Δ [

𝑑2𝜃(𝑡)

𝑑𝑡 2
] +

𝐷

𝑁𝑅𝑇
Δ [

𝑑𝜃(𝑡)

𝑑𝑡
] +  Δ𝑇𝐿 (𝑡)  

                                       Δ𝐸1(𝑡) = 𝑅𝛥𝐼1(𝑡) + 𝐿𝛥 [
𝑑𝐼1 (𝑡)

𝑑𝑡
] +  

𝐾𝑣

𝑁𝑅𝑇
𝑠𝑖𝑛𝜃0𝛥[

𝑑𝜃(𝑡)

𝑑𝑡
]                                   (A5.3) 

                                       Δ𝐸2(𝑡) = 𝑅𝛥𝐼2(𝑡) + 𝐿𝛥 [
𝑑𝐼2 (𝑡)

𝑑𝑡
] +  

𝐾𝑣

𝑁𝑅𝑇
𝑐𝑜𝑠𝜃0𝛥[

𝑑𝜃(𝑡)

𝑑𝑡
]                                  (A5.4) 

Taking the Laplace transforms of equations A5.2 to 5.4 yields: 

 

                                                   𝛥𝜃(𝑠) =  
𝐾𝑇 𝑐𝑜𝑠𝜃0 𝛥𝐼2 (𝑠)− 𝐾𝑇 𝑠𝑖𝑛𝜃0𝛥𝐼1(𝑠)− 𝑇𝐿 (𝑠)

𝐽𝑆2

𝑁𝑅𝑇
+

𝐷𝑠

𝑁𝑅𝑇
+𝐾𝑇 𝐼[𝑠𝑖𝑛𝜃0+𝑐𝑜𝑠𝜃0 ]

                                        (A5.5) 

                                                       𝛥𝐼1(𝑠) =  
𝛥𝐸1 (𝑠)+

𝐸1,0

𝑠
−

𝐾𝑣
𝑁𝑅𝑇

𝑠𝑖𝑛𝜃0 𝑠𝛥𝜃(𝑠 )

𝑅+𝐿𝑠
                                               (A5.6) 

                                                       𝛥𝐼2(𝑠) =  
𝛥𝐸2 (𝑠)+

𝐸2,0

𝑠
−

𝐾𝑣
𝑁𝑅𝑇

𝑐𝑜𝑠𝜃0𝑠𝛥𝜃(𝑠)

𝑅 +𝐿𝑠
                                               (A5.7) 

 

Substituting equations A5.6 and A5.7 into A5.5, the resulting transfer function for a bipolar permanent 

magnet stepper motor is: 

                                                                𝜃(𝑠) =  
(

−1

𝐽
)𝛥𝑇𝐿 (𝑠)(𝑁𝑅𝑇 )

𝑠2 +
𝐷

𝐽𝑠
+ 

√2𝐾𝑇𝐼𝑁𝑅𝑇
𝐽

                                                          (A5.8) 

A.6. Thermistor transfer function derivation 

Thermistors of the NTC variety operate by varying resistance as temperature changes. The resistance at 

temperature T is given by: 

                                                                            𝑅(𝑡) =  𝑅𝑜𝑒
( 𝐵

𝑇(𝑡)−𝑇𝑂
)
                                                  (A6.1) 

 

                   TO                             reference temperature                                                  OC 

                   T                               current temperature                                                      OC 

                   R                              resistance reading at current temperature                     Ω 

                   RO                            nominal resistance at reference temperature                 Ω 

                   B                              characteristic temperature constant                               const. 

 

With the thermal behaviour being approximated by:
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                                                                           𝑄 =  𝐾𝑑𝑡𝑐
𝑑𝑇

𝑑𝑡
                                                             (A6.2) 

 

                    Q                              port heat flow                                                               J/s 

                    Kd                            dissipation factor                                                          const. 

                    Tc                             thermal time constant                                                   const. 

                    dT/dt                        temperature rate change                                               const. 

 

Taking the Laplace transform of equation and re-arranging A5.9: 

𝐿{𝑅(𝑡)} = 𝐿 {𝑅𝑜𝑒
( 𝐵

𝑇(𝑡)−𝑇𝑂
)
} 

𝑅(𝑠) = 𝑅𝑂 ∫ 𝑒
( 𝐵

𝑇(𝑡)−𝑇𝑂
)

∞

0
𝑒−𝑠𝑡𝑑𝑡 

𝑅(𝑠) = 𝑅𝑂 ∫ 𝑒
( 𝐵

𝑇(𝑡)−𝑇𝑂
)−𝑠𝑡

𝑑𝑡
∞

0
 

𝑅(𝑠) = 𝑅𝑜 [−
1

𝑠
𝑒

( 𝐵

𝑇(𝑠)−𝑇𝑜
−𝑠𝑡)

] |0
∞ 

                                                                 𝑅(𝑠) =  −
𝑅𝑜

𝑠
[

1

𝑠−
𝐵

𝑇(𝑠)−𝑇𝑜

]                                                      (A6.3) 

A.7. Filament extrusion theory  

All FDM filament extruders follow the same basic operation procedure, with physical modelling of the 

system being quite uniform among the various extruder configurations. Initially, a current value is sent to 

the extruder stepper motor via a motor driver breakout board with a nominal voltage and power rating. 

Therefore the stepper motor power characteristics are expressed as: 

                                                                  𝑃𝑚𝑜𝑡𝑜𝑟 = 𝑉𝐼𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑                                     (A.7.1) 

𝑇𝑚𝑜𝑡𝑜𝑟,𝑟𝑎𝑡𝑒𝑑  (𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑) 

 

                    Pmotor                             =    motor output power                                         W 

                    V                                    =    rated dc terminal voltage                                 V  

                    Isupplied                            =    supplied current from driver board                  A
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The rotation of the motor shaft with angular velocity ω rad.s -1 produces a linear movement of filament 

down into the heated section of the extruder. The linear velocity of filament, also known as the feed-rate, 

can be expressed as a function of the stepper motor speed as: 

                                                𝐹𝑒𝑒𝑑𝑟𝑎𝑡𝑒𝐹𝑖𝑙𝑎𝑚𝑒𝑛𝑡 =  
2𝜋𝑛𝑚𝑜𝑡𝑜𝑟

60
∗ 𝑟𝑑𝑟𝑖𝑣𝑒−𝑔𝑒𝑎𝑟                   (A7.2) 

 

                       Feedratefilament                  =   filament linear speed                                   mm/s 

                       nmotor                                 =   current motor shaft speed                           rev/min 

                       rdrive-gear                             =   knurled extruder gear radius                       mm 

 

Additionally, it is known that the force required to push 1.75 mm thermoplastic filament through a hot-

end heated to 190 OC is given by manufacturers, then the required stepper motor torque required to 

extrude various filaments is obtained via: 

                                                     𝑇𝑚𝑜𝑡𝑜𝑟,𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =  𝐹𝑒𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑟𝑑𝑟𝑖𝑣𝑒−𝑔𝑒𝑎𝑟                    (A7.3) 

 

                           Tmotor,required                    =  motor torque required for extruding               N.m. 

                           Fextrusion                                         =  material extrusion force (pre-specified)         N 

                           rdrive-gear                         =   knurled extruder gear radius                          mm 

 

A.8. Pellet extrusion theory 

Operation and system parameters of common single-screw pellet extruders can be approximated quite 

accurately using work previously performed by Auger and Vlachopoulos (E.E. Agur & J. Vlachopoulos: 

1982, p.1084-1085). Each section of the pellet extruder, namely, the feed hopper, solids-conveying, 

melting, melt-conveying, die, and die exit regions are to be modelled using the following derivations. 

Feed hopper 

Cylindrical plastic pellets flow into the auger drive inlet via the feed hopper due to gravitational action. 

According to D.M. Walker (1966, p.21), the base pressure distribution in the feed hopper,  assuming stress 

equilibrium amongst pellets, is given by the following expressions for vertical hopper sections: 

 

                                                𝑝 =  𝑝𝑜𝑒
(−

4𝐵𝐷𝐻

𝑊
)

+
𝜌𝑏𝑢𝑙𝑘𝑔𝑊

4𝐵𝐷∗ [1 − 𝑒
(−

4𝐵𝐷𝐻

𝑊
)
]                        (A8.1) 

Where
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                                                                       𝐵 =
𝑠𝑖𝑛𝛿𝑠𝑖𝑛𝜅0

1−𝑠𝑖𝑛𝛿𝑐𝑜𝑠𝜅𝑜
                                           (A8.1.1) 

                                                   𝜅0 = 𝛽𝑤 + 𝑠𝑖𝑛−1 (
𝑠𝑖𝑛𝛽𝑤

𝑠𝑖𝑛𝛿
), 𝑠𝑖𝑛−1 > 

𝜋

2
                           (A8.1.2) 

                                                                       𝛽𝑤 =  𝑡𝑎𝑛−1(𝑓′
𝑤)                                       (A8.1.3) 

 

 

f’w           wall static friction coefficient           const. 

p              pressure at hopper base                    N/m2  

po             pressure at height H in section         N/m2 

W             hopper width                                     m 

ρbulk          average pellet density                       kg/m3 

g              gravitational acceleration                  kg.m/s2 

D*                  distribution factor                              const. 

δ             effective friction angle                         O 

α              hopper wall angle                                O 

                                                                                                        Figure A8.1: Geometry of Feed Hopper 

However, for convergent hopper profiles, as highlighted above in Figure 3.4, the pressure distribution is: 

 

                                               𝑝 = (
ℎ𝑜

𝐻𝑜
)𝜓  𝑝𝑜 +  

𝑝𝑏𝑢𝑙𝑘𝑔ℎ𝑜

𝜓−1
+ [1 − (ℎ𝑜

𝐻𝑜
)

𝜓−1

]                          (A8.2) 

Where 

                                                                        𝜓 =
2𝐵′𝐷∗

𝑡𝑎𝑛𝛼
                                                     (A8.2.1) 

                                                               𝐵′ =  
𝑠𝑖𝑛𝛿sin (2𝛼+ 𝜅𝑜)

1−𝑠𝑖𝑛𝛿cos (2𝛼+𝜅𝑜)
                                          (A8.2.2) 

                                                     𝜅𝑜 = 𝛽𝑤 + 𝑠𝑖𝑛−1 (
𝑠𝑖𝑛𝛽𝑤

𝑠𝑖𝑛𝛿
) , 𝑠𝑖𝑛−1 < 

𝜋

2
                           (A8.2.3) 

                                                                     𝛽𝑤 = 𝑡𝑎𝑛−1𝑓′𝑤                                              (A8.2.4) 
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Solids conveying zone 

The solids conveying zone in a screw-type extruder contains the drive motors, auger bit, and cylindrical 

hollow piping section as indicated in Figure 3.3 above. According to Darnell and Mol, (SPE J.: April 

1956) the flow of plastic in this region is “due to the frictional flow of the barrel and screw surfaces on 

the solid polymer granules”. Assuming that the transported materials are isothermal [8], and travel as a 

solid mass with inter-particular pressure varying only in the longitudinal direction towards the extruder 

end, the pressure along the extruder length can be expressed as: 

 

                                                                        𝑝 =  𝑝𝑜𝑒−𝜆𝑧𝑏                                                 (A8.3) 

Where 

                                                                         𝜆 = 
𝐴1𝐾−𝐵1

𝐴2𝐾−𝐵2
                                                  (A8.3.1) 

                                                  𝐴1 =  𝑓𝑏𝑊𝑏𝑠𝑖𝑛𝜑 + 2𝐻𝑓𝑠𝑠𝑖𝑛Ɵ𝑏 + 𝑊𝑠𝑓𝑠𝑠𝑖𝑛Ɵ𝑏                   (A8.3.2) 

                                                                      𝐴2 = 𝐻𝑊𝑎𝑠𝑖𝑛Ɵ𝑎                                            (A8.3.3) 

                                                𝐵1 = 𝑓𝑏𝑊𝑏𝑐𝑜𝑠𝜑 − 2𝐻𝑓𝑠 (𝐷𝑎

𝐷𝑏

) 𝑠𝑖𝑛Ɵ𝑏𝑐𝑜𝑡𝑎𝑛Ɵ𝑎                    (A8.3.4) 

                                                           − 𝑊𝑠𝑓𝑠 (
𝐷𝑠

𝐷𝑏
)𝑠𝑖𝑛Ɵ𝑏𝑐𝑜𝑡𝑎𝑛Ɵ𝑠 

                                                                   𝐵2 = 𝐻𝑊𝑎 (𝐷𝑎

𝐷𝑏
)𝑐𝑜𝑠 Ɵ𝑎                                      (A8.3.5) 

                                                                  𝐾 = (
𝐷𝑎

𝐷𝑏
)(

𝑠𝑖𝑛Ɵ𝑎+ 𝑓𝑠𝑐𝑜𝑠Ɵ𝑎

𝑐𝑜𝑠Ɵ𝑎− 𝑓𝑠𝑠𝑖𝑛Ɵ𝑎
)                                    (A8.3.6) 

pO          feed hopper base pressure                    N/m2  

zb           down-channel distance                         m 

fb            dynamic frictional coefficient barrel    - 

f s            dynamic frictional coefficient screw    - 

H            screw channel depth                             m 

Wb,Ws     channel widths, screw ends                  m 

Ɵb,Ɵs      helix angles, screw ends                       O 

Db,Ds      barrel/screw diameters                          m 

Wa,Da,θa  average channel parameters                 m,m,O 

                                                                                              Figure A8.2: Geometry of Extruder Screw
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Melting zone and extruder head 

Following on experimental work performed by Tadmor and Klein, (Engineering Principles of Plasticating 

Extrusion: 1970) expressions have been developed to explain the physical melting and transportation of 

thermoplastics within the heated barrel section of screw-drive extruders. Material states exist whereby 

solid and melted phases exist together, fully melted closer to the extruder head, with solid pellets existing 

close to the screw center. It should be noted that melting also occurs and forms a liquid film at the heated 

barrel’s surface, as illustrated in Figure A8.3. 

 

Figure A8.3: Plastic Melt Action within Heated Barrel 

 

The rate of melting of plastic pellets where (dT/dy)y=0 is the temperature gradient between solid and 

melted particles, can be approximated by: 

                                                                     𝜔 =  𝛷(
𝑑𝑇

𝑑𝑦
)𝑦=0𝑋                                              (A8.4) 

Where, 

                                                    Φ =  
𝑘𝑚

𝐶𝑝𝑠(𝑇𝑚𝑒𝑙𝑡−𝑇𝑠𝑜𝑙 )+ 𝜆+𝐶𝑝𝑚(𝑇𝑏𝑢𝑙𝑘−𝑇𝑚𝑒𝑙𝑡 )
                           (A8.4.1) 

 

Mass-flow rate of melted plastic can also be calculated as: 

                                                                            
𝑄

𝑊
=  ∫ 𝑣𝑧

𝐻

0 𝑑𝑦                                            (A8.4.2) 

  

              X                                           width of solid bed                                                             m 

              vbx                                        cross-channel component of barrel velocity                      m/s 

             Tbulk                                       temperature of melt film                                                   K 

             Tmelt                                       melting temperature of polymer                                       K 

             Tsol                                         temperature of solid pellet bed                                         K
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               ρm                                          melted material density                                                     g/m3 

             Cpm,Cps                                specific heat of polymer melt/solid                                    J/g 

             Km                                         melt thermal conductivity                                                  W/m.K 

              λ                                            polymer heat of fusion                                                       J/g 

             Q/W                                      mass flowrate                                                                      kg/s 

              vz                                          down-channel velocity of material                                      m/s 

 

A.9. CNC cutting tool force derivations 

In this appendix, the cutting forces induced on a CNC cutting tool are derived. According to Yousefian 

and Tarbutton, the radial, tangential, and axial cutting forces acting on the cutting zone of the routing bit, 

are defined as: 

                                   𝐹𝑡𝑐,𝑟𝑐,𝑎𝑐 = 𝑉𝑜𝑥𝑒𝑙 𝑆𝑖𝑧𝑒 x ([𝐾𝑡𝑐,𝑟𝑐,𝑎𝑐  x ∑ 𝐶𝑡ℎ(𝜃𝑖 )𝛿𝑖 ] + 𝐾𝑡𝑒,𝑟𝑒,𝑎𝑒
𝑛
𝑖=1                     (A9.1) 

 

The Boolean condition for δi is: 

 

                                      𝛿𝑖 = {
1;  𝑤ℎ𝑒𝑛 𝑖𝑡ℎ 𝑐𝑢𝑡𝑡𝑖𝑛𝑔 𝑣𝑜𝑥𝑒𝑙 𝑖𝑠 𝑖𝑛 𝑐𝑢𝑡𝑡𝑖𝑛𝑔 𝑧𝑜𝑛𝑒

   0;  𝑤ℎ𝑒𝑛 𝑖𝑡ℎ 𝑐𝑢𝑡𝑡𝑖𝑛𝑔 𝑣𝑜𝑥𝑒𝑙 𝑛𝑜𝑡 𝑖𝑛 𝑐𝑢𝑡𝑡𝑖𝑛𝑔 𝑧𝑜𝑛𝑒
                            (A9.2) 

 

The un-routed thickness of material which is about to be cut is: 

 

                                                                  𝐶𝑡ℎ(𝜃𝑖) = 𝑓𝑡 sin(𝜃𝑖)sin (𝜅)                                                  (A9.3) 

 

And the voxel size is equal to 1/4th the circumference of the cutting tool cross-section. The equation can 

be further developed as: 

 

[
𝐹𝑡

𝐹𝑟

𝐹𝑎

] = [3 𝑥 3 𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑀𝑎𝑡𝑟𝑖𝑥] [
𝐹𝑋

𝐹𝑌

𝐹𝑍

] 

                                          [
𝐹𝑡

𝐹𝑟

𝐹𝑎

] = [
cos(𝜃) sin(𝜃)sin(𝜅) sin(𝜃) cos(𝜅)

sin(𝜃) cos(𝜃) sin(𝜅) cos(𝜃) cos(𝜅)

0 cos(𝜅) sin(𝜅)
][

𝐹𝑋

𝐹𝑌

𝐹𝑍

]                             (A9.4)
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Where Fx,y,z are the dynamometer-measured tool forces, θ is the cutting voxel angle, and κ is the axial 

immersion angle. Calculating the forces for equation A9.4 yields the results shown in Table 4.14 (O 

Yousefian, J.A. Tarbutton: 2015). 

 

A.10. Stepper motor load carrying capacity calculations 

Two NEMA17 60 mm stepper motors are selected to drive the vertical “z-axis”. It is required to determine 

the amount of weight that can be lifted by a timing belt-pulley drive configuration, so as to appropriately 

size design the “z-axis” gantry subassembly. Driver pinions are specified as: 

 

𝐺𝑇2 16𝑇 𝐴𝐿𝑈.𝑇𝑖𝑚𝑖𝑛𝑔 𝑃𝑢𝑙𝑙𝑒𝑦 

𝑑𝑝𝑖𝑛𝑖𝑜𝑛 = 9.68 𝑚𝑚 

                                           𝑟𝑝𝑖𝑛𝑖𝑜𝑛 =
𝑑𝑝𝑖𝑛𝑖𝑜𝑛

2
=

9.68 𝑚𝑚

2
= 4.84 𝑚𝑚 = 0.00484 𝑚                           (A10.1) 

 

                           dpinion                                timing pulley pitch diameter                           m 

                           rpinion                                 timing pulley pitch radius                               m 

                           Tmotor                                motor torque                                                    N.m. 

                           F                                      force                                                                 N 

                           Whold                                holding weight                                                 kg 

 

The NEMA17 stepper motor has a maximum holding torque of: 

 

𝑇𝑚𝑜𝑡𝑜𝑟 = 0.65 𝑁.𝑚. 

 

Then maximum force output at the pulley teeth-belt interface is calculated as: 

 

                                                                          𝐹 = 
𝑇𝑚𝑜𝑡𝑜𝑟

𝑟𝑝𝑖𝑛𝑖𝑜𝑛
                                                                 (A10.2) 

=  
0.65 𝑁. 𝑚.

0.00484 𝑚
 

= 134.2975 𝑁 

 

Therefore for a dual motor setup, the theoretical holding force is:
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                                                                             𝐹ℎ𝑜𝑙𝑑 = 2𝐹                                                             (A10.3) 

= (2)(134.2975 𝑁) 

= 268.60 𝑁 

 

The theoretical holding weight is then: 

                                                                           𝑊ℎ𝑜𝑙𝑑 =
𝐹ℎ𝑜𝑙𝑑

𝑔
                                                           (A10.4) 

=  
268.60 𝑁

9.81 𝑚. 𝑠−2 

= 27.38 𝑘𝑔 

 

The gantry has an approximate weight of Mgantry ≈ 12 kg, then the safety factor for the stepper motors is: 

 

                                                                           𝑛 =  
𝑊ℎ𝑜𝑙𝑑

𝑚𝑔𝑎𝑛𝑡𝑟𝑦
                                                              (A10.5) 

=  
27.38 𝑘𝑔

12 𝑘𝑔
 

≈ 2.28 

A.11. Design-stage uncertainty calculations for printer componentry 

The following calculations follow on from the explanation as given in Section 5.2. For the Pololu 

DRV8825 stepper motor driver, the zero order uncertainty is: 

                                                                𝑢𝑂 = ±(0.5)(𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)                                                       (5.1) 

= ±(0.5)(0.01𝑂) 

= ±0.005 𝑂 

 

The instrument error for a specific motor step is: 

                                                                              𝑢𝑐 = 𝐴𝑅                                                                   (5.2.1) 

= (0.05625 𝑂)(1.8 𝑂) 

= 0.10125 𝑂 

                                 A                                 Instrument Accuracy                             O 

                                 R                                 Instrument Range                                  O
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Over the driver’s operating range of 0 to 360 O, the average instrument error per revolution is: 

 

                                                                             𝑢𝑒 =
∑ 𝑢𝑐

𝑛
                                                                   (5.2.2) 

=
∑ (𝑎 + 𝑘𝑑)𝑛−1

𝑘=0

𝑛
=

1

2
(2𝑎 + (𝑛 − 1)𝑑)/𝑛 

=  
1

2
(2(0𝑜) + (200− 1)(1.8𝑜))/200 

= 0.8955 𝑜 

                                 a                                      first reading taken                                          various  

                                 d                                      difference between readings taken                various 

                                 n                                      total number of readings taken                      integer  

 

Then finally, the design stage uncertainty for the Pololu DRV8825 motor driver is: 

 

                                                                       𝑢𝑑 = √(𝑢𝑜
2 + 𝑢𝑒

2                                                                (5.3) 

= √(0.0052 + 0.89552 

= 0.8955 𝑜 

 

Similarly, for the Hiwin MG12R linear guides and carriages, the design stage uncertainty for dimensional 

accuracy is: 

𝑢𝑜 = (0.5)(0.01𝑚𝑚) = 0.005 𝑚𝑚 

𝑢𝑐 = (0.04)(0.08 𝑚𝑚) = 0.0032 𝑚𝑚 

𝑢𝑑 = √0.0052 + 0.00322 = 0.0059 𝑚𝑚 

 

Design stage uncertainty for running parallelism of the rails is: 

 

𝑢𝑜 = (0.5)(1 𝑥 10−6 𝑚𝑚) = 0.5 𝑥 10−6 𝑚𝑚 

𝑢𝑐 = (23 𝑥 10−6 𝑚𝑚)(11 𝑥 10−6 𝑚𝑚) = 2.53 𝑥 10−10 𝑚𝑚 

𝑢𝑑 = √(0.5𝑥10−6)2 + (2.53𝑥10−10)2 = 5 𝑥 10−7𝑚𝑚 

 

Design stage uncertainty for the BrecoFlex T2.5 timing belt and pulley drivetrain is:
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𝑢𝑜 = (0.5)(0.001 𝑚𝑚) = 0.0005 𝑚𝑚 

𝑢𝑐 = (1.04 𝑚𝑚.𝑚−1)(1 𝑚) = 1.04 𝑚𝑚 

𝑢𝑑 = √0.00052 + 1.042 = 1.04 𝑚𝑚 

 

Similarly, for the EPCOS 100K NTC thermistor: 

 

𝑢𝑜 = (0.5)(0.1 𝑜𝐶) = 0.05 𝑜𝐶 

𝑢𝑐 = (0.25)(355 𝑜𝐶) = 88.75 𝑂𝐶 

𝑢𝑒 =

1

2
(2(−55 𝑜)+ (355− 1)(1𝑜))

355
= 0.3295 𝑂𝐶 

𝑢𝑑 = √0.052 + 0.32952 = 0.3333 𝑂𝐶 

 

A.12. Statistical calculations for printer locational accuracy 

Statistical analysis is expanded upon from section 5.3. The mean is calculated by finding the average 

location from the four tests performed: 

                                                                           �̅� =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1                                                           (5.7) 

𝑥100,100,100̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =
1

3
[ 0.047 𝑚𝑚 + 0.021 𝑚𝑚 + 0.040 𝑚𝑚 ] = 0.036 𝑚𝑚 

 

The calculation is repeated for location tests up to 1200 mm. Similarly the pooled standard deviation is: 

 

                                                              𝑠𝑥 = √𝑠𝑥
2 = (

1

𝑁−1
∑ (𝑥𝑖 − �̅�)2𝑁

𝑖=1 )1/2                                         (5.8) 

𝑠𝑥,100,100,100 = (
1

3 − 1
[( 0.047 − 0.036 )2 + (0.021 − 0.036 )2 + (0.040 −  0.036)2])1/2

= 0.013 𝑚𝑚 

 

Confidence interval at 95 % probability: 

                                                                   𝑣 = 𝑁 − 1 = 12 − 1 = 11  

                                         ±𝑡𝑣,𝑃𝑆𝑥 =  ±𝑡3,95𝑆𝑥 = ±(2.179)( 0.013 𝑚𝑚) = ±0.029 𝑚𝑚                    (5.9) 

 

The Chi-Squared probability distribution:



A.12. Statistical calculations for printer locational accuracy                                                            114 

114 

                                                                   √
𝑣𝑠𝑥

2

𝜒0.025
2 < 𝜎 < √

𝑣𝑠𝑥
2

𝜒0.975
2                                                        (5.10) 

√
(11)(0.029)2

21.5
< 𝜎 < √

(11)(0.029)2

3.82
 

0.020 𝑚𝑚 <  𝜎 < 0.049 𝑚𝑚 

Regression curve: 

                                                  𝑦𝑐 = 𝑎𝑜 + 𝑎1𝑥 = 0.0617424 + 1.000002448𝑥                                (5.11) 

Where 

∑ 𝑥1 =  100 + 200 + 300 + ⋯ + 1100 + 1200 = 7800 

∑ 𝑥1𝑦1 = (100)(100.036) + (200)(200.069) + ⋯ + (1200)(1200.028) = 6500497.5 

∑𝑦1 = 100.036 + 200.069 + ⋯ + 1100.091 + 1200.028 = 7800.76 

                         𝑎0 =
∑ 𝑥𝑖 ∑𝑥𝑖 𝑦𝑖 −∑ 𝑥𝑖

2 ∑ 𝑦𝑖

(∑ 𝑥𝑖 )2−𝑁 ∑𝑥𝑖
2 =

(7800)(6500497.5)−(6500000)(7800.76)

(7800 𝑥 7800)−(12)(6500000)
= 0.0617424           (5.11.1) 

                             𝑎1 =
∑ 𝑥𝑖 ∑ 𝑦𝑖 −𝑁 ∑ 𝑥𝑖 𝑦𝑖

(∑𝑥𝑖 )2−𝑁 ∑ 𝑥𝑖
2 =

(7800)(7800.76)−(12)(6500497.5)

(7800𝑥7800)−(12)(60840000)
= 1.000002448               (5.11.2) 

 

Correlation coefficient: 

                                                    𝑟𝑥𝑦 =
𝑁 ∑ 𝑥𝑖 𝑦𝑖−∑ 𝑥𝑖

𝑁
𝑖=1 ∑ 𝑦𝑖

𝑁
𝑖 =1

𝑁
𝑖=1

√𝑁 ∑ 𝑥𝑖
2−(∑ 𝑥𝑖 )𝑁

𝑖=1

2𝑁
𝑖=1 √𝑁 ∑ 𝑦𝑖

2 −(∑ 𝑦𝑖
𝑁
𝑖=1 )2𝑁

𝑖=1

=                                 (5.12) 

=
(12)(6500497.5) − (7800)(7800.76)

√(12)(78002) − (78002)√(12)(6500995.054)− (7800.76)
= 1.000001499 

Additionally, the random error uncertainty between the measured data can be approximated for the curve: 

 

                                                        𝑆𝑦𝑥 = √
∑ (𝑦𝑖−𝑦𝑐𝑖 )2𝑁

𝑖=1

12−2
= √

0.5776

4−2
= 0.2756                                     (5.13) 

∑(𝑦𝑖 − 𝑦𝑐𝑖 )2

𝑁

𝑖 =1

= 0.0362 + 0.0692 + 0.0662 + 0.0582 + ⋯ + 0.0912 + 0.0282 = 0.762
 

 

The t-estimator establishes the random uncertainty of the regression analysis for a 95 % confidence level:
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                                                         ±𝑡11,95𝑆𝑦𝑥 =  ±(2.179)(0.2756) = 0.6005                               (5.14) 

 

The uncertainty of the four repeated tests due to random error is shown to be: 

 

                                                             𝑢𝑥 = ±
𝑡𝑣,𝑃𝑆𝑦𝑥

√𝑁𝑘
=

(0.6005)

√3
= 0.3467 𝑚𝑚                                   (5.15) 

                                                      %𝑢𝑥 =
𝑢𝑥

𝑟𝑜
∗ 100 =

0.3467 𝑚𝑚

1200 𝑚𝑚
∗ 100 = 0.028 %                             (5.16) 

Linearity uncertainity:     

                                                        𝑢𝐿,𝑚𝑎𝑥 = 𝑦𝑖 (𝑥) − 𝑦𝑐𝑖(𝑥) = 0.1557 𝑚𝑚                                       (5.17) 

                                               %𝑢𝐿,𝑚𝑎𝑥 =
𝑢𝐿,𝑚𝑎𝑥

𝑟𝑜
∗ 100 =

0.1557 𝑚𝑚

1200 𝑚𝑚
∗ 100 = 0.013 %                    (5.17.1) 

 

Repeatability uncertainty error: 

𝑆𝑥,𝑚𝑎𝑥 = 0.078 𝑚𝑚   ,𝑟𝑜 = 1200 𝑚𝑚 

                                               %𝑢𝑅𝑚𝑎𝑥 =
2𝑆𝑥

𝑟𝑜
∗ 100 =

(2)(0.078 𝑚𝑚)

1200𝑚𝑚
∗ 100 = 0.013 %                        (5.18) 

 

Overall printer locational uncertainity: 

 

                               %𝑢𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = (%𝑢𝑜
2 + %𝑢𝑐

2 + %𝑢𝑛𝑙
2 + %𝑢𝑥

2 + %𝑢𝐿,𝑚𝑎𝑥
2 + %𝑢𝑅𝑚𝑎𝑥

2 )                   (5.19) 

(0.0059 𝑚𝑚2 + (2.5𝑥10−13)+ (1.04 𝑚𝑚)2 + (0.3467)2 + (0.1557)2 + (0.078)2 

= 0.034 % 
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B     Appendix   -   Rumba Controller Board 

                                  Connection Diagram 

The GeeeTech Rumba integrated control board has been exclusively developed as the control unit for 3D 

printing, routing, laser cutting, and other Computer Numerical Control applications. The board can be 

controlled via G-code written to an SD memory card, which is placed in the GeeeTech LCD2004 

Extension Screen, or via USB online programming on a personal computer. Hardware and software is 

interfaced via Arduino Marlin cross-compiling firmware and Repertier Host 3D CAD scaling software. 

Additionally, the system contains the following hardware peripherals as shown in Figure A.1: 

 

 
Figure B.1: GeeeTech Rumba 3D Printer Controller Board Electrical Layout 
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C       Appendix   -   Pololu DRV8825 Driver 

                                    Connection Diagram 

The Pololu DRV8825 stepper motor driver is a micro-stepping bipolar stepper motor driver featuring 

variable current-limiting, incorporates over-temp and over-amperage protection, and six micro-step 

resolutions up to 1/32th of a step. The product interfaces with a controller motherboard and is able to 

drive a stepper motor up to 2.2 A at 2.5 V to 5.25 V. 

 

Figure C.1: Pololu DRV8825 Stepper Motor Driver Shield 

 

Figure C.2: Pololu DRV8825 Connection Diagram
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D       Appendix   -   Pololu Bipolar Stepper 

                                    Motor Detail 

Stepper motors are generically employed in situations where accurate position control and monitoring is 

required. There is no feedback loop with stepper motor control, therefore the 3D printer drive control 

system is deemed ‘open-loop’. The Pololu bipolar dc stepper motor dimensional and electrical 

specifications are shown henceforth: (Pololu.com: 2016) 

 
Figure D.1: Pololu NEMA 17-48mm/4.8 Bipolar Stepper Motor Dimensions 

The electrical specifications are as follows: (Pololu.com: 2016) 

 Size: 42.3 mm square × 48 mm, not including the shaft (NEMA 17) 

 Weight: 350 g 

 Shaft diameter: 5 mm “D” 

 Steps per revolution: 200 

 Current rating: 1.2 A per coil 

 Voltage rating: 4 V 

 Resistance: 3.3 Ω per coil 

 Holding torque: 3.2 kg-cm 

 Inductance: 2.8 mH per coil 

 Lead length: 30 cm 

 Output shaft supported by two ball bearings
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E       Appendix - Conceptual Costing Analysis 
 

E.1. Horizontal multi-zoned filament 3D printer 

Table E.1: Horizontal Multi-Zoned 3D Printer Cost Breakdown 

Component                             Quantity                                     Supplier                                               Subtotal 

Frame 

Bosch Rexroth ALU.            5200 mm x 2                            Tectra Automation                      ZAR 6623.28 

60 x 60L Profile                    2000 mm x 2 

Aluminium Tooling              400 mm2 x 8                             Eurosteel                                     ZAR 1112.64  

Plate 6 mm                            200 mm2 x 8                                                                                   ZAR 556.32 

                                              200 mm x 50 mm x 8                                                                     ZAR 417.15 

                                              500 mm x 100 mm x 10                                                                 ZAR 712.50 

Steel Caster Wheels              x4                                             Steel Pipes/Fittings                       ZAR 356.00 

T-Nut M8 10 mm   

Plain Glass 5 mm                  2 m x 1 m x 5                           PG Glass                                     ZAR 3600.00 

X,Y,Z Axes 

Hiwin MG12R                      26 m                                         Netram Technologies                ZAR 33800.00 

Linear Rail 

Hiwin MG12 Carriage          x25                                           Netram Technologies                  ZAR 4625.00 

Nema17 Stepper w/               x10                                          Netram Technologies                ZAR 10849.50 

460 mm Leadscrew 

Leadscrew Nut TR8x8P2      x20                                          Netram Technologies                  ZAR 4499.00 

SKF 10 mm x 3 mm              1 m x 20                                  CNCDirect SA                          ZAR 14022.00 

Ballscrew Rod 

NEMA17 Steel                      x50                                          Netram Technologies                  ZAR 5950.00 

L – Bracket
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Drag Chain 20 x 10 mm        22 m                                        Hobbytronics                               ZAR 3476.00 

BR Series 5-5 Coupling        15x                                          Netram Technologies                   ZAR 1035.00 

NEMA-17 Bracket Steel       18x                                          Netram Technologies                   ZAR 2142.00 

SKF 6195-2Z 5 mm BB        25x                                          MCL Engineering                          ZAR 500.00 

NEMA17 Motors 48 mm      25x                                          Netram Technologies                        ZAR 6625 

Filament Extruder (5x) 

J Head Hot End Mk8             5x                                           3D Print Store SA                          ZAR 595.00 

NEMA17 48 mm Motor        5x                                           3D Print Store SA                          ZAR 321.00 

Cold End DIY Extruder        5x                                            3D Print Store SA                          ZAR 345.00 

NEMA17 L-Bracket              5x                                           3D Print Store SA                          ZAR 119.00 

Grand Total: ZAR 129’476.68 

E.2. Vertical pellet-based 3D printer 

Table E.2: Vertical Pellet-Based 3D Printer Cost Breakdown 

Component                               Quantity                                     Supplier                                               Subtotal 

Frame 

Aluminium Square                  6 m x 2                                     Eurosteel                                   ZAR 1458.28 

Extrusions (50.8 mm2) 

Stainless Steel                         6 m x 1                                     Eurosteel                                       ZAR 71.82 

Round Bar 5 mm 

Alu. Tooling Plate 6 mm         200 mm2 x 24                          Eurosteel  

                                                 100 mm2 x 44                            

                                                 150 x 50 mm x 3                        

                                                 400 x 200 mm x 6                       

                                                 100 x 200 mm x 4                       

                                                 80 x 50 mm x 28                                                                       ZAR 3211.50 

Alu. Angle Iron 25.4 mm2       3 m                                           Eurosteel                                       ZAR 41.04
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Unglazed Glass 5 mm             1400 mm2 x 1                         PG Glass                                       ZAR 703.84             

Bosch Rexroth Mounting        2000 mm x 1                          Tectra Automation                         ZAR 96.51 

Rim Profile 10 mm 

Bosch Rexroth 45/45               6x                                                                                               ZAR 1364.44 

Lift-Off Hinge 

Bosch Rexroth D44                 8x                                                                                               ZAR 1569.82 

M12 Levelling Foot 

Bosch Rexroth 10 mm             2x                                                                                               ZAR 1503.34 

Double Ball Latch 

10 mm M4 T-Nut                    50x                                                                                               ZAR 418.38 

10 mm M8 T-Nut                    390x                                                                                           ZAR 3666.69 

Bosch Rexroth                         5.6 m x 7                                                                                  ZAR 20134.77 

60 x 60L Profile Alu. 

Bosch Rexroth                         5.6 m x 8                                                                                  ZAR 11567.44 

45 x 45L Profile Alu.                 

Polycarbonate Sheet 2 mm      2590 x 1530 mm x 4                Maizey Plastics CC                ZAR 13567.67 

                                                 2390 x 670 mm x 4 

X,Y,Z Axes 

Hiwin MGN12R Carriage         7x                                              Netram Technologies            ZAR 1294.65 

Hiwin MGN12 Linear Rail       24.7 m                                       Netram Technologies           ZAR 33053.65 

Timing Belt T2.5 6 mm             50 m Reel                                  3D Print Store CC                 ZAR 2750.00 

Timing Pulley T2.5 16T            14x                                            3D Print store                          ZAR 796.00 

Drag Chain 20x10 mm              10 m                                           Hobbytronics                         ZAR 1580.00 

BR Series 5-5 Coupling             3x                                              Netram Technologies              ZAR 207.00 

NEMA-17 Bracket Steel           18x                                             Netram Technologies            ZAR 2142.00 

SKF 6195-2Z 5 mm BB            14x                                             MCL Engineering                   ZAR 280.00
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Pellet Extruder (1x) 

12 V DC Cooling Fan                 1x                                             Netram Technologies                ZAR 39.95 

12 V 40W Reprap                        2x                                            Netram Technologies              ZAR 139.90 

Cartridge Heater 

Thermistor NTC 100K                2x                                            Netram Technologies                ZAR 59.90 

GT2 Pulley 40T                           1x                                            Netram Technologies                ZAR 69.95 

GT2 Pulley 16T                           1x                                            Netram Technologies                ZAR 49.95 

MK8 0.4 mm /3 mm                    1x                                            Netram Technologies              ZAR 109.95 

Nozzle 

NEMA17 1.5 A 60 mm               1x                                            Netram Technologies              ZAR 339.95 

Grand Total: ZAR 109’514.11 

 

E.3. Horizontal hybrid FDM-CNC 3D printer 

Table E.3: Horizontal Hybrid FDM-CNC 3D Printer Cost Breakdown 

Component                             Quantity                                     Supplier                                               Subtotal 

Frame 

Bosch Rexroth ALU.            5200 mm x 4                            Tectra Automation                    ZAR 14381.97 

60x60L Profile                      2000 mm x 2 

Bosch Rexroth ALU.            2000 mm x 2                                                                                ZAR 1445.93 

45x45L Profile 

Aluminium Tooling              400 mm2 x 8                             Eurosteel                                     ZAR 1112.64  

Plate 6 mm                            200 mm2 x 8                                                                                   ZAR 556.32 

                                              500 mm x 100 mm x 2                                                                   ZAR 150.00 

Steel Caster Wheels              x8                                             Steel Pipes /Fittings                       ZAR 712.00 

T-Nut M8 10 mm   

Plain Glass 5 mm                 2 m x 1 m x 5                             PG Glass                                     ZAR 3600.00
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X,Y,Z Axes 

Hiwin MGN12R Carriage       7x                                           Netram Technologies                 ZAR 1294.65 

Hiwin MGN12 Linear Rail     15.5 m                                    Netram Technologies                ZAR 19500.00 

Drag Chain 20x10 mm            8 m                                         Hobbytronics                              ZAR 1264.00 

Mod 1.5 Rack                          13 m                                       CNC Direct                                 ZAR 5409.30 

Steel Anodised 

Mod 1.5 Pinion 16T                3x                                           CNC Direct                                   ZAR 335.16 

NEMA17 48 mm Stepper        6x                                           Netram Technologies                 ZAR 1590.00 

Nema17 Stepper w/                 1x                                           Netram Technologies                 ZAR 1084.95 

460 mm Leadscrew 

Leadscrew Nut TR8x8P2         1x                                          Netram Technologies                   ZAR 224.95 

Hybrid CNC-FDM Tool Head 

J Head Hot End Mk8              5x                                            3D Print Store SA                        ZAR 595.00 

Cold End DIY Extruder          5x                                            3D Print Store SA                        ZAR 345.00 

NEMA17 L-Bracket               5x                                            3D Print Store SA                        ZAR 119.00 

CNC Spindle 1.0 kW-ER20    1x                                            CNC Direct SA                        ZAR 16017.00 

CNC Chuck 3 Tooth SC          1x                                            CNC Direct SA                       ZAR 10500.00 

Tungsten Carbide Bit              1x                                             CNC Direct SA                         ZAR 1500.00 

Mechanical Subassembly        1x                                            In-house Manuf.                        ZAR 2000.00 

Grand Total: ZAR 91474.95 
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E.4. Electronics and fastener costs – common to all concepts 

Table E.4: Electronics and Fastener 3D Printer Cost Breakdown 

Electronics 

NEMA17 48 mm                         4x                                            3D Print Store CC                 ZAR 1156.00 

Microswitch 2 Terminal              6x                                            Hobbytronics PE                     ZAR 155.70 

Geetech Rumba Control              1x                                            Netram Technologies            ZAR 1350.00 

DRV8825 Driver Board               6x                                           Netram Technologies              ZAR 420.00 

Rittal E-Box 150x120                  1x                                            Rubicon PE                           ZAR 1466.92 

12 V Battery 70 Ah DC                1x                                            Dixon Batteries PE                  ZAR 849.99 

12 V Smart6 Charger                   1x                                            Dixon Batteries PE                 ZAR 963.30 

SD Card MMC                             1x                                            Game                                        ZAR 89.00 

LCD2004 Kit                               1x                                            Netram Technologies              ZAR 374.95 

12 V Cooling Fan                         2x                                            Netram Technologies              ZAR 119.85 

Fasteners 

M8x20 Capscrew                        390x                                         Ibayi Bolt & Nut CC               ZAR 243.36 

M8 Washer Med.                        390x                                         Ibayi Bolt & Nut CC                 ZAR 17.12 

M4x20 Capscrew                        50x                                           Ibayi Bolt & Nut CC                 ZAR 17.04 

M4 Washer Med.                         50x                                          Ibayi Bolt & Nut CC                   ZAR 0.64 

M4 Nyloc Nut                              20x                                          Ibayi Bolt & Nut CC                   ZAR 1.84 

Grand Total: ZAR 7225.72 
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E.5. Tolerance guide for polymer moulds 

Table E.5: Suggested Industrial Tolerance Ratings for Polymer-Based Molding Strategies 

Drawing Code              Part Dimension           ABS          Polycarbonate           Nylon           Acetal/Acrylic  

                                     mm                              mm           mm                            mm                 mm 

Side Length                 <25.4                           0.127         0.101                         0.101              0.139 

Concentricity               Any                             0.228         0.127                         0.254              0.254 

Flatness                        <76.2                          0.381         0.127                         0.254              0.381 

Side Wall                     Any                             0.076         0.076                         0.127              0.1143 

Bottom Wall                Any                             0.101         0.076                         0.101              0.089 
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F       Appendix – Printer Source Code In 

                                 Arduino IDE 1.6.9 

 

Figure F.1.: Printer Operation Source Code – Arduino 1.6.9.



127                                                                                                                                                                Appendices 

 

127 

 

Figure F.2.: Printer Operation Source Code – Arduino 1.6.9. 
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Figure F.3.: Printer Operation Source Code – Arduino 1.6.9. 
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Figure F.4.: Printer Operation Source Code – Arduino 1.6.9
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Figure F.5.: Printer Operation Source Code – Arduino 1.6.
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