School of Mechanical Engineering

Level IV

RAPID PROTOTYPE MANUFACTURING SYSTEM

By Adrian Tan & Timothy Nixon

Supervisors: Professor Colin Hansen, Dr Carl Howard




Executive Summary

This project focuses on the construction, programgnaind optimisation of a fully operational
rapid prototyping machine based on a current deskistem, known as the Fab@Home,
developed by Cornell University. The goal of th@jpct is to demonstrate the fabricating
ability of the machine by accurately building a i&dnsional object with practical

applications.

Previously developed fabrication processes andlimgilmaterials used for fabrication were
researched and further investigated ensuring thE S8fachine utilised all significant
technological developments in the associated arbaserial testing of thermoplastic
polymers and silicone adhesives determined ethyleng acetate (EVA) to be the ideal
working material for use in the fabrication machide fabrication machine based on the
Fab@Home Model 1 machine was then successfullyteaned to design specifications
using open source procedures. Due to the selecfitimermoplastic as the working material,
modifications to the material deposition systenmtmrporate a heated screw extruder system
were completed. The modifications effectively hte thermoplastic working material and
deposit the heated substance accurately onto thiingosurface, enhancing the fabrication
capabilities of the machine.

The completed fabrication machine was then caloratith the working material to produce
a range of accurate objects containing well defsteaight edges, accurate curves and precise
gradients demonstrating the ability of the fabimatmachine to produce a complete range of

3D objects without design limitations on the dimens and shape of the object.



Disclaimer

We declare that all the material included in tl@part is our own work except where there is

clear acknowledgement and reference to the wodtladrs.

We give permission for our assessment work to lpgockiced and submitted to other

academic staff for the purposes of assessmentabd topied, submitted and retained for

electronic checking of plagiarism.

Adrian Tan

Timothy Nixon



Acknowledgements

The Rapid Prototyping Project team would like tartk several people whose involvement in
this project is much appreciated. Firstly we woliké to thank our project supervisors Prof.
Colin Hansen and Dr. Carl Howard for their direntiand assistance throughout the year.
Their vision has made this project possible andaveethankful for the opportunity to work
on this engineering challenge. They have been srasiic and supportive the entire journey

and their experience and advice has been invaluable

To the Mechanical Engineering Workshop and Instmateon staff, particularly Mr Richard
Pateman, Mr Silvio De leso and Mr Joel Walker, #yau for your support and advice which
we have drawn upon numerous times throughout thar. y&hankyou for being so

approachable and friendly with any queries we had.



Table of Contents

EXECUTIVE SUMMARY ...oiiiiiiiiiiiiitte ettt ottt e e st ettt e e e s s assa b eeaesaasssbaeeaaaantseeaeeaassbaeeaeeeanssraeeaeesanssens I
DISCLAIMER ...ttt ittt ettt me et e e s ettt e e s sttt et e e e e an st b e et e eaanneeee e e e ssbbaeeee e e ssbbeeaeeeansbaeeeeeannnns Il
ACKNOWLEDGEMENTS ... ctiiiiiiii ittt e ettt e e e s sttt e e e e s as et e eeeeasastaaeeeesaanseeeeessassbaeeeaesanssaneeaeesanses 1]
TABLE OF CONTENTS ..oiiiiiiititiite e ettt e e e eeeee e e e s ettt e e e e s sstttaeeeeesatbaeeeaeessstaaaeesassbsaeeeeesassbaeeeaeesansbaeeeaenans v
LIST OF TABLES ...ttt ettt ettt ettt e e e e sttt e e e e ettt e s ettt e e e e s e nbbaeeeeesanbebeeeeesansneneeennan X
LINTRODUGCTION ...ttt ettt e ettt e e e e e ettt e e e e ek bttt e e e e s bbbt e e e eaabbe e e e e e e anbbaeeeeeesanbbeeaeeeeannnbeeas -1-
2LITERATURE REVIEW ..ottt ettt ettt ettt e e e e s ettt e e e s s e nbb et e e e e s snbeeeeesasbbneeeeesannes -3-
21 INTRODUCTION. 1.ttt et et e e et eeeeeteta s s e e e e e e et e eeeeeeeeasebab o e oo e e aeaeeeeeebabaaa s e e s e eaaaaaaeaeeaeesssnnsnnnnnnns 3-
2.2 APPLICATION AND BENEFITS OF3D HOME FABRICATION ......uiiiiiiiiiiieiiiiiiiiaa e e e e e eeeeeeeeveeenneeeennns 4 -
2.3 THE FAB@HOME PROJECT ....uiiitiiet ittt e ettt e ettt e e e e e st e e et e e st e e s et s e st s e ssa s e st saennnss -4 -
2.3.1 Fab@Home Home Fabrication REVOIULION ........ .o eeeniiiiiie e ee e e ena e -5-
2.3.2 How The Fab@Home Project Will Lead The Revolutian.............ccccvvvviiiiiiiiiinieeeeeeeee, -6 -
2.3.3 Examples Of The FAab@HOME PrOJECL...........coommmeeiiiiiiiiieieiiiee et e e e e ee e -7-
2.3.4 Other Home Rapid Prototyping MacChines.......ceeeeieiieeiieeeiii e e e e -7-
2.4 COMMERCIALLY AVAILABLE FABRICATION TECHNIQUES........uutiieeeiiiiiieeeeesnitiieeeeesanntieessenenneeas 9-
2.4.1 Photopolymer Based Fabrication TEChNIQUE..........ccooiiiiiiiiiiiiiiiiieeeeeeee e -10-
2.4.2 Deposition Based Fabrication TEChNIQUE. ... eiioiiiiiiiiiiieeeeeee e -12 -
2.4.3 Powder Based Fabrication TeChNIQUE..........ccooraeiiiiiii e -13-
2.4.4 Lamination Based Fabrication TEChNIQUE......cccccmmerrrriiiiiiiiiiiiieiee e -14 -
P S O o o o 11 ] To ] o PP -15-
25 MATERIALS AVAILABLE IN RAPID PROTOTYPING. . ..uvtttieiiitiieeeeesiiiteeeeesssineseeesssnseeaessssnsneesas 16-

2.5.1 Thermoplastic Polymers

2.5.2 SiliCONES....ccevviiieeiiiieee e
2.5.3  SUMIMIAIY ettt oo e ea e e e s e e e e e e ettt e et tb b b o e e e e e ae et eeeesbbemnnnsba e e e e e eeeeeeeenenbnnanns
2.6 LITERATURE REVIEW SUMMARY ...tuituitniiitiiineeieiieiteitestsstssssnssstsssssnessssesnessnsssnsesneesnerans 23-



3 CONSTRUCTION OF FAB@HOME MODEL ......cccctiiiiiiiiateeiiiiiiite e eeiiieee e s airaeee e e s ssssaeessssssneeens -24 -
3.1 INTRODUCTION. ¢ttt ettt e e e e et e eeeetttb s e e e e e e e et eeeeeeeeeeebeba e s e e e e e aeeeeeeesbabaaaa e e e aaaaaaeeeaaaeaeessnsnsnnnn 24 -
3.2 AAPP ARATUS ..ttt e oo oo ettt ettt et enaa b e oo o oo e e et ettt ettt b e b oo e e e e e e e eaeeteeeeeattbnba e aaeas 24-

I R O 4 - T L= TR PR -25-
3.2.2  POSIIONING SYSIEIM ..uuiiiiiiiiiiiiiiiieee e e s cmmmmms e e e e e e e e taaaeeeaaee s s sasrresaearrrrreaaaaaaaaaaaes -25-
3.2.3  Material DepOSItioN TOOL..........cciiiiiitceeee e e e e e e e e e e e e e e e e e -26 -
I S Y [ Tod o Toto g1 (o] 1= SR PRRR - 27 -
3.2.5  AMPIIfIEr BOAI ... .t ettt e e e e e bbb - 27 -
I T VT 01 {0 (o I = To = o NPT OPPPR -28-
3.2.7  3d PriNter SOMWAIE.....ceeeeeeiiii ettt e e e e e e e e e e e e e e e e e aaaaaaaens -28 -
3.2.8  LIMIt SWItCNES ... eeeiiiii ittt ettt s ettt e e sttt e e s snne e e e e s ettt e e e e e e annanneeae s -29 -
2 R O o] L= TSSO -29 -
3.3 PROCEDURE FORASSEMBLING THEFAB@HOME SFFMACHINE ......cevvviiieeiiiiiiicee e 31
3.3. 1  ASSEMDING TOOIS ..uuitiiiiiiiiiiiie i i e e e e e e e et e e e e e e e e e e s s ssrr e e rrrrraaaaaaaaaaaaas -31-
3.3.2  MACKHINE BASE... ..ttt ettt e e e e e e e e e e e e e e e e e e e e e e e -31-
TR T T O O ¢ - o = PP PEUTURRT PP -32-
R A O 1 ¢ 1 - Yo = RSO -32-
3.3.5  ASSEMDING The ChaSSiS. ....cciiiiiiiiiiii i s ettt ettt e e e e e e e e e e e e e e e e e e aanns -33-
3.3.6  Deposition Tool Assembly And MOUNEING.......ccccueiiiiiiiiiiiiir e -33-
3.3.7 Preparing And Mounting The EIECIIONICS .......eeeeerriiiiiiiiiiiiiriieeeeee e -34 -
3.3.8  Programming The MICrOCONIIOIET .........cvviit e -34 -
3.3.9 3D PriNter SOWAIE......eeiiiii ittt e e et ee e e st e e e e s s snbbeeeeaeeane -34-
3.3.10 (070] 1010 4 T115]To] a1 o T F PP PEUUPPRPTRPR -35-
3.4 MATERIAL SELECTION .ttt e e ee et eeeettttt s e e e e e e e e e et taeeaeasebata s s e e e e e e aeeeeeeen bbbt e e aeeeaaanaaaaaaaeenes 36-
3.4.1 Required Material Selection Properties ........cccccocouuuieiiiiieiiieeiieeee e -36 -
3.4.2 Selection Of Material FOr Further TEeSHNG ........uueiiiiiiiiiia e -37-
3.4.3 Material TEStING PrOCEAUIE ...........uuuuieetimmmmm e e eeeseesnnieeteetaeeeeeereeeeaeaeeeaeeaaassnnsrnsresseeereees -37 -
I R ST o o =2 TS S PR -38-
3.4.5  ThermoplastiC MaterialS.........cc..uuuriiiiiieeeeeieeeee e e e e e e e e e e e e e e s s rr e e e e e e e e e e e e e s aeeannns -41 -
G T o] o o] 913 o] o PR UOSS PP -49 -
3.5 MODIFICATIONS TO THEFAB @HOME IMODEL .....ccvutiiieiieii et e e et e e e e et e e et e e e aaeeeaas 50-
TS 0 A [ 1 o To [ 1o i o o [PPSO -50 -
3.5.2  Design SPECIfICAtiONS. ......ccoeiiiiiee e -50 -
3.5.3 Fab@Home Model 1 Design MOdIfiCationsS ........cceceeierreririirieiiieieeeeeeeee e seeseeeeeeeees -52 -
3.6 ASSEMBLING THEDEPOSITIONTOOL ...tvttietiiitiieee e e ettt e e e e sttt ee e e s ssene e e s st e e e e e e snnbbeeee e e e nnenees 76-
3.7 CALIBRATION OF THE FABRICATION MACHINE ...cciiiiiiiiiiiieeeiiitiitee e e s sttt e e e s s sseneee s snbaea e e s s s 8-
3.7.1 Fabrication Machine POSItioning SYSIEM .......cceueiiiiiii i e e e e e -78 -
3.7.2  Material DepOSItION SYSEIM ......uuuuiiiiiiiiieiiaiee et e e et e e e e e e e e e aee b bee e e eeeeeeees -78 -
3.8 COSTANALYSIS .ttt e e e e e e et et eeett e a e s e e e e e et eaaeeeeeeeebe b bbb ae e e e e eeeeeeeeesebbbb e saaaaaseeeaeeaeeeensnnes 83-
3.9 SUMMARY ettt ettt e s e e e e ettt ettt et esaat oo oo o e e e et e et ettt e bR b e o e e e e e eeeaeeee et eeeenba b e e aeaaaas 84-



A RESULTS ..ottt ettt et e e e et e e oo e e oo e EEE R e et e e e e e e e e e et e e e e eees -.85 -

4.1 CREATED 3D OBUJIECTS. . e etttttetiattttaa e e e e e e e e e eeeeattbat e s e s e e e e e et eeeeebabaa e s e e e eeaeeeeeessnnnnnssnnnnan 85-
o O R S 1o [ U= T =1 (o o USSP -85-
4.1.2 Circular Based Half CylINAEr.................ummmme e eeeeeiinerree e e e e e e e e e e e e eeeeesraerererneneeeeeees -87 -
4.1.3 Square Block with an Internal HOIE...........cuummmeeeeermiiiiiiiiiieiieiire e e e scceeeeeeeeeeeee s -88 -
4.1.4  SCale MOUEI HOUSE ......oeiiiieiiiiiiiiee et ettt e ettt e e ettt e s snt e e e e e s snbbeeeeeeeaanes -90 -
o R ST @Y/ 11 To | yTo7= 1N To 3 - OSSP -91-
4.1.6  NIKE COMPANY LOQO. ...ttt et e e e e e e e e e et e e e e e bebee st e eeeeeaaaasaeaaaaaaaannnnnnnrnne -93-

4.1.7 Conclusion

S CONCLUSION ...ttt et e e e e e e e e e e et s e e s e r e ne e e e eeeeeees -95
REFERENGCES ...ttt s et e s et e e s e e e e e et e e e e e et e e e e e re e e e e e e nrns 97
APPENDIX A — COST ANALYSIS ...ttt e s e e e e s s e e e e e 100
APPENDIX B — CAD DRAWINGS ..ottt e e e e e e 102
APPENDIX C — HEAT TRANSFER CALCULATIONS ......ooiiit i 119
APPENDIX D — MODEL 1 EQUIPMENT LIST ...t e e e e 130
APPENDIX E — MATERIAL DATA SHEETS ..o oo 132
APPENDIX F — VOLTAGE TEMPERATURE RELATION CALCULATI ONS .....ccociiiiiiiiiieiieeeeeee, 139
APPENDIX G — FAB@HOME PRINTER CONFIGURATION FILES .. ..ot 421
APPENDIX H— COMPONENT SPECIFICATION SHEETS .......outiiiiiiiiiieiee e 148

Vi



List of Figures

Figure 1: The Fab@Home Model 1 Fabber (Cornell Brgiy, 2007) ..........cceevvvveverinnnnnns -5-
Figure 2: Image Of Silicone Squeeze Bulb Fabricatéith The Fab@Home Model 1
(Cornell UNIVErSity, 2007) .......euuuueeeeieeeeeeeeeineeaaseeeeeeeeeseeseeessssnnsnnnrssnnaeaaaaaaaees -5-
Figure 3: Altair 8800 Personal Computer (WiKipe@a07)..........uuuuiiiinieeieeeiiiiieeeiiiiinn =6 -
Figure 4. Rockefeller University, NY, USA Fab@Homdodel Used In Executing
Experiments (Cornell University, 2006).......cuueeereeeeeeeeeeeeeeeeeeeeiiinnnnsneeessnnnen s -7-
Figure 5: Reprap Replicating Rapid-Prototyper (RppRO07) ........cevvvvvvvereniiiiiieeaeeenn. =.8.-
Figure 6: Molecular Arrangement Of Amorphous PolyiGBains..............ccceoevveviiinninns -17 -
Figure 7: The Effect Of Temperature On The ElaSl@lulus .............coooviiiiiiiiiiiiiiinnnennn. 4
Figure 8: Molecular Arrangement Of Semi Crystallb@ymer Chains............cccccccovueee. -18 -
Figure 9: Polypropylene Lid Of A Tic Tacs Box (Wilddia, 2007) ..........cccceeevieeeeeeeeennnn. -19-
Figure 10: Chemical Structure Of PDMS (Wikipedi@02).............ccceeeiiiieiieeiiiiiiieeiinns 2% -
Figure 11: Acrylic Chassis And T-Nut Fastening 8yst............ccceoeviiiiiieiiiiiiiicii .25 -
Figure 12: POSIIONING SYSTEIM ......iiiii e e e e e e e et s - 26 -
Figure 13: Philips Lpc-2148 Arm7tdmi Microcontralle............cccceeeeeiiieeiiiiniiceeeiiinns =27 -
Figure 14: Xylotex 4 Axis Stepper Motor AmplifieloBrd..............ccooeeiiiiiiiiiiiiiiinnnnn. =21 -
Figure 15:Winford Microcontroller To Amplifier BodrLinK............ccoooviiiiiiiiiiiiiiiiiiinn, 28 -
Figure 16: Fab@Home 3D Printer SOftware .........cccovvvvveeviiiiiiiiiie e - 28 -
Figure 17: Limit Switch for Deposition TOOI ....cccceivieeeiee e, - 29 -
Figure 18: Cable BUNAIING.........uuuuuiiim e - 30 -
Figure 19: Cable Abrasion Resistance ANd ROULING . ....evvveeiiiiiiiieeeeeeeiieeeeeeiiiiieees - 30 -
Figure 20: MOdel 1 BaASE.........ccuuuuuiieiimmcceeeeeetiiies s s e e e e e e e e e e e e eeeeeee e ennnneeseennnn s -32-
FIgure 21: X AN Y Cariage. .. .ceeeeeeeeeee s ettt s s s e e e e e e eaaeeeeeeeasssssssmmmnnsssnnnnnnnnnes -32-
FIQUIE 22: Z - CAITIAgE ..evvveeeiiiie e eeie ettt e e e e e anaeeea e e e e e e e eeeeeeenees -33-
Figure 23: Chassis And Positioning System Assembly..............coooviiiiiiiiiiiiiinnnena: ~.33 -

vii



Figure 24: Mounting The EI€CtrONICS ..........ccaaaeeeiiiiiiii e -34 -

Figure 25: Installing The SOftWAIe ........coicccceeii i errr e -35-
FIQUIE 26: LOCC SYINNQE ...ccoiiiiieeeeeeitit ettt s s e e e e e e e e e e e e eeeeaeeeessnsmmmansssnnnnnneeeeas - 38 -
Figure 27: Selley Glass Silicone Sealant (SellB08,7) ........ccooviiiiiiiiiiiiiiiiiiiiii v -39 -
Figure 28: PDMS Sample Showing Distinct Build Las/er.............oooovviveeiiiiiiiiininnnnnn. 39 -
Figure 29: PDMS Showing Distinct Layer Thicknessinivhal Layer Wait Not Affecting
0] 1 (o L PP -40 -
Figure 30: PDMS Showing Clear Final Surface Finish..............cccccevvvviviiciiiinnn. 240 -
Figure 31: Standard Hot Melt Glue Gun (Riggs, 2006)..........ccouuririiiimiiiiiinieeeeeeeena ~41 -
Figure 32: Hot Melt Glue Sticks (Eva COpPOIYMEr).cca..uueiiiieiiiiieeiieieeeeeiiii e -42 -

Figure 33: EVA Copolymer Dispensed Unaided FromeGRun Due To High Temperatures -
43 -

Figure 34: EVA Copolymer Showing Distinct Thin GITeailS .............cceeiiiiniiiiiiiiinnnne. -43
Figure 35: EVA Copolymer Showing Clear Hard Finish...........cccccciiiiiiii 44 -
Figure 36: Technomelt Supra 100 IN Granule FOMMmm......uuueiiiiiiiieeeeeeeieeeeeieiviinnnns - 45 -
Figure 37: Technomelt 4174 In Pillow BIOCK FOrMumm..vvvvviiiiiiiiiiiiieeeececceeeeeevieen - 46 -
Figure 38: Technomelt 4721 In Pillow BIOCK FOrMuu.cccvvviiiiiiiiiiiiieeiiieee - 48 -
Figure 39: Existing DeposSitioN HOUSING.......cummmuiiiiiieiieeiiieeiiiiiiiiiie e -51-
Figure 40: Heating ElemMeNt.........cco oo errre e e e -55 -
Figure 41: Heating Element Cable & Voltage Regulato............ccccoeevviieeieiniiieeennnnnns =55 -
Figure 42: Fiberglass Wool Insulation With Elecfifape ...........ccccoevveieeiiiiiiiiiiiiinnn. .96 -
Figure 43: Cylinder Size CONSIIAINTS........ccaammmriiiiieieee e - 56 -
Figure 44: ConCept DESION ©....ii i erree e e e e e e - 58 -
Figure 45:Concept DESION Hl.....cccc e - 59 -
Figure 46: Concept DESION H ....... i - 60 -
Figure 47: Concept DESION IV ....cooeiiiiiiiiieeeeeeeeti et -61 -
Figure 48: CoNCePt DESION V ...cooeeeeiiiiiieemmccme ettt s e e e e e e e e e e e e e e eeeesennnneeeeeseennnes - 62 -
Figure 49: Balanced Vertical Forces Securing thezZNo...............ccccccoeeeeeevvvvvvvvevvnnnen . 64 -
Figure 50: Deposition NOZZIE ..........uuuiiiiieeeeeeieiieee e - 64 -
Figure 51: Bearing COllar ..........ooouuiuuitmmm ettt eeemmeeeeeeana s -65 -
Figure 52: Brazed Collar With Deposition CyliNAeL . ....coeeeiiieeeeeiiiieeeeeiii e - 66 -
FIQUre 53: SCreW EXITUAET .......uiie e ceeeeeee e e e er e e e e e e e e e e e e e e e e e - 67 -
Figure 54: Rs Hybrid Bipolar 1.8° Stepper MOtOr........cccuvviviiiiiiiiiieeeee e - 68 -
Figure 55: Paradrive Oldham COUPING........ o eeeeermmmaaaeeeeeeeeeeeeeeeeiiiesieemnneeeeee -68 -

viii



Figure 56: CONCEPt DESION | ...uiiiiii e - 69 -

Figure 57: Concept DESION li....occc e errrr e e e e e -70 -
Figure 58: Existing Body MOIfICAtION ..........ummeeeeeiieeeeeeeeiiiiieeiiiiese e eeeeeen s -70 -
Figure 59: HOldING BUCKET.........cooiiiiiiiiimmmmme e e e -71-
Figure 60: Supporting Bucket Chassis........cuuueiiiiiiiiiiiiieeiii e -72 -
Figure 61: Side Walls ModifiCation............ccouuuiiiiiiiiii e -73 -
Figure 62: NOZzle Tip Plate ......ccooe e er e e e e e -74 -
Figure 63: Existing Tip Plate Modification ... ...vvvviiiiiieiiieeeeeeeceeeeeevvv e -74 -
Figure 64: Radial Ball Bearing FanS.........ccaccaeiiiiiiiiieeeeieeeeeeeeii s -76 -
Figure 65: Magnetic Levitating Fan ... - 76 -
Figure 66: Recorded Temperature Locations For Téraperature-Voltage Experiment. - 80 -
Figure 67: Voltage — Temperature Relation — COmBGON 2..........cceeeeiviieieieeriieeeeeeenn 81 -
Figure 69: Square Block Actual MOdel ... - 86 -
Figure 70: Square CAD MOUEI ..........uuuuumimmmmn e e e e e e e e e et - 86 -
Figure 71: Circular Based Cylinder - Actual Model...........coovvvviiiiiiiiiiiiiieeeeeeeeeeeee - 87 -
Figure 72: Circular Based Cylinder CAD MoOdel..........cccoovrviviiiiiiiiiiiiiii e - 88 -
Figure 73: Square with Hole - actual model ..o -89 -
Figure 74: Square with Hole CAD MOEl........ccoooiiiiiiiiiiiiii e -89 -
Figure 75: House — Actual MOdEl...........ooo e e -90 -
Figure 76: HOUSE MOUE .......coeeeieiiiieie e e e e eern e e e e e e e e e e e eees -90 -
Figure 77: HOuSE CAD MOAEl .......ouiiiiiieee e -91-
Figure 78: Circular Dome Actual Model ... -92 -
Figure 79: Cylindrical Dome CAD MOUEl.......ccceeeeiiiiiiiee e -92 -
Figure 80: Nike Logo - Actual MOdel ..........oceeeeiiiiiie e - 93 -
Figure 81: Nike Logo - Actual and CAD MOdEel ..........uuueiiiiiiiiiieiiiiiieeeeeiiii e -93 -
Figure 82: Nike Tick CAD MOAEl .......coooiiiii e -94 -
Figure 83: Original Deposition CYIINAEN .........ciiiiii i err e e e 120
Figure 84: Simplified Deposition Cylinder FOr ANGIY.............coovvveeiiviiiiiiieie e e s e 120
Figure 85: Voltage - Temperature Relation - Comadion 1 ...........ccccevvviviiiiiiiiiiiieeenenas 140
Figure 86: Voltage - Temperature Relation - Comagion 2 ...............ccooovevviiiiiiiiiinnnces 141



List of Tables

Table 1: Summary Of Commercial Fabrication ProG®SSe..........cceeveeeviiiiiiiieeeeennnnnnn 10 -
Table 2: Commercially Available Materials.....ccccc.vveeiiiiiiiieie s -23 -
Table 3: ASSEMDIING TOOIS ......uuueiiiii e s -31-
Table 4: Summary of tested material PropPertieS . ..ee e -49 -
Table 5: Square ODbJecCt ANAIYSIS..........uuiaummmmm e - 87 -
Table 6: Circular based Cylinder Object ANAlYSIS. cec...oooceeeeiiieieeeeer e, - 88 -
Table 7: Square with Hole ObjeCt ANAlYSIS....cccueiiiiieeiiiiiieeeeeee e ereee e -89 -
Table 8: House ObJeCt ANAIYSIS ........ooiiii e s -91-
Table 9: Cylindrical Dome Object ANAIYSIS.....ccaaeiiuiiiiiiiiieee e - 93 -
Table 10: Nike Model Object ANAlYSIS ... eeeeeeiieeeeirrr e eeeee e -94 -
Table 11: Voltage - Temperature Relation - Confagion 1...............coovvvvviiiiiiiieeeeesioes 140
Table 12: Voltage - Temperature Relation - Confagion 2................oooveiiiiiiiinnneenieee 141



Introduction

This report discusses the research, developmentcandtruction of a working three-
dimensional rapid prototyping machine. The desigh utilise revolutionary technology

known as solid freeform fabrication (SFF), which dapable of fabricating accurate,
functional objects from computer models. The projidl be supported with sponsorship
from the Head of the School of Mechanical Enginegrand completed by two final year
undergraduate engineering students from The Untyas§Adelaide. Project completion will

involve a two stage process where initial reseamcti design is to be conducted prior to
construction and experimental testing of the famm machine. Using the Fab@Home
fabrication machine developed at Cornell Univetsit@omputational Synthesis Lab as a
foundation for advancement, a solid freeform fadtion desktop machine is to be

constructed.

Rapid prototyping systems are a relatively new fafhnmanufacturing that builds physical
3D objects using an additive approach by increntignsand electively depositing material
from a source onto a substrate. A rapid prototypimachine takes 3D computer aided
drawing data, most commonly a .STL file, and theacpsses the model into individual
layers. From this processed data the machine metowés the model, depositing layer upon

layer to form a completed object.

Mass production has become the cheapest form otii@etare, with one off objects and

prototype models being highly expensive. Consedyetthte consumer has had limited

-1-



1 Introduction

accessibility to the creation of unique and digtrec objects. Hence, fabrication for
consumers has always been restricted due to thdisat associated costs. This has led to a
need in the market for a low cost desktop fabricédoallow consumers to experience the
technology and benefits of rapid prototyping. Theme, successful creation of the rapid
prototyping desktop machine will ultimately bridglee gap between current commercial

production and consumers changing the way we designufacture and consume products.

The project aims to design, source and constréwtyaoperational rapid prototyping desktop
machine that can fabricate a practical object amthérmore be used as a learning tool for
future University of Adelaide studies. Using opeyurse software, firmware and readily
available parts, the assembly, construction andadipe@al programming of the machine is to
be achieved. The machine will ultimately be useddémnonstrate its ability to precisely

manufacture a 3D object with practical applications

A literature study will provide relevant backgroummdormation regarding the Fab@Home
project and its significance. Commercially avaitabépid prototyping machines and their
materials will be simultaneously researched to rd@tee their advantages and disadvantages
in relation to our project goals. From this commmtive research, a suitable fabrication
material will be selected. A comprehensive selectoteria will be developed to ensure the
material is compatible with this SFF machine andable for achieving the project goals.
Any modifications to the existing mechanical andcélical systems will also be discussed
and documented. The benefits of these modificatwitisbe quantitatively analysed in a
series of trial testing. The final results of thddals will be quantified to determine the
machines accuracy to complete the project goalsogk analysis of the project will also be

provided.



2

Literature Review

2.1 Introduction

Automated fabrication is a modern technology tHetwss the creation of three dimension
solid objects directly from a computerised moded aaw material. Rapid prototyping is a
common form of automated fabrication defined asspacial class of machine technology
that quickly produces models and prototype paodmfBD data using an additive approach to
form a physical model” (Pique & Chrisley, 2002).li8cFreeform Fabrication (SFF) is a
general term used to describe automated fabricaionesses, Rapid Prototyping, additive
manufacturing and 3D printing with the same goabwoilding objects by having a machine
deposit material under the direction of a compu&it- more accurately does not include the
term “rapid” in its description as the rapid proymhg process is not a fast procedure.
Furthermore SFF correctly includes “fabrication”ckxing the restriction of the term
“prototyping” as the uses of the process are maoitdéd solely to prototyping (Malone, 2007).

Fabrication for consumers has always been regiridtee to the costs involved with the
process, thus requiring the need in the marketafdow cost home fabricator to allow
consumers to experience the technology and beréfispid prototyping. Consequently the
benefits of the SFF technology to consumers wowddubbounded, changing the way

products are consumed (Binns, 2007).
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2.2 Application and Benefits of 3D Home Fabrication

An emancipating technology creates freedom forgiteat majority of people to work and
play independently in a new way that was previousistricted to a few (Lipson, 2005).
Traditional fabrication methods were previously ited to commercial use due to the
immense cost associated with the equipment anchodmdply required for manufacture. Mass
production is the cheapest form of manufacture witle off objects and prototypes being
highly expensive, thus limiting the accessibilifyoonsumers to the creation of these objects.
Consequently, the creation of a 3D home fabricatitachine capable of producing these
previously unattainable objects would ultimatelydge the gap between current commercial
production and consumers changing the way we designufacture and consume products
(Bowyer, 2007).

Using a home fabrication machine you could customkermtems that would perfectly satisfy
your own personal requirements. Three-dimensiomaitipg will therefore help us move

away from the mass consumption that is so deepghained in our culture (Binns, 2007).

2.3 The Fab@Home Project

The Fab@Home project is attempting to make multiemia SFF accessible on a global
scale, giving people a new freedom to create tdegitaterial objects (Lipson, 2005). The
Fab@Home project was developed by Professor Hosohi@nd postgraduate student Evan
Malone at the Cornell University's Computational n8yesis Lab. The Fab@Home
fabrication machine can be purchased for approxinaine tenth of the cost of currently
available commercial 3-D printers. Only basic holskils such as soldering are required to
assemble a Model 1 kit as shown in Figure 1. TIkHE Biachine, commonly referred to as a
“fabber”, has the ability to produce thousandshsté-dimensional objects from a range of
materials by following simple directions sent toby a personal computer. The silicone

squeeze bulb shown in Figure 2 is just one exawiptiee capabilities of the machine.

The accompanying website, Fab@Home (fabathome.bap, been developed to provide
support for the fabrication system and to educatgple how to build their own fabrication
machines. It is also a resource for amateur inveritbshare their blueprints and ideas online.

The open source nature of the project enables listsbpr companies to obtain this

-4 -



2.3 The Fab@Home Project

technology, further experiment with it, improveatd develop new applications and uses for
it (Binns, 2007). The ultimate goal of the Fab@Hapneject is to make a desktop machine
that prints other machines, such as robots, compléh circuit boards from the comfort of
their own home (Binns, 2007). Fabricating circuttalds would require multi-material
fabrication, first producing the plastic circuitdrds followed by the extrusion of conductive
electronic circuits. This would ultimately be pdssiin the future with further development

and testing of suitable materials required.

Figure 1: The Fab@Home Model 1 Fabber (Cornell Unigrsity, 2007)

Figure 2: Image Of Silicone Squeeze Bulb Fabricated/ith The Fab@Home Model 1 (Cornell University,
2007)

2.3.1 Fab@Home Home Fabrication Revolution
Commercial production manufacturing methods invoreey high initial start-up costs and
long lead times before the first part is produc€&dllfy, 2007). Commercial fabrication

machines typically cost in excess of $100,000 ttther funds required for the materials,
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technical knowledge and maintenance. Furthermbe,associated time involved with the
production of fabricated objects can often be esitenbefore the first object is produced.
Accessible low cost solutions are required for hame for production of one off parts.

Desktop home fabrication machines can ideally ereaseful items on demand from

computer-generated design specifications at yourehwithout the cost associated with the
previous commercial production methods and alstowit the perceived constraints about
how something is to be made (Burns, 1995). TheeefSFF home fabrication is a universal
technology that has the potential to revolutiorose lives by enabling consumers to design

and manufacture individualised objects (Binns, 2007

2.3.2 How The Fab@Home Project Will Lead The Revolution

The release of the simple personal computer ké&, Aliair 8800, in the seventies allowed
household consumers the opportunity to build areacnise computers for a reasonable price.
Current electronic computers of the time were \@qgensive and did not have the ability to
be customised, subsequently limiting their techgigi@ advancement. The Altair 8800
spurred the development of software, operatingesystand user interface devices through its
customisable features, allowing consumers to advaisctechnology (Anonymous, 2007)

The Altair 8800 is regarded as the precursor op#rsonal computer (Simonite, 2007).

Figure 3: Altair 8800 Personal Computer (Wikipedia,2007)
The Fab@Home has been created to spark the devehdpoh rapid prototyping for the

consumer market in the same way the Altair 8800fdidpersonal computing in seventies
making multi-material rapid prototyping accessiliée anyone (Simonite, 2007) (Lipson,
2007). Its customisable open source software atideounser forum is the driving force of the
project, allowing the interaction and sharing afad between consumers, thus accelerating

the development and advancement of the technology.
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2.3.3 Examples Of The Fab@Home Project

Since the inception of the Fab@Home project in 2008merous groups and tertiary
institutions have successfully constructed theimawapid prototyping machines using the
Fab@Home kit developed by Cornell University. Theges range from simple desktop

fabrication to use as a practical tool for uniqaestific experiments.

For example, in July of 2006, the biological laliorg of Dr. Stanislaus Leibler at
Rockefeller University in New York, USA utilised ghFab@Home model to assist in
scientific experiments being conducted at the latwoy. The Fab@Home model was utilised
in the Liebler laboratory as a simple and custobiesalatform for executing scientific
experiments on the effect of initial spatial distion of cells of the slim mould organism
Dictostylium Discoideum in the environment and thgatiotemporal evolution of their
colony aggregation response to starvation stresgofM, 2007). The Fab@Home model was
modified to include a dual syringe tool as showrfigure 4, which assisted in the spatial

control of both organisms and nutrients in expentakgeometries (Malone, 2007).

Figure 4: Rockefeller University, NY, USA Fab@Homevodel Used In Executing Experiments (Cornell
University, 2006)

2.3.4 Other Home Rapid Prototyping Machines

Other home fabrication machines with varying prbjettentions and goals have been

developed by independent scientists, academicé alololyists.

RepRap is a replicating rapid prototyper developedhe University of Bath, Centre for
Biomimetics, in the United Kingdom and is shownHigure 5. The RepRap project uses

fused deposition modelling (FDM) rapid prototypiteghnology with the aim of reproducing
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the components needed to build another versiortsetfi(Bowyer, 2007). It is oriented
towards self-replication, eventually demonstratiagolution by having the ability to
reproduce itself, increasing exponentially in numié machines produced (Boothroyd,
2007). The goal of the RepRap project is to haeepthtential to enable individuals to use the
desktop manufacturing system to produce many oitémes used in every life for a minimal
outlay of capital (Bowyer, 2007). The cost once/stam can replicate itself, besides the cost
of the raw materials, would be minimal to produadimited replications of the prim
structure (Boothroyd, 2007).

Figure 5: Reprap Replicating Rapid-Prototyper (Repiap, 2007)

Self replication requires the machine to contrslatvn actions autonomously. The RepRap
will optimistically be able to autonomously congtrua significant proportion of its
mechanical components. However, non-replicable capts such as stepper motors,
cameras, microcontrollers or sensors would recairexternal supply limiting its ability to
self replicate (Bowyer, 2007). The success of ttogept would depend on the ability of the
machine to overcome this hurdle to produce eleadttomponents with dissimilar properties

to perform the required functions (Bowyer, 2007).
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2.4 Commercially Available Fabrication Techniques

The transformation from traditional tooling to comrtial freeform fabrication was realised
in the late 1980’s. A range of revolutionary tecjugs have evolved in the industry with each
having distinct and unique advantages. The eightgyy fabrication techniques available are
Solid Freeform Fabrication (SFF), Fused Depositibodelling, Inkjet Deposition, Layered
Object Manufacturing, Inkjet Binding, Laser Sintgyj Solid Ground Curing and
Stereolithography. The capability of each procesgeanerally described in terms of work

envelope, build time, accuracy and unit cost asveha Table 1.

The most recent fabrication form introduced to stdy is Solid Freeform Fabrication. A
notable property of SFF is its lower overall uriist compared to the other processes. The
ultimate goal of SFF is to make this technologyilabée to the average household consumer
with scope for hobbyists or entrepreneurs to pextssm and improve the system as outlined
previously in the report. To achieve this, comprmenon the accuracy, build time and

maximum work envelope was required.

Selection of the most suitable fabrication procgspends on the application at hand. For
example, stereolithography is an excellent fabiwcatechnique for creating well defined
models with the highest achievable accuracy. Howesignificant post processing of the
model is required. In contrast, Selective LasetteBing requires no further work after the

fabrication is complete which may benefit the digrime to delivery was critical.
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Maximum Work Build
Fabrication Technique Envelope (mm) (W x L x Time Accuracy (mm) Unit Cost (3AUD)
H) (hrs)
SFF 240 x 240 x 249 N/A 2.57 $6000
$19,000 to
Fused Deposition Modelling 600 x 500 x 6b0 13° 125to0 .78
$300,006"
, N $60,000 to
Inkjet Deposition 298 x 185 x 268 N/a N/a
$85,006"
_ _ 5 $15,000 to
Layered Object Manufacturing 560 x 810 x 810 118 127 to .28
$240,006"
, .., , $20,000 to
Selective Inkjet Binding 508 x 609 x 466 N/a 2%
$70,006"
Selective Laser Sintering 381 x 330 x 57 5 .075t0 .# $300,008"
Solid Ground Curing 500 x 350 x 660 110 1to .87 N/a
, ; $75,000 to
Stereolithography 500 x 500 x 680 78 .075to .28
$800,006"

Table 1: Summary Of Commercial Fabrication Processe
[1] — Wright, 2001
[2] — Degarmeet al, 2003
[3] — Grenda, 2006

The systems identified in Table 1 can all be cfassinto four basic groups; Photopolymer

based, Deposition based, Powder based and Lammrzdged (Degarmo, et al. 2003).

2.4.1 Photopolymer Based Fabrication Technique

Photopolymers are liquid phase resins that curenvex@osed to ultra violet (UV) light. The
two most developed primary methods using photopetytechnology for prototyping are

Stereolithography and Solid Ground Curing.

2.4.1.1 Stereolithography

Stereolithography (SLA) is the oldest form of rapitotyping first commercialised in 1988
by 3D Systems (McMains, 2005). The pioneering cphcg used to generate solid, plastic
three dimensional models from CAD drawings for plaepose of modelling or testing objects
before they are implemented into full production.

The SLA fabrication technique converts CAD designaddels into successive cross-
sectional build layers with a typical thickness0o®5 to 0.15 millimetres. Before initiating

the building and processing phase, the manufactamealyses the structure to be

-10 -



2.4 Commercially Available Fabrication Techniques

manufactured to identify supports that may be meglito support overhang features
contained within model. The process then begindomering the build platform into a
curable liquid vat and allowing the equivalent akdayer-thickness of resin to submerge the
platform which is then cured with an ultra-violetseér. Post processing of the model is
required for removing any excess residual resintaralire the model by placing it into a UV

oven.

Stereolithography is generally considered to preuite greatest accuracy and best surface
finish of any rapid prototyping technology. The tgaare durable and dimensionally very
accurate, with infrequent variances only from 0.@620.005 inches (Rapid Prototyping
Centre, 2006). In contrast Degarmo et al, 2003rdahat stereolithography is limited by the
significant amount of post processing of the pétdrgrototyping, including the removal of
supporting structures. Additionally, photopolymars often highly toxic and can cause skin
irritation if improperly handled.

There are numerous manufacturing companies proglucapid prototyping materials
specifically for stereolithography manufacturingace company’s products cater for the
specific fabrication application and provide vagymechanical and thermal properties.

2.4.1.2 Solid Ground Curing

Solid Ground Curing (SGC) cures photo-sensitivenr@s layers with a high intensity UV
laser and computer controlled photomask. The peoesimilar to all freeform fabrication
processes in that a solid CAD model is sliced thio cross sections that are bonded together

sequentially using the heat of the laser.

The most promising aspect of SGC is its abilityabricate parts in greater batch sizes than
other fabrication methods. As no supporting stmesiare required, the number of parts per
batch is multiplied and since the build time perelais constant, the time until completion
can be predicted to within an acceptable accurBiey.drawback of SGC is the need for a full
time operator to observe the prototyping procesgimoously. Due to process complexity,
SGC is susceptible to reliability problems (Degareical. 2003).
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2.4.2 Deposition Based Fabrication Technique

Deposition technology produces bonded three dimeasiobjects through robotically guided
extrusion of thermoplastic. There are two major exstering methods used in industry and
they are Fused Deposition Modelling and Inkjet De{ion.

2.4.2.1 Fused Deposition Modelling

Fused Deposition Modelling is one where solid fitarhmaterial is fed from a spool into a
heated actuating-nozzle and extrudes small droplets a build platform. It is the second
most widely used application after stereolithogsgapand involves integrating computer
aided design (CAD), polymer science, computer @bnénd extrusion technologies to
produce three dimensional solid objects directiyrfra CAD model (Masood, 1996).

The entire fabrication process is conducted insideoven chamber which is held at a
temperature just below the melting point of theenat. This is advantages as only a small
amount of additional thermal energy is needed ttt the FDM plastic. Support structures
can also be built simultaneously to allow for coexptlesigns with overhang. These supports
can be simply removed by either breaking them awayusing water soluble support

structures.

FDM models are known for their structural strengiater proofing and thermoplastic
material. The method is very quiet and allows at vasge of materials to be used. The
deficiencies of FDM are the techniques need fopstng structures and the limitations of
the accuracy of the model due to the larger dianoétthe nozzle (Grenda, 2006).

The materials available for the FDM process wergimeally a nylon-like polymer or
machinable casting wax, but the introduction of yAanitrile Butadiene Styrene (ABS)
plastic revolutionised the industry by providingosiger layer to layer bonding than other
previously used materials, and consequently matwiaof more robust fabricated objects
(Grenda, 2006).

2.4.2.2 Inkjet Deposition

Inkjet deposition processes complete functionatqiyping models using multi-jet ink heads,

similar to conventional 2D ink heads, but with ktess of hundreds of nozzles. Materials are

-12 -



2.4 Commercially Available Fabrication Techniques

selectively deposited onto the substrate by a segrprinting head in a series of uniformly

spaced micro droplets. These droplets solidify lsind together to produce a uniform mass.

Similar to other methods, inkjet deposition regsiithe use of supporting structures for
cantilever or overhanging features. Degaretoal. 2003 describes the process to give a very
good surface finish with a dimensional accuracyhinit0.006 mm. The disadvantages of the
process include long build times and the limitedge of materials which include only low

melting temperature thermoplastic or wax.

2.4.3 Powder Based Fabrication Technique

Powder based processes build CAD designed unifolmdeia for product development

testing using sintering techniques with carbon diexasers. The powder’s properties are
such that they solidify when the heat of the lasdocused onto the build surface. The two
major developments using this technique are Sekedtaser Sintering and Selective Inkjet
Binding.

2.4.3.1 Selective Laser Sintering

Selective Laser Sintering (SLS) uses a high powemathon dioxide laser to fuse small
particles of plastic, metal or ceramic powder iatdesired 3 dimensional structure. An SLS
machine consists of the following parts; feed pistouild piston, rolling apparatus, carbon
dioxide laser and build platform, which collectiyelost approximately $300,000 US dollars
(Grenda, 2006).

The main benefit of SLS is the durability and fuoctlity of the materials used in the
process. SLS has the widest range of engineeriagegmaterials that require no post
processed curing or supporting structures, allowguicker delivery time compared to
processes like stereolithography (Anonymous, 2008w weakness of SLS however, is that
finished parts have a rather porous surface fimlek to the nature of the technology
(Anonymous, 2007).

The materials available for SLS are quite extensiMee method of local melting and
solidification allow many materials to be used utthg polyamide, glass filled polyamide,
elastomer, polystyrene, foundry sand, stainlesd ated other polymers. The colours of these
parts depend on the material being used (Anonyni/a).
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The SLS process has been continually investigatddoatimised over the years and in 2001
the Swedish company Arcam introduced a new teclenkopown as Electron Beam Melting

(EBM) which substituted the carbon dioxide laserdn electron beam. The technology fires
electrons at half the speed of light to fuse thesgrsectioned powder material. This is all
performed in a vacuum environment to maintain tleeteons’ potency and has been proven

to be more energy efficient than SLS (Arcam, 2007).

In addition, Sandia National Laboratories have tpe&d a technique that combines the laser
and powder material feeder into a single deposhiead, allowing for quicker processing and
direct deposit of material. This technique is knaagnLaser Engineered Net Shaping (LENS)
(Wright, 2001).

2.4.3.2 Selective Inkjet Binding

Selective Inkjet Binding (SIB), also known as 3Dning, uses inkjet printing technology to
selectively and electively binds together layerpoivder using a liquid binder. The process
is identical to the SLS technique described eadiarept the laser is replaced with an inkjet
printing head which will scan the powder surfacel amect a binding material (such as
colloidal silica) onto the powder. The depositeglid brings together those areas described
by the parts cross section with the unbounded powdeporting the part structure as each

layer builds up.

The SIB process is commonly used in the fabricabbrinvestment casting shells, metal
tooling and concept modelling. Its major advantagesthe variety of engineering materials
that can be used as well as using a binding mesimatiat avoids typical sintering problems
such as residual stresses in the model (Degaetrat, 2003).

2.4.4 Lamination Based Fabrication Technique

Lamination based methods build three dimensionaletsousing thin sheets of paper, metal
or ceramic material that are rolled onto a buildtform and exposed to heat. The more
common commercially used method is Laminated Oby&tufacturing.

2.4.4.1 Laminated Object Manufacturing

Laminated Object Manufacturing (LOM) is a freefofabrication technique that involves
sequential bonding and moulding of material sheettaminae. Laminae layers are made

from paper and are bonded together using a thermetivated organic compound.
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The lamination processes do not require the fatiwicaof additional supporting structures.
The problems related to complex overhanging partaotilever sections are hence mitigated
allowing the parts to be easily fabricated. Sinee material does not go through a phase
change (i.e. liquid to solid), it has better stawat integrity and there is less resulting residual
stresses due to the material warping. Toleranck®waed with this method are up to .254

millimetres.

The process, however, is limited to a smaller selecof available materials and the
manufacture of smaller batch sizes due to the cditfy in removing excess material.
Removal of excess material is handled by drawimgshatches over many layers in excess
material regions during building. These cross hegcbonsume a significant proportion of
build surface and thus parts cannot be spacediglmggether. The material laminates that are
available are paper, ceramic and metal laminateseflly paper materials have properties
similar to those of birch wood and are commonlydubg pattern and model makers in
woodworking shops. Metal and ceramic layered shgmts/ide excellent fabrication

properties, but are used in moderation becaudeeofhiigher cost in comparison to paper.

2.4.5 Conclusion

Investigation into the commercially available rapdototyping techniques has revealed
several concepts and methods for transforming CA&lgis into working three dimensional
models. The deposition method utilised by the Falo@eél fabrication machine is most
closely resembled by deposition based systemsicpianly Fused Deposition Modelling.
This utilises thermoplastic compounds as the furetdal basis for fabricating all its models.
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2.5 Materials Available In Rapid Prototyping

There are a range of materials previously usedapdr prototyping machines, each with
varying properties and structures to satisfy tlggirements of the object being manufactured.
Some of the materials require extra processing sgcheat or UV curing to bring them to
their final state. Since Fused Deposition modellvas closely related to the Fab@Home
project, the materials research has been primbrdysed on thermoplastic polymers. These
materials could potentially be implemented into fhmal construction of our Fab@Home
machine. Other materials previously used with taé@home Model 1, such as silicone,
were also investigated. Chocolate and play-doh weseerials previously used as building
materials in the Model 1, but did not have therggtk and hardness to manufacture an object
with practical applications and were subsequen#yemot further investigated.

2.5.1 Thermoplastic Polymers

A thermoplastic is a material that is plastic ofoteable, which transforms to a molten
liquid state when heated and solidifies to a laittjlassy state when cooled sufficiently
(Merola, 2007) Thermoplastic polymers differ from thermosettindypeers in that once they

have formed, they can never be remelted and redh@perola, 2007). Thermoplastics can

repeatedly undergo melting to freezing cycles ardle reshaped upon reheating.

Advantages/Disadvantages

Thermoplastics offer many advantages over conveatimaterials with the ability to make

complex objects and shapes comparatively easilyeiCadvantages include low energy for
manufacture with low melting and boiling pointswlgrocessing costs and low density
(Furness, 2007). It can also sustain large pla&iormations without fracture because of its
ductile mechanical properties (Merola, 2007). Hogrethermoplastic polymers possess low

strength.

A thermoplastic polymer differs from thermosettimgfymers because it melts or flows when
heated. Thermoplastic polymers generally do notehavhighly cross linked chemical
structure, and act much like molecular solids whidssess low strength and are ductile.
They are used in Fused Deposition Modelling (FDNMJ also in some ink-jet technology RP
machines. There are two classes for the thermaoplastiecular arrangement, amorphous and

semi-crystalline (Furness, 2007).
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Amorphous Polymers

An amorphous solid is a solid where there is n@lange order of the positions of the atoms.
Amorphous polymers are usually stiff, brittle arldac in the original state (Furness, 2007).
Due to their randomly ordered molecular structummilar to that shown in Figure 6,

amorphous polymers do not have a sharp melt pburt,instead soften gradually as the
temperature is increased, which is why the assmtiataterials change viscosities when
heated (Anonymous, 2007d). However, they are not\vascous as semi-crystalline materials.
Amorphous polymers lose their strength quickly abdkeir glass transition which is the

temperature where the amorphous materials aclidjuels.

Figure 6: Molecular Arrangement Of Amorphous Polyme Chains

The temperature of the material and stress state &asignificant effect on the molecular
arrangement and hence the properties of a polyRarnéss, 2007). Figure 7 shows
schematically the effect of temperature on thetielasodulus of an amorphous and a semi-

crystalline polymer.

Figure 7: The Effect Of Temperature On The ElastidModulus

Semi-Crystalline Polymers

Semi-crystalline materials differ from amorphoustenials in that they have a highly ordered
molecular structure with sharp melt points as showiigure 8. They do not gradually soften

when the temperature is increased but instead rehaad until a specific quantity of heat is
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absorbed; at this point the material rapidly changé a low viscosity liquid (Anonymous,
2007e).

Figure 8: Molecular Arrangement Of Semi Crystalline Polymer Chains

2.5.1.1 Acrylonitrile Butadiene Styrene (ABS)

Acrylonitrile butadiene styrene, also known as ABSa commonly used thermoplastic that
can be used for rigid, light, moulded products wigttied applications including automotive
body parts, golf club heads, wheel covers, pipprgtective head and various toys including
LEGO bricks (Lenau, 2007).

The advantage of ABS is that it combines the rgidind strength of the acrylonitrile and
styrene polymers with the toughness of the polydietee rubber (Harper, 1975) which
results in ABS being a good general purpose plagtic strong, very resistant mechanical
properties (RepRap, 2007). Also the stability of thaterial under load is excellent with
restricted loads (Harper, 1975).

ABS plastic is well suited for use in the fabricati machine as it has good structural
properties including high strength and toughneas ighdesirable for building an object with
practical applications.

2.5.1.2 Polyethylene (PE)

Polyethylene is a common thermoplastic heavily usedonsumer products with over 60
million tons of the material being produced by tihemical industry every year.

Polyethylene is classified into several differeategiories based mostly on its density and

branching. The mechanical properties of polyethgldapend significantly on variables such
as the extent and type of branching, the crystatstre, and the molecular weight.
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An example of polyethylene material which is usadrapid prototyping is High Density
PolyEthylene (HDPE). HDPE is a very common engiimgethermoplastic addition polymer
made from petroleum which is currently being tmilen the RepRap rapid fabrication
machine. HDPE is commonly used in robotics appbost as a suitable substitute for metal
structural components of robots. Due to its higmsity composition HDPE has little
branching, giving it stronger intermolecular forcasd tensile strength in comparison to
lower density polyethylene (Anonymous, 2007f). HD&dn withstand temperatures of up to
110°C continuously and higher temperatures of 120tGhort periods of time. It is also an

expensive material to obtain and is resistant toynsalvents.

HDPE has a varying range of applications includsbgrage containers, laundry detergent
bottles, fuel tanks for vehicles, plastic bags aadural gas distribution pipe systems for

example.

PE is well suited to the SFF machine as it hasgh hiensity and hardness, which can
withstand intermediately loads applied by hand.sThill provide good structural integrity
that is desirable for completing the project goBhmnufacturing an object with practical

applications

2.5.1.3 PP (Polypropylene)

Polypropylene is another common thermoplastic naltaused in a wide variety of

applications as shown in Figure 9. PP is an addipolymer made from the monomer
propylene (Anonymous, 1993a). It is used commonlyfdod packaging, reusable plastic
containers, ropes, laboratory equipment, loudspsalied automotive components. It is a
rugged plastic which similar to HDPE and is resiste many chemical bases, solvents and

acids.

Figure 9: Polypropylene Lid Of A Tic Tacs Box (Wikipedia, 2007)

-19 -



2.5 Materials Available In Rapid Prototyping

Polypropylene has an intermediate level of cryistigyl in its commercial form between that

of low density polyethylene (LDPE) and high dengibtyethylene (HDPE). Polypropylene is

often used as an alternative for engineering mlesuch as ABS as it is less flexible than
LDPE while being less brittle and tough than HDRRBdnymous, 1993a). Polypropylene is
known for its good resistance to fatigue and a& ssiased for many plastic living hinges.

Polypropylene has a melting point of 165°C anddagyh flow speed which helps to fill the

plastic mould during the production process.

PP will allow the machine to fabricate high fatigtesistant objects with good structural

properties including strength and hardness. legtleetically pleasing and readily purchasable.

2.5.1.4 Ethylene-Vinyl Acetate (EVA)

Ethylene-vinyl acetate is the copolymer of ethylem&l vinyl acetate, and is commonly
known as EVA or simply “acetate”. EVA is competgiwith rubber and vinyl products as it
has similar properties to elastomeric materialsoftness and flexibility while having the
benefit of being processed like other thermoplasticavourable properties of the material
include good clarity and gloss, toughness at lowpkerature, stress crack resistance, hot melt

adhesive and heat sealing properties while alstgbmilourless (Anonymous, 1998).

EVA can also be used as a shock absorber as ilgrbpnown as ‘expanded rubber’ or
‘foam rubber’. EVA foam is used as padding in vasasporting equipment including ski

boots.

Hot glue sticks, usually with the addition of resind wax, are commonly made from EVA
copolymer. These EVA thermoplastic adhesives amantonly available as solid sticks of
varying lengths with most popular stick sizes agpmately 10 centimetres in length with a
diameter of 11 millimetres. In combination with @&ating element the hot glue sticks
transform from a solid form to a molten plastic. the material is quick bonding it solidifies

quickly on cooling to harden in a short amountiwfe, generally less than 1 minute.

The melting point of high EVA copolymer is in thegion of 99-115°C and is hence suitable
in hot glue guns which heat up to approximately°’C2(Anonymous, 2000).
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EVA was determined to have ideal properties forwik the SFF fabrication machine. It has

a low melting point which will require less heatiagergy overall. It is available in granular

form allowing simple transfer into the depositiopimder because of the small dimensions of
the granules. It also has good structural propertieat can resist the intermediate loads
applied by hand.

2.5.2 Silicones

Polymerised siloxanes or polysiloxanes, more comynknown as silicones, are inorganic-
organic polymers. Silicones are made up of an migsilicon-oxygen backbone which has

organic side groups attached to the side.

Variation of the -Si-O- configuration results inlines being synthesised with a wide
variety of properties and compositions. This vasiatof structure can hence modify the
consistency from liquid to gel to rubber to harcgpic. Silicones are very resistant to
chemical attack while also being water repellerd heat stable (Ophardt, 2003). Therefore,
silicones find numerous uses in greases, oils ahder like materials. Silicone oils are also

very desirable since they do not decompose atteigiperature and do not become viscous.

2.5.2.1 Polydimethylsiloxane (PDMS)

The most commonly available silicone is linear platyethylsiloxane (PDMS) and is one of
many types of silicone oil with the chemical sturet shown in Figure 10. Silicone oils are
very desirable since they do not breakdown at keghperature and do not become viscous
(Anonymous, 2003b).

Figure 10: Chemical Structure Of PDMS (Wikipedia, 207)
PDMS has flexible chains which become loosely egishwhen the molecular weight of the

substance is high. Such flexible chains becomeelgantangled when the molecular weight
is high, which results in PDMS having an unusualligh level of viscoelasticity.
Viscoelasticity describes materials that exhibithbeiscous and elastic characteristics when

undergoing plastic deformation. PDMS is a clearemal, generally considered to be inert,
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non-toxic and non-flammable (McDonaldt al. 2000). It can be manufactured in varying

viscosities from a thin flowable liquid to a thiokbbery semi-solid.

PDMS was determined a suitable material for in wgh the Fab@Home Model 1. It has
good structural strength for manufacturing prattaaects. One limitation is that is takes

approximately 24 hours to fully cure.

2.5.3 Summary

The thermoplastic and silicone materials researcedved several advantages for use with
our new deposition tool and are summarised on dhewing page in Table 2. Of the four
thermoplastics, EVA copolymer was determined tdhsebest material as it had the lowest
working temperature and still provided sufficiettustural integrity when solidified. It was
the most energy efficient as it required the leasbunt of energy to heat the material to a
liquid state. It will be further tested for compgmlity with the Fab@Home material
deposition tool, and specific properties such ascogity and tensile strength will be
determined. PDMS was another potential materialiga with the fabrication machine. This

material will also be investigated using testinggadures discussed in Section 3.
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: Common : Advantages for our
Material Properties | Advantages :
Uses Machine
L ) Automotive body | Rigid, light, high - ]
Acrylonitrile butadiene styrene Stability of Good structural properties

(ABS)

parts, golf club
heads, moulds

strength and

toughness

material under load

strength and toughness.

Polyethylene (PE)

Robotics, storage
containers, plastic
bottles, gas

pipelines

High density and
tensile strength

Strength and
hardness

High strength that's suitable
for building practical objects

Polypropylene (PP)

Food packaging,
ropes, plastic

High strength

Good resistance tg

Will create fatigue resistan

containers, loud and hardness fatigue prototypes
speakers
) ] ) Low melting point material,
Padding for ) Available in pellots ] )
] ] Tough, high ) available in beaded form
Ethylene-vinyl acetate (EVA) sporting form, low melting
strength and has good structural

equipment, glue

point, high strength

properties

Polydimethylsiloxane (PDMS

Electronics, sealing

agent

24 Hour cure
time, high
viscoelasticity,
high strength

and hardness

High temperature

resistant

Good structural properties

Table 2: Commercially Available Materials

2.6 Literature Review Summary

3D home fabrication is an emancipating technoldwt enables consumers to create unique

objects from the comfort of their own home. The @dtbome is one project that is attempting

to build on this technology by making a multi-maéerdesktop machine that can be

purchased for one tenth of the cost of commerciachines. Commercially available

fabrication techniques were also investigated diclg photopolymer, deposition, powder

and lamination based systems. Fused Deposition limgdenost closely resembled the

Fab@Home system. Consequently, thermoplastic raédewere further investigated for

potential use with this SFF machine. PDMS was atse@stigated because it had been

previously used with the Fab@Home Model 1 macHiéA copolymer was determined the

most suitable material for this project becauseat®otigh strength and hardness and low

melting point. These materials will be further istigated in the construction and

modification stages of this project.
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3

Construction of Fab@Home Model

3.1 Introduction

Construction and programming of the Fab@Home Mddét easily achievable with the
correct level of preparation and planning. Gengrafleaking, approximately 2-3 working
days are required to complete construction withy dmhsic level hobby skills such as
soldering required. In this section, the equipneerd procedures utilised for constructing the
Model 1 will be documented. The most effective wwogmaterial will be investigated and
selected from the thermoplastic range previoustgaeched. All necessary modifications to
the Model 1 system, either mechanical and eleatronicomputational, will be discussed in
detail from conceptual design to completion of arkimy prototype. This includes any
additional assembly procedures and details of #tibration of the working system. A cost

analysis of the machine will also be provided.

3.2 Apparatus

The required apparatus for Model 1 system consistexver 60 mechanical, electronic and
structural components. A list of components wawigled by the Model 1 developers through
the Fab@Home Wiki website and is presented in AgpeD. The parts came from many
different suppliers located throughout the Uniteadt&. To avoid the international postage
and handling tariffs associated with sourcing taggpfrom abroad, the individual parts were
to be sourced from Australian suppliers. Howevee formation of Koba Industries, a

company which sells the Model 1 as a complete dagbled us to purchase all the parts
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3.2 Apparatus

directly from one supplier to avoid multiple postagnd handling costs. If the parts were
sourced from other various suppliers, there wagittkeof components not being compatible
with the Model 1 system, which would delay consiiut and improvements to the machine
and ultimately risk construction completion of tim@chine to fall outside the allowable time
constraints of the project. Purchasing the SFF macis a complete kit allowed resources to
be directed towards satisfying outlined project IgoaA background to the critical

components for the Fab@Home Model 1 is discusskavbe

3.2.1 Chassis

The chassis will be constructed from 6mm thick lasg acrylic sheets and fastened together
using a “T-nut” configuration where the nut is irtee into the connecting component and
secured with a screw positioned through a pre nmadke and threaded into a corresponding
nut as shown in Figure 11. There is 33 acrylicp#rat make up the machine structure and 7
that form the material deposition tool. Laser cugtthe acrylic sheets was an accurate way to
ensure all parts aligned and linked together pebgcisAs laser cutting has become
commercialised in industry, the acrylic chassis ldobe produced locally from CAD
drawings. However, the complete Fab@Home Modeldplser, Koba Industries, provides

pre laser cut acrylic components in the comprelverist.

Figure 11: Acrylic Chassis And T-Nut Fastening Systm

3.2.2  Positioning System

The X, Y and Z positioning system accurately guidies deposition tool and building
platform to precise locations specified by the i@ddron software, allowing material to build
incrementally layer by layer. Movement is provided Hybrid-bipolar, 1.8° stepper motors
from Haydon Switch and Instrument because of tkenple design, high resolution and
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accuracy (Malone, 2007). The deposition tool aniddieaurface move on linear ball-bearing
pillow blocks with ¥2” diameter rails. The tool rslen the Y-axis which is coupled with the
X-axis as shown in Figure 12. A belt drive conndtis drive shaft of the X-axis stepper
motor with corresponding belt drive at the othed erf the machine ensuring the tool is
supported at both ends of the Y-axis. The Z-axap@tr motor moves the building surface
independently from the X and Y system also showigure 12. The force, maximum speed,
and positioning resolution all depend upon theatineg of the selected lead screw — in this

case 15.8 m travel per full step, a nominal top speed of 2&/m (1600 step/s), and a
maximum thrust of 120 N (Malone, 2007).

Figure 12: Positioning System

3.2.3 Material Deposition Tool

The material deposition tool is where material epakited onto the building surface by a
deposition system. Currently the Fab@Home Modehldri€ation machine is fitted with a
syringe extruder system which use 10 cubic cenameyringes filled with a compliant
fabrication material, such as silicone, chocolateplay doh, that is piston forced onto the
surface using a linear hybrid stepper motor. Vainazzle tip diameters are available, from

0.1 to 1.54, allowing different degrees of accuraxye achieved. Observably, the accuracy
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is dependent on the viscosity of the material ag vescous materials may not flow through
nozzles that are too small for example. The adggntd the syringe deposition is that various

materials can be used and interchanged duringcttion.

3.2.4 Microcontroller

A Philips LPC-2148 ARM7TDMI microcontroller is use communicate instructions
between the PC software and stepper motor posigosystem as shown in Figure 13. C++
open source software, courtesy of www.fab@home.altpws the controller to be
programmed. This controller is best known for iteect USB 2.0 connection to the PC,
which is one of the most common data transfer nmadifor computers. A large RAM space,
512kB flash memory and 40kB of RAM allows motiomanands to be buffered so that real-

time motion does not depend on fluctuations in camigation bandwidth.

Figure 13: Philips Lpc-2148 Arm7tdmi Microcontroller

3.2.5 Amplifier Board

The positioning system and deposition tool motgoasvered using a Xylotex 4-axis bipolar
stepper motor amplifier board as shown in FigureR@wer comes from a 24V DC power
supply connected to the mains 240V supply. Cunemnégulated to each stepper motor and
can be adjusted according to the required ratirgaoh motor. The amplifier board also hosts
connection ports for all 6 limit switches and a 1PXC fan if required. Instructions are

transferred to this device from the microcontroied PC.

Figure 14: Xylotex 4 Axis Stepper Motor Amplifier Board
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3.2.6 Winford Board

The Winford board provides a link between the ntordroller and amplifier board and is
shown in Figure 15. 25 screw terminals allow steghpwires to easily be fitted without the

need for soldering.

Figure 15:Winford Microcontroller To Amplifier Boar d Link

3.2.7 3d Printer Software

The 3D printer software provides a graphical ustgrface for operators to import their STL
files for fabrication. Further manipulation of tl@AD model files such as alterations in
position on the working space or the scale of thgput model are possible in the software
environment. Material properties are assigned te $lelected fabrication model from
previously determined material property files, thmaterial configuration file for EVA
copolymer is shown in Appendix G. Manufacturing ndafor the objects geometry are
generated in the virtual environment as shown gufd 16. The software is open source and
accessible from the Fab@Home website. It was writtigh C++ in Microsoft Visual Studio

using Open GL graphics rendering.

Figure 16: Fab@Home 3D Printer Software
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3.2.8 Limit Switches

Limit switches at either ends of each axis willetatine the boundaries of the positioning
system. They are fitted to the x, y and z axesfiorm and define the scope of movement of
the deposition tool, providing feedback for therfestion software, so the deposition tool can
be positioned accurately. These switches are fedteusith a simple screw and hexagonal nut
and can be adjusted to various positions to alter dize of the building domain. The

maximum building envelope is 240mm x 240mm x 240mm.

Figure 17: Limit Switch for Deposition Tool

3.2.9 Cables

The cables allow components to effectively commat@iacoordinates and actions between
each other and the CPU. Numerous cable extengpansgularly for the stepper motors, are
necessary to reach the electronic components khéatthe far most corner of the machine.
Some soldering is necessary for the connectiomefcables. Cables for the limit switches
and microcontroller to the machine amplifier boavil be created from 2-Conductor, No
Shield, 22awg cable and IDC26 ribbon cables respdygt The cables are bundled and
routed using cable ties at predetermined structiaisiening points as shown in Figure 18.
Abrasion resistance sheathing is applied to cdblested near moving mechanical parts to
prevent any damage and interruption to the protogyprocess as shown in Figure 18 and
Figure 19.
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Figure 18: Cable Bundling

Figure 19: Cable Abrasion Resistance And Routing
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3.3 Procedure for Assembling the Fab@Home SFF Machi

3.3 Procedure for Assembling the Fab@Home SFF
Machine

The SFF machine was constructed using procedums@rematics available on the open
source Fab@Home Wiki web site. Basic tooling sustaaoldering iron and imperial and
metric hexagonal keys were required for the coottn. Complete assembly took
approximately 7 days with the electronics and safenintegration a part of the final stages of

construction.

3.3.1 Assembling Tools

Several key tools were purchased for the purposaseémbling the Model 1 fabrication
machine as shown in Table 3. The ARM JTAG adaptoneeded for programming the
microcontroller as it provides connection to thenpoiter. The heat gun was utilised for
heating the heat shrink tubing that would protedtiered cable extensions. A multimeter

allowed the stepper motor currents to be quanttied adjusted to their desirable values.

Tool or Component Number Required
ARM JTAG adaptor 1
Fine tip soldering iron 1

Solder wire 60/40 1 roll
Set of Imperial and Metric Allen Keys 1
Wire Stripper 1
Wire Cutter 1
Needle Nose Pliers 1
Heat gun 1
Label Maker 1
Digital Multimeter 1

Table 3: Assembling Tools

3.3.2 Machine Base

The machine base was assembled initially with esiatmale to female connection points
such that the structure took the form of Figureb2fre fastening screws were inserted. The
T-nut, screw and hexagonal nut configuration wesdito 50 predetermined positions on the

structure to increase the integrity of the struetdrhe limit switches for either ends of each
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axis were also inserted during this step. Thredmtads inserts were melted into the structure

at various locations to allow other componentsd@ttached to the machine.

Figure 20: Model 1 Base

3.3.3 X, Y Carriage

The X, Y carriage uses aluminium pillow blocks withear ball bearings that travel on the
%" steel rails for the axes. The fixed structuramponents were made from lightweight
acrylic. Threaded brass inserts set in the acrgkposition tool back allowed the new

deposition tool to be fitted and removed.

Figure 21: X And Y Carriage

3.3.4 Z- Carriage

The z - carriage was assembled with durable accglimponents and two linear ball bearing

guides that travel on ¥2” rails as shown in Figu2e Phe Z carriage is also attached to the z-
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axis stepper motor at the threaded plastic ingedtéd in-between the linear bearings. The
four trusses provide support for the building mati that attaches to the X cross section

shown in Figure 22.

Figure 22: Z - Carriage

3.3.5 Assembling The Chassis

With the major positioning system components cameséd individually, this step involved
combining them into the Model 1 machine base asvehim Figure 23. The x-y and z
carriages are fixed to the base using the threbdsess inserts that were melted into the base
earlier in construction. The x, y and z stepperaroivere also fastened to their mounting

points as part of this step.

Figure 23: Chassis And Positioning System Assembly

3.3.6 Deposition Tool Assembly And Mounting

The procedure for assembling and mounting the déposool is outlined in Section 3.6.
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3.3.7 Preparing And Mounting The Electronics

The Philips LPC-2148 ARM7TDMI microcontroller, Xyex stepper motor amplifier board,
Winford board and limit switches were all synchmed and interconnected using wiring
diagrams supplied by Fab@Home and shown in AppeHdi€onnection, by soldering, of
cables and microchips to the electronic boardsreqgired. The electronic components were
bundled and routed through the machine with swfitslack to allow moving parts to travel
freely. These components were then mounted to theeML base as shown in Figure 24.

Figure 24: Mounting The Electronics

3.3.8 Programming The Microcontroller

The microcontroller was programmed using the ARMAGT adapter and the supplied
Fab@Home firmware. Rowley Crossworks C++ compilaswsed to communicate with the
microcontroller and transfer the information thadhdesigned and tested with the Model 1

SFF machine.

3.3.9 3D Printer Software

The 3D printer software used by the machine camblled onto any operating system
configured with Microsoft Windows operating systeith. comes preconfigured for the
original Model 1 syringe tool as shown in Figure Z&is software was reprogrammed with
new geometrical blueprints and operating parameeesific by our new deposition tool as

discussed later in this report.
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Figure 25: Installing The Software

3.3.10 Commissioning

Commissioning the SFF machine involves severaldteps including mounting the timing

belt, which transfers rotation between the X-axdatgy configurations. The belt ensures that
both sides of the x axis are driven at the samedpe that the x and y axis always remain
perpendicular. These axes were further tuned lhyeiang and loosening screws that secure
the axes in position until the deposition tool ecbfieely move in both directions. This helped

to reduce mechanical wear on components, whicleased their lifespan. The stepper motor
currents were determined using Equation 1 belowaaldsted on the amplifier board so the
precise operating conditions were achieved. Witramjustment, the stepper motors could

potentially burn out from surplus current.

VoltagdVolts)
144

Motor Current (Amps)

Equation 1: Desirable Motor Current

Finally, the building surface was levelled relatteethe X-Y carriage by adjusting the spring
heights underneath the working surface. It was mamb to ensure the building surface was
exactly parallel to the deposition tool so the nezp maintained a constant distance over
the working environment during fabrication. Thissered the deposition system was

positioned precisely for prototyping.
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3.4 Material Selection

The selection of a suitable deposition materialuee in the Solid Freeform Fabrication (SFF)
machine involves identifying the required paranmeteeeded to satisfy the dimensions and
structural properties of the physical 3D designeobwhile also being compatible with the
Fab@Home SFF machine. Material selection consganaiude the viscosity, the tack free
time, setting time, strength and also hardness hef building material. All of these
requirements are to be satisfied to ensure suadessiduction of the physical 3D object

from the computer model of the object.

3.4.1 Required Material Selection Properties

3.4.1.1 Viscosity

The viscosity is a measure of the resistance t@ fiba material and in a SFF application the
material consequently is required to possess arnm@diate value of viscosity. This is
because the deposition tool needs to have acctwateol of the flow of the material, while

also ensuring that the material does not simply ftmto the working surface unaided. The
viscosity is also limited to a maximum value so deposition tool is not required to exert an

excessive force to extract the material out ongowthrk surface.

3.4.1.2 Tack Free Time

Tack free time is extremely important in the comstion of complex multilayered objects.
The time required before another layer can be deggben the previously deposited layer is
known as layer wait. There are many factors rajatio setting time to be taken into
consideration besides the layer wait time includimg melting time of the material not yet
deposited which could potentially affect the impiagdayer from being correctly deposited.
Possible side effects include the deposition nozidgging and also the building material

completely solidifying before it is expelled.

3.4.1.3 Tensile Strength

The final tensile strength of the object determitiesextent of the practical applications for
the fabricated object. The fabricated objects ale to withstand an intermediate amount of

force to be of value in medical or structural apgtions.
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3.4.1.4 Hardness

Also, the hardness of the deposited material vaillento be of a high level to ensure that the
accuracy of the surface finish of the fabricatiomets design specifications.

3.4.2 Selection Of Material For Further Testing

Each of the materials outlined in the literatureiee that were previously used in a SFF
application were researched, and from the accuedilatformation the following selected
materials were further investigated. The thermdgasaterial, EVA copolymer, and the
silicone Polydimethylsiloxane (PDMS) were concludedbe desirable materials for use in

this application and were further tested.

Three thermoplastics with varying compositions walgo investigated for use with this
machine including:

Henkel Technomelt Supra 100 (TS-100)

Henkel Technomelt 4174

Henkel Technomelt 4721

3.4.3 Material Testing Procedure

The materials selected for further analysis westete with testing procedures to model the
working requirements that they would be subjectedint the solid freeform fabrication
desktop machine. This ensures accurate compliaitbetlve fabrication machine and ensures

that the material could be used as a building naterthis application.

The testing procedure was based on physical oligmmgaof the intrinsic and attributive
properties of each material, particularly noting thscosity, layer waiting time, curing time,
tensile strength and hardness of the material pfbeedure is as follows:
1. Determine the aesthetic qualities including theedwsurface colour and texture.
2. Determine the materials viscosity as inviscouserimediate or viscous while also
noting the temperature that was applied to the maiéapplicable.
3. Determine the approximate layer waiting time. Nibthere is a need for a significant
delay between layers.
4. Determine the curing time.
5. Determine the tensile strength if possible. Appkteenal loads to surface and

determine if material is structurally suitable.
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6. Determine the hardness by applying external loadthé¢ surface. Note the surface
finish of the material.

7. Determine if there are any hazards associatedthitimaterial such as noxious fumes.

Testing the silicone and thermoplastic materialgured different equipment as outlined

below:

3.4.4 Silicones

Testing silicone for use in rapid prototyping apgtions is easily achieved as the deposition
tool used for fabrication is separately attainaBlesyringe of known dimensions is used in
the Fab@Home SFF machine so using a similar syforgesting the material precisely tests
the material under working conditions. A 10 cubénitmetre syringe is used for the tests, as

shown in Figure 26.

Figure 26: 10cc Syringe
The material is loaded into the syringe from theahe tip, and upon retracting the syringe
plunger, material is sucked into the container.ngsa wire between the plunger and the
syringe wall forms an air release point and allthkesdischarge of any air bubbles trapped in
the syringe which affects the accuracy of the d#éjpos The material is then squeezed onto

the building surface to simulate the Fab@Home nmechi

3.4.4.1 Polydimethylsiloxane (PDMS)

The material PDMS was chosen for further testinglétermine if it satisfied the design
constraints for suitable building materials. Thecaelastic properties of PDMS allow the
material to be easily controlled when expelled fritra deposition tool. Furthermore, when
the material was deposited onto the work spaceudvtake the form of an elastic solid form,
capable of withstanding the weight of another dépddayer. This information theoretically

showed that the material satisfies the requireggntces for use in the SFF machine.

The closest commercially available product was rd@teed to be Selleys Glass Silicone

which is an acetic acid curing 100% silicone. Frimgpection of the Material Safety Data
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Sheet it contained greater than 60% of polydimsilofane compounds which was
determined to be one of the best concentratiof®DdflS in commercially available products
(Anonymous, 2000).

Figure 27: Selley Glass Silicone Sealant (Selley07)
The PDMS was first transferred from the tube i@ $yringe deposition tool for testing.

Viscosity

Upon dispensing the silicone from the syringe,iahilnspection showed minimal force was
required to expel the material to the workspacevds determined that the assumption that
the viscoelasticity properties of the PDMS wouldule in an easily workable building
material was correct with the material depositiateradequately controlled with the force
applied to the syringe plunger mechanism. The PDMS expelled through the nozzle
accurately and cleanly with no disturbances, déjpgsthe material according to the nozzle

size and maintaining its form even when dispen&et)ing a distinct layer.

Figure 28: PDMS Sample Showing Distinct Build Layes

Layer wait time

The time to wait between layer depositions wasrdeteed to be almost instantaneous. The
viscoelastic properties of the PDMS imply that thaterial acts as an elastic solid similar to
rubber after short flow times allowing further layd¢o be accurately deposited on top of the
previous layer instantaneously. The material wées @mbeffectively maintain its rubbery form
when deposited, without changing shape from thenfbom which was expelled from the
syringe. This was shown through deposition of thatemal by hand resulting in a solid

structure of numerous layers only affected by ingate placement of the building material.
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Figure 29: PDMS Showing Distinct Layer Thickness, Nhimal Layer Wait Not Affecting Structure

Cure time

The given cure time for the commercial Selleys &l&licone was 72 hours. This was
determined to be an accurate time for the PDMSetéuby cured however the material was

able to be handled after approximately 24 hours.

Tensile strength

The tensile strength of the material can be dedda®d the product description that the
material can be elongated up to 400%. This wagmé&ted to be accurate due to viscoelastic
properties of the PDMS allowing the solid to fors @ rubbery substance. Elongating the
cured deposited test sample to within 400% of rigimal size resulted in no change in the

original test sample dimensions when the stretcfonge was removed as expected.

Hardness

The surface finish of the fully cured PDMS sampdevery elastic as expected due to its
known mechanical properties. By inspection of thlé/fcured test sample, it can be seen that

it is a clear substance with a smooth appearance.

Figure 30: PDMS Showing Clear Final Surface Finish

Conclusion

PDMS is a reasonably good material for use in sb@form fabrication. The extreme
elasticity and flexibility of up to a +/- 25% vatian in size and hence rubbery configuration
of the silicone severely limits the use of the matdor accurately modelling hard structures
which are required in medical and structural agpicns such as the creation of artificial

bones. However, the high precision of the complébdcated objects is a valuable property
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for rapid prototyping in comparison with other danibuilding materials. The accuracy of the
objects is only limited by the control of the rait deposition and nozzle width, with the
untreated material being highly workable. Furthemndhe smooth appearance of silicone
enables objects to be accurately created to ang@®ification. The zero layer wait time
between depositing subsequent layers is also fabteiin solid freeform fabrication, where

construction time is limited by the machines apild deposit subsequent layers.

3.4.5 Thermoplastic Materials

Testing thermoplastic materials requires the usa bkat source to transform the material
from its solid state to its final molten state. Hieg the thermoplastic will enable the required
properties of viscosity and cooling time of the ematl to be determined and allow an
accurate decision to be made on the viability eflthilding material. A thermocouple will be

used to measure the temperature of the thermapkastietermine the working temperature

of the material.

For EVA copolymer, the heating source consists tdvwaheat 15W hot glue gun operating
with constant temperature of 80°C. The gun contaihsating element to heat the material to
a steady state molten plastic form where the ptmgsem relation to our rapid prototyping
application can be tested.

Figure 31: Standard Hot Melt Glue Gun (Riggs, 2006)
The three selected thermoplastic materials wilhmdted using a Bunsen burner, tripod and

beaker. Premixed Propane LPG gas was used asdahsdurce. Thermocouples measured
the temperature of the material as the materialt wlaough its phase change from solid to
liquid. The heat was applied until the material veasnpletely liquefied and the material
properties recorded. After heating it to its extittate the material was left to cool and

solidify. Its properties were again recorded anchgared with other samples.
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3.4.5.1 EVA Copolymer

EVA copolymer was chosen for further testing to ueasthat it satisfied the design
constraints required for use as a fabrication Ingjdnaterial. Ethylene vinyl acetate has
similar properties to elastomeric materials inse$s and flexibility, while having the benefit
of being processed like other thermoplastics, tetgally making it an ideal material for use
in solid freeform fabrication. It is known that thleermoplastic solidifies quickly to solid

form, which is advantageous in fabrication to bke ab quickly lay subsequent layers.

EVA copolymer in its readily available form is suigd as “hot glue sticks” of varying stick
sizes. A commercial generic version of the gluecksti specifically containing EVA

copolymer was acquired for further testing.

Figure 32: Hot Melt Glue Sticks (Eva Copolymer)
The glue was first heated to an equilibrium temfugeain the hot glue gun to a temperature
of approximately 115°C in the heating cylinder.

Viscosity

The hot glue at high temperature was molten and eeady expelled from the gun nozzle
with minimal force as expected. Feeding the EVAatgmer through the hot glue gun at a
greater rate resulted in a much greater force bepngired to dispense the glue from the
nozzle. This was due to the thermoplastic not bexypsed to the heating element for the
required amount of time and hence not reachingatking molten state. The glue was hence
still in transition between solid and liquid statben it was forced to be dispensed, resulting

in a greater force being required to extrude tleenttoplastic from the hot glue nozzle.
In contrast, leaving the EVA copolymer to heathte maximum temperature of the hot glue

gun resulted in the molten thermoplastic to becoerg inviscous hence dispensing from the

nozzle unaided when the gun was left at a 45° aodlee ground.
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Figure 33: EVA Copolymer Dispensed Unaided From Gla Gun Due To High Temperatures
The viscosity of the material, when expelled frdma hozzle to the work space, was workable,

with the glue capable of being dispensed in a §ineam with good accuracy. A drawback
from the process is that there is a distinct thail bf glue left when the depositing nozzle is
removed from the work space and the glue is temihpstopped from being expelled.

Figure 34: EVA Copolymer Showing Distinct Thin GlueTrails

Layer wait time

When the molten plastic is dispensed from nozzte dme workspace the tack free time for
the glue is less than 60 seconds. The clear theastophardens instantly, allowing the layer
wait time between depositing subsequent layersttess than 60 seconds. The exact layer
wait time is related to the temperature of the eirged material when it is expelled onto the
work surface. The higher the temperature of thehdigged molten thermoplastic, the greater
the time required for the bonding to occur and kernle amount of time required before

another layer can be deposited.

Cure time

The EVA copolymer bonding occurs as the glue céraisy its molten liquid state to a solid
state. The hot glue fully cures and hence soliglifie a clear mildly flexible glue in
approximately 60 seconds. As found with the layaitwhe cure time is related to the heat of

the glue being deposited on the work space.
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Tensile strength

The fully cured EVA copolymer dispensed on the wepgace has a high tensile strength
capable of withstanding a great amount of forcenfFobservation, and the application of
force to a test sample, the researched mechanicglepiies of EVA copolymer were
confirmed, validating the known tensile strength agproximately 1 MPa at a room
temperature of 20°C. This showed the cured therastiplmaterial could withstand the forces

that could be exerted upon it in medical and stmattapplications.

Hardness

The ethylene-vinyl acetate copolymer exhibits aicleard finish when fully cured and this is
ideal for the required applications of the fabrechbbjects.

Figure 35: EVA Copolymer Showing Clear Hard Finish

Conclusion

The fully cured form of EVA copolymer is ideal farse in solid freeform fabrication.
However, there are issues relating to how the ftatle is reached. These issues relate to the
temperature of the molten plastic when it is diggehon the work space. These problems can
be resolved by determining the correct working terafure for the chosen commercial EVA
copolymer for use in a SFF machine. By controlling temperature of the EVA copolymer
the viscosity, and consequently the flow rate, lsarcontrolled enabling accurate deposition
of the building material in producing precise fabted objects. The fully cured EVA
copolymer possesses good strength and hardnesagriaie final object strong enough for

many practical applications.

3.4.5.2 Henkel Technomelt Supra 100 Ts-100
The Supra 100 is a type of packaging glue thaeaslity available and commonly used for

carton sealing as shown in Figure 36. It come&iénform of 0.5cigranules that melt clear

in when heat is applied and cure to an opaque vebitaur. It has good thermal stability and
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is capable of withstanding prolonged periods oftingaat 175°C without showing signs of
charring. This is desirable in our applicationtaallows slower, more accurate jobs with long
periods of heating to be completed. Its meltinghpa approximately 100°C and is primary

composed of ethylene vinyl acetate.

Figure 36: Technomelt Supra 100 In Granule Form

Viscosity

The viscosity of this material can be describefleagble and temperature dependent. It has a
very low viscosity at temperatures of 140-145°Ct lban be quite viscous when the
temperature is approximately 110°C. An applicatiemperature of roughly 125°C is best
suited to our deposition as it is just viscous @oto allow control of the flow of the

material so it does not drip onto the surface.

Layer wait time

The time to wait between layers is almost instagais when operating at approximately
125°C. After deposition, the material becomes thele is less than 5 seconds and fully

almost immediately thereafter. Hence, layer waitinge is negligible for this thermoplastic.

Cure time

After deposition at 125°C, the material was cunmec imaximum time period of 5 seconds.
Deposition at higher temperatures will slightlynease the cure time, but because it sets with

such a fast rate, this has little effect on depbledproperties such as layer wait.

Tensile Strength

The exact tensile strength was unavailable fornaserial, but from physical observations it
has intermediate strength and is not easily defdramgler force. There was also some degree

of elasticity in the material allowing it to reslgjht loadings.
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Hardness

From physical inspection, this material sets hdtdrat is fully cured. It has sufficient
structural integrity for manufacture of an objedathapractical applications and possesses a

smooth surface finish.

Conclusion

The Technomelt Supra 100 would be suitable for asea working material in the SFF
machine. It has a satisfactory level of viscosélpowing the user to control the material
deposition rate and adjust it to suit the varyimyking speeds that the machine may operate
at. Most importantly it doesn’t char when heated fong periods. From physical
observations it is structurally tough and durabh®ugh to be used for manufacturing an
object with practical applications and resist intediate loading. The thermoplastic has an
almost instantaneous cure and layer wait time, lemplaccurate and unique objects to be

created in the least possible time.

3.4.5.3 Henkel Technomelt 4174

The Technomelt 4174 is a freezer grade packaging gised for carton sealing. It is
packaged in pillow block form with dimensions ofmi® x 5mm x 3mm as shown in Figure
37. Its chemical composition consists of ethylemg/hacetate polymer, synthetic resins and
wax and posses a melting point of approximatelyad8020°C. Structurally, this glue is very

similar to the EVA copolymer glue sticks analyseévmously. After heating, the material

liquefies to be clear and once cured sets to lfarellow colour.

Figure 37: Technomelt 4174 In Pillow Block Form

Viscosity

Heating the Technomelt 4174 to a molten state dstrated that the viscosity of the material
was quite flexible with variations in temperatufd. around 135°C, the material was very
inviscous, but at 100°C it was nearly solid. Thigtemial has a lower melting point than the
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Supra 100, which means its viscous range is lower raquires less power to liquefy the

material.

Layer wait time

Application of the glue showed that the layer waite was almost instantaneous. It became

tack free after only a few seconds and allowing et®tb be built up at a faster rate.

Cure time

The cure time for this material was very fast, diffing in approximately 5-10 seconds. This

makes the material ideal for use with this SFF rmach

Tensile Strength

Upon physical inspection, the material had gooengjth and resistance to intermediate loads.

Structurally, this material could be used to maantufiee practical objects.

Hardness

Physically examining the surface determined thatrttaterial cured reasonably hard with a
slight stickiness. Aesthetically, this sticky fihigvould not be ideal for prototyped objects.

Conclusion

The Technomelt 4174 is a prospective material Blatéor the SFF machine. It has a very
fast curing time and short waiting period betweagels, which enables models to be
produced faster. From physical inspection it haddgstructural qualities including good
resistance to intermediate loads and high streagthtoughness. It does however leave a
sticky finish on the surface once cured. Aesthéicés off yellow finish isn’t as appealing
as the opaque white Technomelt Supra 100. Its lomadting point is one of its advantages,

requiring less power to heat the material to itskivig material.

3.4.5.4 Henkel Technomelt 4721

Technomelt 4721 is a hot melt adhesive designetddok binding and paper applications. It
is chemically made from ethylene vinyl acetate (BV#ith elements of paraffin wax and
synthetic resin present. It has a reasonably lowimgepoint between 70 and 120°C and is
insoluble in water. It is manufactured in pillonwobk form with dimensions approximately
15mm x 5mm x 3mm as shown in Figure 38. After meltithe 4721 thermoplastic solidifies

into an off white colour, but shows evidence ofgtjiag between layers.
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Figure 38: Technomelt 4721 In Pillow Block Form

Viscosity

Heating this material past its melting point showvieat its viscous range varied from 120 to
150°C. The ideal intermediate viscosity required $accessful fabrication with the SFF

machine deposition tool was prevalent at a tempegaif approximately 130°C.

Layer wait time

The required waiting time between depositing subsatlayers is only 5 to 10 seconds. The
material became tack free in less than 5 secomis,wdhen cooled from 130°C to room

temperature, fully cured in around 10 seconds.

Cure time

The time for curing was approximately 10 secontir dfeating the material t0o130°C.

Tensile Strength

Physical inspection of the surface determined that material had sufficient strength to
withstand intermediate loads and be used for ngldohysical prototypes with practical
applications. Exerting force on the material showleat it possessed suitable strength and

toughness for our application.

Hardness

After the material had fully cured a surface exaation determined that the material had

good resistance against compressive loads appfiédrd.

Conclusion

The Technomelt 4721 is a good material to use thighSFF machine. It has a lower melting
point than the other materials tested, which mdass energy is needed to liquefy the
material. It has a very fast layer wait and curimge, which is desirable as it improves the

time required to manufacture objects.

-48 -



3.4 Material Selection

3.4.6 Conclusion

From the preliminary tests on potential buildingtemnils to be used in the deposition tool,
Henkel Technomelt Supra 100 was determined as tbst whesirable. The strength and
hardness of a fully cured Supra 100 object makisshhilding material suitable for a wide
range of fabrication applications. The machine widug able to operate at a faster rate as the
curing and layer waiting time was almost instantarse Manufacturing an object for
practical or medical applications would be achidgatvith these properties and being
aesthetically pleasing is an added bonus. The sx@esticity of the polydimethylsiloxane
(PDMS) silicone limited its practical uses as afedfve fabrication building material. Both
materials possess acceptable layer wait times henyvéwe fully curable time of PDMS was
significantly greater than the Supra 100 limititg ability to produce fabricated objects in a
short period of time. The other thermoplastic mater EVA copolymer, Technomelt 4174
and 4721 were all structurally suitable for fabtica applications, having good strength and
hardness, but were not as aesthetically pleasinghasTechnomelt Supra 100. The

determined properties for each of this materiadssaammarised below in .

Hence the Supra 100, a thermoplastic material,sgbested as the ideal building material for

use in the deposition tool in the Fab@Home SFF mach

PDMS (Selleys EVA Copolymer Technomelt Supra -
- ) Technomelt 4174 Technomelt 4721
Glass Silicone) (glue sticks) 100
Temperature Temperature Temperature Temperature

Easily workable, low

Viscosity . i dependent. Low dependent. Low dependent. Low dependent. Low
viscosity ) . . . ) . . .
viscosity at 90°C viscosity at 140°C viscosity at 135°C | viscosity at 150°C
Instantaneous.
o Almost . Instantaneous. Tack Almost Almost
Layer Wait Time Tack free in less . . .
Instantaneous free in few seconds instantaneous instantaneous
than 60 seconds
Tack free in 30 ) .
) . Fully cured in Fully cured in 5
Cure Time minutes. Fully cured 5 to 10 seconds 10 seconds

in 72 hours

minutes

seconds

Tensile Strength

Reasonably strong,

rubbery surface

Very strong.
Tensile strength of
1 Mpa.

Intermediate strength
Not easily deformed

under force

Good strength,
resistant to physical

force

Good structural
strength to
withstand

intermediate loads

Hardness

Intermediate

hardness

Reasonably hard o
surface. Sticky to
touch

Sets very hard.

Reasonably hard,
sticky surface to
touch

Sets very hard

Benefits for
project SFF
machine

Layer waiting time is

very small.

Good structural
integrity

Good structural
integrity

High strength and
hardness

Very hard and good

structural strength.

Table 4: Summary of tested material properties
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3.5 Modifications to the Fab@Home Model

3.5.1 Introduction

Research into the correct fabrication build mateéaebe used with the Fab@Home Model 1
SFF machine concluded that thermoplastic matengarticular Henkel Supra 100, was the
most suitable working material. To utilise the theplastic, modifications to the mechanical
system of the material deposition system of the éllddfabrication machine to incorporate a

heating element was required.

3.5.2 Design Specifications

3.5.2.1 Material

The new system is required to convert 0.5cspherical hot melt granules from solid form to
an intermediately viscous liquid that would flowedty onto the build surface before
solidification. This phase change was best achievitd the design and implementation of a
controllable heating element that could maintaia gptimum melting temperature of the

thermoplastic.

3.5.2.2 Extrusion Force

After melting, the plastic should be deposited amtcollable amounts onto the build surface.
A driving motor is necessary to create a forcedrtruding the melted material from the
deposition tool. The motor is to be synchronizethwhe original Xylotex 4-axis bipolar

stepper motor amplifier board to avoid any addd#ioromponent costs and further

programming.

3.5.2.3 Automated and Continuous Process

An arrangement that would continuously feed theemmatinto the deposition nozzle would
be most desirable as manufacturing would becomee nmmtinuous. Currently, the
Fab@Home system requires the syringe depositiotersysontents to be continually
replenished to meet the material volumes requiredhie construction of large objects.

Complete automation of the process would improvtlguality and overall production time.
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3.5.2.4 Existing Structure and Components

The designed deposition tool should be construtdefit the original framework that was
developed for the syringe deposition system as shiowFigure 39. This will reduce the
possibility of exceeding the maximum torque chasastics of the x and y stepper motors

while also ensuring compatibility with the positing system of the machine.

Figure 39: Existing Deposition Housing
The melting point of the acrylic housing structuseapproximately 100 - 130 C. This is
similar to the melting temperature required to @nhthe selected thermoplastic deposition
material, Supra 100, to molten state. Consequetlly, design will need to consider
insulating the housing from these excessive tenipers produced by the deposition tool. In
some cases the existing acrylic may require replaceé with a higher temperature resistant
material such as Delrin or Teflon. Delrin and Tefltave melting points at 175 C and 327 C

respectively, and are well suited to withstand ez temperatures.

3.5.2.5 Further Research into Deposition Systems

Research into similar heated deposition systemiade in industry was conducted prior to
the design and drawing phases of the project. Angeroial hot glue gun was purchased for
assessing the engineering theory and material &spehbind its design. The hot gun system
is designed to convert solid cylindrical sticksEBfA hot melt plastic into a liquid adhesive
for joining two pieces of material. The hot guntsys contains a heating element that melts

the EVA glue. Squeezing the trigger exerts presearthe glue stick, driving the cylindrical
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stick through the heating element, ejecting mofistic. Almost instantaneous, the ejected
adhesive solidifies to form a strong bonding lird¢leen materials. The heating element of
this system is powered by direct connection to2he volt mains power supply. Stepping
down the voltage with a transformer is not requifBae heating system required 15 watts of
heating power to achieve the desired melting teatpes.

3.5.3 Fab@Home Model 1 Design Modifications

3.5.3.1 Heating Element

When a current is passed through a heating elerttenglectrical energy is converted into
heat due to the natural resistance of the matasat for the heating element. A heating
element is needed to heat the material from a dohwh to molten liquid and maintain the
surface temperature at a point just above the mgetemperature of the glue. The optimum
working temperature of the material will allow theolten hot glue to flow from the
deposition tool when force is applied. The matestaduld not be in such an excited state that
gravitational forces expel the liquid thermoplasiito the working surface independently.

Affixing this element to the existing machine regsi a deposition tool with limited surfaces
containing sharp edges which introduce significa@at concentrations at these locations.
This would likely result in the heating element e@&rto burn out at a greater rate or

potentially short circuit the element.

Heating Element Design

Initial concepts involved many variations on theiga of heating a holding container and a
deposition cylinder. The idea was to melt the beadgle the container and, once melted
allow the material to enter a deposition cylindehich was maintained at an optimum
temperature. Having two heating systems would en#i® material to be melted using a
higher temperature while also having the ability nm@intain an alternative, optimum
application temperature once the material has ezhtfe deposition tube. One limitation of
this design is the size of the bucket and its amltal weight that would be loaded onto the
stepper motors as well as the extra energy reqtiréeat the greater area of material. There
was also risk of blockages in the pipe connectirgliucket and tube as this would not be
heated.
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An alternate method was only melting the materiateoit reached the deposition cylinder.
The machine could still include the container foiding excess material, but only use one
heating element. This resulted in less weight aness being placed on the stepper motor
positioning system, reducing the chances of oveifgpdhe stepper motors. The machine
would be more energy efficient as less energy wdngddconsumed with a single heating

element.

Generating the Heat

Generating heat inside the structure could be geti®y directly passing current through the
body that is similar to a dissipating heat resis@urrent would exit the body at the point of
lowest resistance. However, determining the pdimbwest resistance with only CAD data is
a difficult task. Band heaters that would wrap dmck around the deposition tube are an
ideal heating element because of the small straictpace required. They plug directly into a
voltage regulator and can be calibrated to gendhstedesirable heat of heating system at
150°C.

An alternate method of generating heat was to secthe body with a series of coils that
conduct and radiate heat energy into the systerasdthermal wires would have a suitable
diameter with the number of required turns deteedifrom heat calculations to meet the
desirable melting temperature of the thermoplasigterial. As the thermal wire commonly

comes electrically isolated, they could be simphapyped around the deposition tube and

held in place with a high temperature resistang.tap

Voltage Regulator

The use of a voltage regulator in series with tkating coil would allow the operator to
increase or decrease the voltage, and hence theréleased by the heating element,
controlling the total heat input to the system.ikaking the temperature corresponding to
each increase of voltage source would provide anmefiregulating the temperature.

Thermocouple

A type K thermocouple attached to the externalamfof the deposition cylinder is required
to measure the heat in the system and hence datemwiien the tool reaches optimum
temperature. It will be strategically placed on theface between the heating element and
cylinder so a more accurate and consistent readfnthe material temperature can be

established. Placing the thermocouple inside thmoslidon cylinder would give the most
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accurate material temperature, but implementing ithdifficult due to the small dimensions

of the existing housing and deposition cylinder.

Summary

The probability of short circuiting the system hyedtly passing current through the body to
generate heat was great, ultimately jeopardisiegstifety of the operators. As a result, this
method was not employed for the heated deposiystes. Investigation into band heaters
discovered that the smallest available band hdwidra diameter of 30mm which, due to
space constraints, would not be able to be intednaith the deposition system.

The most favourable heating system for this apfdioawould be winding a heating coll
around the body of the cylinder to conduct heab thte deposition material. Heating coils
permit greater control of the maximum surface teragge ensuring the molten state of the

deposition material is perfectly specified to owrking requirements.

Multistrand, pure nickel wire was determined totlhe best heating element available for this
application. It is readily available and widely dsas a direct heater element for platens,
barrels or extruders. It has a high melting poimd anternal resistance allowing temperatures
between 0 to 450°C to be reached. To effectivdly #fe wire to the deposition cylinder, the
wire had to be flexible and insulated from the sundings to prevent wires touching and
hence short circuiting. The heating element setbatas purchased from a South Australian
Company, Helios Electroheat as shown in FigureTé@ir element was a multistrand nickel
conductor with double glass wrapping and siliconad®d insulation. A cross sectional area
of 4 mnf was ideal for encasing the deposition cylinderlevlsilso complying with the
existing structural size constraints. Attaching Heating element to the deposition cylinder
was achieved by affixing the heating coil with higimperature resistive plumber’s tape, as

shown in Figure 40, which has a heat resistande 350°C.
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Figure 40: Heating Element
The heating cables were extended by 1 metre toleriadm to reach the voltage regulator

next to the SFF machine as shown in Figure 41.

Figure 41: Heating Element Cable & Voltage Regulato

3.5.3.2 Insulation

Heat loss to the surroundings is restricted bylatgan wrapped around the heating element.
The Insulation will also protect the deposition kg from temperatures exceeding its
melting point of 120°C. Sufficient thermal insutatiwas required to protect operators from
potentially dangerous temperatures and to complith v@ccupation Health and Safety
standards. Fibreglass wool insulation was selezs$eitie most suitable material because of its
high-quality thermal insulation properties and eadeinstallation. The wool could be
wrapped around the element with varying thicknesgeany location and be simply held in

place with electrical tape as shown in Figure 42.
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Figure 42: Fiberglass Wool Insulation With Electrical Tape

3.5.3.3 Deposition Cylinder

The heating cylinder provides a heated pathwayhematerial that flows from the material

container and to the deposition nozzle. It mustpee enough heat to create a deposition
material phase change from solid to liquid. Itasbie made from a strong, conductive and
readily machinable material that can withstand heghperatures. It should have the capacity

to accommodate a significant amount of molten diéjpasmaterial.

Deposition Cylinder Design Specifications

Design requirements for the heating cylinder inelednsideration of the clearance required
for the heating cylinder to function inside thestixig deposition housing. Measurements of
the internal dimensions of the housing revealed tiwa cylinder is limited to a length and
width of 70.9 and 60.8 millimetres as shown in Feg4d3. The cylinder is allowed to project
from the deposition housing at any length up tacé6timetres so long as it does not create

too much strain on the stepper motors.

Figure 43: Cylinder Size Constraints
These measurements have catered for additiona gach as the heating coils, insulation, lid,
nozzle and screw extruder bearing. In additios, ttftermal expansion of materials used in

the heated components should be factored intodbigal
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Construction materials that satisfy the conductiviequirements of the heating cylinder
include brass, copper or steel. Selection of a mahtevith the highest conductivity will
enable the material to be heated at a faster hatiece allowing a faster deposition rate.
Copper and brass are used extensively in indusitguse of their high electrical and thermal
conductivity. For this application brass was sedcis the best material because of its high

conductivity, machinability and availability.
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Deposition Cylinder Concept Design |

Initial designs consisted of a hollow cylindricalliader of 1.7 millimetre wall thickness as
shown in Figure 44. This thickness was selectealltov for machining a thread on one end
of the pipe for affixing a nozzle. The length oflinger diameters were based upon the
original 10 cubic centimetre syringe provided witle Fab@Home Model 1 system to ensure
the new design could be readily integrated with ghevious design. A semicircular cut-out
was made at the top of the tube to enable the leit Ibeads to enter the heater. Using a
simple cylindrical tube has the advantage of arommdicated installation of the heating coil
around the tube. The drawback of this design wassthall amount of volume available for
granules in the cylinder. With a 6 millimetre motghaft rotating inside the tube
accommodating the majority of the available sp#oe maximum allowable granule size was
limited to approximately 4.5 millimetres in diametdn some instances thermoplastic

material sizes will be larger than this diameter.

Figure 44: Concept Design |
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Deposition Cylinder Concept Design Il

The limitations of Concept Design | led to the depenent of a holding container
arrangement at the upper end of the cylinder asvsha Figure 45. The container was
designed to accommodate larger thermoplastic geanahich would melt in the chamfered
bucket prior to entering a driving screw extrudine inside of the bucket was chamfered at
45° to enable smooth laminar flow into the cylind&he lip of the bucket projected
perpendicularly away from the tube by 19.3 millinestto allow for additional storage of
granules. Threading the external diameter of thoboof the cylinder will allow a nozzle to
be connected as with Concept I. One limitationhi design was the 45° outside face and

square edges that make attaching the heating eletfifiécult.

Figure 45:Concept Design Il.
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Deposition Cylinder Concept Design 11|

The third concept design is a slight variation @h€Cept Design Il, extending the bucket lip
30 millimetres from the heating cylinder as shownFigure 46. This would enable larger
amounts of material to be heated by the heatinmagt at one time. The disadvantages of

this design are again related to the ease of attachof the heating element.

Figure 46: Concept Design llI
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Deposition Cylinder Concept Design IV

Concept number four was designed to further accodateolarger volumes of hot melt
particles entering the system as shown in FigureTé@ increased conducting surface area
enables more molten liquid to reach the nozzle isharter time span. This would also
shorten the time required from first switching dw tpower to the operational state of the
machine. The chamfer is again at 45° to facilitat@dten material towards the nozzle. One
limitation of this design is having sharp edges fioe material hopper, which makes it
difficult to wrap the heating element to the deposi tube. Different to previous concepts,
the wall thickness of the tube was reduced to limelre. Due to the high heat conductivity
of copper this would not significantly affect themperature difference across the cylinder

wall but would allow thicker thermal insulation bbe fitted.
A bearing collar is to be brazed to the lower efthe deposition tube to align with the screw
extruder shaft and to resist external rotationatde on the cylinder. Liquefied material will

extrude past the bearing collar through cut outhénbase of the bearing as shown in Figure
47.

Figure 47: Concept Design Iv

-61 -



3.5 Modifications to the Fab@Home Model

Deposition Cylinder Concept Design V

Concept number 5 adjusted the design of conceptfdcilitate the attachment of the heating
coil by using rounded edges as shown in FigureT4& design ensured the surface area of

the tube was completely in contact with the heagiegnent.

To maintain the heater coils position around therbanging hopper face, copper wires were
also brazed to the surface. They would provideaggsred surface for the coil to attach.
Further improvements included 2 identical paradlet outs on the cylinder lower end to
allow a simpler attachment of the bearing collaslaswn in Figure 48. Brazing the collar on

the outer deposition cylinder surface enabled geb#ow of material internally.

Figure 48: Concept Design V

Summary

Concept design number 5 was determined the mastbselideposition system for use in the
SFF machine. It provided enough volume to hold rmett additional material to enable faster
deposition. It also facilitated the attachment dfeating coil with its curved surfaces and
externally brazed copper wire. The design alsonadtba bearing collar to be simply brazed

to the external surface, which would increase thleime of material that could pass to the
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nozzle. Concept 5 was dimensionally designed tdifiectly into the existing deposition

structure without modifications. Insulation coulld@abe easily attached to the cylinder to
resist heat that would be lost to the surroundir@ther deposition cylinder conceptual
designs were limited by sharp edges which creagatl toncentrations in the heating coil and
increased the chance of short circuits. Other qatscalso had smaller hopper volumes,

which narrowed our range of deposition rates.

3.5.3.4 Deposition Nozzle

The purpose of the deposition nozzle is to traadla¢ molten plastic through a suitably sized
opening that correlates to the desired cross settiayer size. This selected cross sectional
layer size determines the accuracy and precisicaoh layer that is sequentially built onto

the surface.

Care must be taken to ensure the nozzle tip integnaith the original deposition chassis
with significant clearance to ensure adequate spateeen the chassis and building layer. A
compromise between the nozzle length and wall tiesk is required to ensure that the
design is readily machinable. The nozzle is fastdnethe deposition tube enabling the user

to readily select and change between varying ndgzidiameters.

Initial designs were focussed on attaching the leoiz the tubing with a vertical mating

thread of approximately 1 to 2 centimetres. Thigdld would ensure the piece was tightly
secured to the tube to withstand the internal piressgenerated inside the heating cylinder.
A thread would also mitigate any likelihood of nesitdeposition material escaping between
the deposition cylinder and nozzle. An issue Wtis design was that it required sufficient
clearance from the back wall to enable the nozaléa unscrewed. The action would be
similar to undoing a hexagonal bolt. The threadat@é an additional constraint on the
deposition tubing, which would require a minimumlwickness of 1.7 millimetres for

successful operation. This would reduce the rateeat transferred to the material, slowing
the overall process. Furthermore, using a threddisnapplication has the associated problem
of the thread locking up making it difficult to septe the nozzle from the heating cylinder.
Measuring the maximum allowable dimensions of tlesng conflicted with the thread

design and was consequently deemed unsuitable.
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The optimum design for the deposition nozzle iswshan Figure 50. The inner diameter of
the tube would fasten to the deposition tube biglat ktransitional fit that would be held into

position by the upward force of the Delrin platesaswn in Figure 49. This allows the nozzle
to be readily changed with others of different dipmeters at initial start up or during the

fabrication process.

Figure 49: Balanced Vertical Forces Securing the Nazle

The cut outs in the walls were created to aligrhtfite bearing inside the heating cylinder.
The tip of the cone converges to a point on a fifleawhich provides enough clearance
from the deposition housing to avoid damaging thpadited layers. 70° is the maximum
angle that can be used in the system as a greajker would require a housing length greater

than the maximum available.

Figure 50: Deposition Nozzle
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3.5.3.5 Bearing Collar

The bearing collar resists any deflection of thérwieer shaft from forces exerted by the
material inside the cylinder. The design alignsghaft with the central axis while allowing it
to rotate freely inside. A system that holds th#acacentral over the axis is important for
resisting any horizontal translation caused bydHesces. Fabrication of the shaft collar from
a material that is strong and thermally conducisvdesirable. Utilising the same material as
the deposition tube and nozzle for the collar wdaddbeneficial for controlling the melting
temperature. A collar fabricated with another matesuch as steel will have different
thermal characteristics. Thermal expansion in tneftsand collar was calculated to ensure
parts remain functional when exposed to high teatpees. The open sides of the collar

allow fluid to easily flow into the nozzle.

The chosen design will have a cylindrical structwith perpendicular wings that fasten to
the deposition tubing as shown in Figure 51. Theeindiameter of 8 millimetres allows
sufficient clearance for the shaft to rotate freetyile also providing a margin of clearance
for thermal expansion. The thickness of the cadkaselected as 3 millimetres to maintain
rigidity. The larger diameter hole is protruded getely through the collar to avoid any
blind holes and material settling inside. The netclin the wings will be brazed to the

deposition cylinder to prevent horizontal movemasmshown in Figure 52.

Figure 51: Bearing Collar
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Figure 52: Brazed Collar With Deposition Cylinder

3.5.3.6 Screw Extruder Shaft

The screw extruder is used to exert pressure oadhesive material so that fluid deposits in
precise volumes onto the build substrate. It walldontrolled by the microcontroller allowing
complete control over the deposition of materiaoathe working surface. The gear shall be
made from a material that is strong and rigid whaah withstand elevated temperatures. The
screw extruder shaft shall be held at a centratipasnside the cylinder by coupling it with
the driving motor while also fixing it inside a bew system at the opposite end. This
ensures the deflective forces created by the nahterside are mitigated. The maximum
allowable diameter of the screw extruder will ctate to the inside diameter of the

deposition tubing.

A stainless steel shaft was chosen for the mateeehuse of its high resistance to corrosion
and ability to withstand excessive temperatureg désign consisted of a left handed helix
worm of 5mm pitch and 3 turns as shown in Figure B% depth of penetration is 3mm to

enable good material flow to the nozzle.
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Figure 53: Screw Extruder

3.5.3.7 Stepper Motor for Driving Screw Extruder Shaft

Selecting the correct stepper motor will be depaha® the torque required to rotate the
screw extruder. It is desirable to have smooth-sfaand shutdown during operation. As the
motor shall operate at very slow speeds with vemglsstep increments, gearing down the
motor may be required. The dimensions of the systhould comply with the maximum

allowable distance between the side walls of 3&immekres.

A hybrid bipolar 1.8° stepper motor, produced by RSstralia, was selected to drive the
screw extruder system because of its accuracy@nde capability and is shown in Figure
54. Smaller steps of 1.8° enable precise amountsatérial to be deposited onto the surface.
A hybrid was chosen, opposed to a canstack or pemmamagnet motor because of this
capability to rotate in small steps, which is umigo hybrids. Bipolar wiring was selected
because it produces more torque than unipolar gird bipolar motor could also be
electronically integrated with the existing amg@rfiboard used in the SFF machine. The
complete specifications for the stepper motor atéred in Appendix H.
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Figure 54: Rs Hybrid Bipolar 1.8° Stepper Motor

3.5.3.8 Shaft Coupling

A coupling is required between the stepper motaftshnd the screw extruder shaft to
transfer the rotational motion of the stepper maloectly to the screw extruder. The

complete specifications for the shaft coupling@udined in Appendix H.

Figure 55: Paradrive Oldham Coupling

3.5.3.9 Heating Cylinder Lid

An enclosing lid for the top of the deposition oygler to contain the molten thermoplastic
material is required to ensure that none of thédsgtanules being deposited escape the
heating area while also providing further axialgaiment for the heating cylinder and
extruder shaft. The gravity fed tube loading thatimg cylinder can simply fill the cylinder
and continue to do so until the contents of thelilog cylinder are depleted. This would be
possible with the assumptions that the granulegliato the cylinder with very little to no

friction between the feeding tube and the granules.

The profile of the top of the heating cylinder wik used to model the inner dimensions of
the enclosing lid. This results in a close fittipigce that prevents the beads from escaping
the enclosure. The entrance hole for the feedibg sihould be calculated to allow desirable
transitional push fit. The feeding tube requireading angle of up to 45° for successful
supply of heat granules. The following profile whgn determined as shown in Figure 57.
The lid of the heating cylinder also acts as a supand guide for the screw extruder shaft

ensuring that the screw extruder operates correctly

Initial concepts focused on a lid design that cob&l easily mounted with the existing

deposition housing as shown in Figure 56. The Wikg feature shown in the top view is
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designed for fitting M3 nuts and bolts to fastertatthe deposition housing. The bottom
profile of the lid was initially designed to fit ehdeposition cylinder described earlier in

concept design 4.

Figure 56: Concept Design |
Concept design 1l improved on concept | updating lid profile to match the deposition

cylinder (concept 5) chosen previously. The dimemsiof the feeding opening were also
recalculated to fit a 25mm plastic tube that wdogdused to transfer material from the bucket

to the deposition tube as shown in Figure 57.
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Figure 57: Concept Design li
Concept Design Il was determined the most suitaiylender lid for use with the SFF

machine. Dimensionally it accurately fits the exigthousing and could be easily mounted.
Some modifications to the deposition housing mictiea were required as shown in Figure
58.

Figure 58: Existing Body Modification
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3.5.3.10Holding Container

The holding container holds the solid build mateuiatil there is further space in the heating
cylinder for the granules. The container shouldvianufactured from light weight materials
to ensure movement of the deposition tool was astricted by excess weight that would

limit its ability to deposit material at precisecaiions.

An acrylic bucket was determined the most desirafdgerial because of it is a lightweight
material that can easily be shaped. The bucketahgmecific exit opening where the solid
building material flow towards and can be disperasdhown in Figure 59. The geometry of
the bucket ensures that the material inside thé&dius directed to the required dispersion
point while also not causing the material to betlated at this point. Fastening points on
the sides of the bucket enables the bucket toxied tio the deposition housing.

Figure 59: Holding Bucket
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3.5.3.11Holding Container Supports

A supporting chassis to affix the holding contaiteethe deposition tool structure is required.
It should be easily fitted to the existing struetand allow sufficient space for the stepper
motor that sits on top of the deposition structdrnee holding container needed to sit above
the deposition cylinder to ensure gravity was thime force that forced the additional from

the holding container to the heated the deposaydinder.

Using these requirements it was decided to posdiwhattach the holding container supports
on the inside of each side wall of the existingigire. This positioning uses the attachment
to the back and side wall of the deposition chaasigxtra support. This area was also free

from the area occupied by the screw extruder motor.

The supporting structures chosen will have theilerahown in Figure 60. A 45° chamfer
enables the bucket to slide freely in the vertpdahe while also reducing the overall weight.
The 3 holes act as fastening points between theifgand support as well as for holding the
bucket stable. Two holes are provided for the logestion where anchorage to the housing is
critical. The corresponding anchorage holes insile walls that will be created are shown in

Figure 61.

Figure 60: Supporting Bucket Chassis
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Figure 61: Side Walls Modification

3.5.3.12Nozzle Tip Plate

The cradle is designed to create an alternatecittathe original acrylic surface to prevent
potential deformation caused by temperatures excgdtle melting temperature of acrylic.

The tip plate will also hold the deposition cylimdend nozzle within the housing. It will

simultaneously resist the forces generated by nkerrial cylinder pressure as well as the
translational forces created by the housing asowes throughout the prototyping process.
The dimensions of the cradle will comply with tHlwaable limits detailed earlier to ensure
axial alignment is maintained. The material forstheradle must have good thermal
characteristics that can withstand the working terajures of approximately 120 - 140 C.

Selection of the readily available material Delgndeal for this application.

The design for the cradle is shown in Figure 62 Tdrger diameter hole of 6 millimetres
provides enough clearance for the nozzle to pretradfficiently while also acting as a
support for the deposition nozzle. The smaller Bimmétre holes are for fixing the cradle to
the base of the housing. A cut out of the origibase plate will be required as shown in
Figure 63.
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Figure 62: Nozzle Tip Plate

Figure 63: Existing Tip Plate Modification
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3.5.3.13Container To Deposition Cylinder Connection

The role of the connecting tube is to simply transhermoplastic granules from the holding
bucket into the heating cylinder. The inner surfabeuld be near frictionless to enable a
clean passage for the material to flow without kémge. A 25mm diameter plastic tube will

be used to connect the bucket to the depositianas lid.

3.5.3.14Coo0ling Fans

Fans were fitted to the X, y, z and deposition tstdpper motors to ensure allowable
operational temperatures. This allowed larger nmedilat require several hours for
prototyping to be achievable without the risk ofedwating a stepper motor. Therefore

making the machine more reliable and increasingptzational life.

Trial testing showed that after, around 6 houre # y and z motors would reach
temperatures of approximately 45°C and the depwosithotor similarly around 55°C. For
these devices, operating at these temperaturesatdsasible as the chances of overheating
increased. Also, these temperatures may increatbe amimber of hours in operation extends

beyond the 6 hours tested. Hence, a cooling devaseneeded for all 5 motors.

Fans circulating air over the surface and remowioger air by convection was the most
feasible solution. The fan diameters had to beclatigan the stepper motors to allow enough
air to circulate around the motor completely. Tlhéso had to have low noise and be suitably
sized to fit the existing structure. Radial blowifajs were better than centrifugal type as
they were smaller and cheaper to purchase. Allosrshould be directed away from the
building surface to prevent the depositing matefiam solidifying before reaching the

surface.

Radial ball bearing fans were selected for the angl z motors because of their durability
and long lasting life. They would be mounted adjd¢e each motor and are shown below in
Figure 64. These fans had dimensions 40 x 40 xntOpaoduced an airflow of 5.45 cubic

feet per minute (cfm).

-75 -



3.6 Assembling the Deposition Tool

Figure 64: Radial Ball Bearing Fans
For the screw extruder shaft motor, a higher capdan was necessary to cater for its higher

work demand and the greater temperatures expedende magnetic levitating fan that
produced 6.3 cfm was used as shown in Figure 6B. specification sheet for this fan is

provided in Appendix H.

Figure 65: Magnetic Levitating Fan

3.6 Assembling the Deposition Tool

Assembling the deposition tool will take approxielgtl0 minutes and is straightforward

using the step by step assembly guide.
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3.7 Calibration of the Fabrication Machine

Optimal operation of the fabrication machine relies the correct calibration of the

positioning system and the material deposition.tdbis ensures that the material deposited
on the working surface is accurately aligned witle fabrication software, mirroring the

simulated fabrication. This is crucial for the faltion of precise objects as the detailed
instructions sent from the deposition software néedbe exactly executed in order to
fabricate each layer. The information from the d#fpon software such as the current
position and rate of deposition from the materigbakition tool need be exactly mirrored in

the real working environment for this to occur.

3.7.1 Fabrication Machine Positioning System

The positioning system of the fabrication machimkich consists of the previously discussed
X,y and z carriages, forms the basis for accurabeidation of objects. Calibration involves
agreement of the position on the fabrication saftwaith the position on the fabrication
machine. The Fab@Home fabrication software exantigels the real environment by using
real CAD model files of the fabrication machineféom the computer software model. They
are modelled as they are in the real environmemtating an exact virtual model of the
fabrication machine. The position of the materiabaksition tool nozzle tip is the most
important reference position between the virtuadl aeal position. Precise positioning is
achieved by inputting the CAD model of the modifiehterial deposition system into the
virtual environment and aligning the material depos tool, and hence nozzle tip, as it
appears on the model. At the completion of the tigbuhis information, the exact replication
between the software and real environment requindg minor further calibration with the
working system by ensuring that the reference ganmt working space align with the virtual
system. The height of the working surface, the ig;as confirmed in the software prior to

fabrication.

3.7.2 Material Deposition System

Calibration of the material deposition system witie chosen working material involves
determining the optimum operating conditions faruanber of factors. The required amount
of heat to supply to the working material is todetermined before the ideal deposition width,

height and rate is to be calibrated.
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3.7.2.1 Optimum Working Temperature Of Selected Depositidaterial

Upon selection of the deposition material used forication, the optimum working
temperature for deposition is to be determineds Important to first ascertain the working
temperature of the material where the materialniaily at a liquid state. From this
approximate working temperature, the optimum wagkiemperature can be calculated by
refining the heating properties of the fabricatsystem. The energy required to heat the
material to this excited state is then requiredr #® chosen working material, Henkel
Technomelt Supra 100 TS-100, the temperature athwttie material is in molten state is
approximately 125°C. Heat transfer analysis is theed to calculate the required amount of
thermal energy to supply to the heated depositohtb heat the material to its molten state.
Appendix C presents the theoretical heat trans@dcutations for the chosen material
calculated with the working heated deposition systenfiguration. A thermal energy value

of approximately 15W is required to heat the matea its molten state.

With the amount of thermal energy required to hibat material in the working heated
deposition system theoretically calculated, tests taen carried out on the real working
environment to refine the amount of heat requirelilevalso refining the working
temperature of the material. The real heated déposystem is assembled exactly as it is to
be used in operation. Energy is then applied, e#gdl using a voltage regulator, with the
important heating points of the temperature of égahaterial, nozzle and outside cylinder
wall under the heating coil, which is used as arerice point in the final design, monitored
and recorded. The configuration of the temperataoeiver locations are shown below in
Figure 66.

-79 -



3.7 Calibration of the Fabrication Machine

1 - Outside cylinder wall temperature
2 - Heated material temperature

3 — Nozzle temperature

Figure 66: Recorded Temperature Locations For The &@mperature-Voltage Experiment

Calculation of this experiment over a number ofrdyespaced time intervals results in a
relation between the voltage input and the heagetperature of the deposition material.
Voltage input is desired because our power sowgaegulated by voltage, with values of
current, and hence power, determined from the mgrgjuantity. The experimental results for
varying heating and insulation configurations canskeen in Appendix F. The experimental
data, using the final working configuration for theated deposited tool, can be viewed in the

summarised graph Figure 67.
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Voltage - Temperature Relation - Configuration 2
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Figure 67: Voltage — Temperature Relation — Configration 2

The equation relating the temperature at the heatiader wall to the input thermal energy

is as follows:

V = 0.0004 (Temp °C) + 0.0448 (Temp °C) + 9.1211

Equation 2: Voltage - Temperature Relation For Heat¢d Deposition Tool

From this relation, the optimum working temperatoa®a then be refined and easily recalled
using the temperature voltage relation.

The ideal working state of the material being edéd from the deposition tool is a liquid
state that does not flow from the nozzle unaideddmly moves with the assistance of the
screw extruder system. This ensures accurate depoSom the heated deposition tool only
extruding the desired amount of material onto waglsurface. Furthermore, if the material is
not liquid enough and is nearing solid state dumsafficient heat input, the screw extruder
will jam which is undesirable. The required hegtunalso needs to take into account that the
material needs to be sufficiently heated before dbposition material reaches the screw
extruder in operation to again ensure that thews@etruder system does not jam. From
continual modifications to the heat supplied to tieposition material, this ideal working

temperature for operation was determined to be cxpately 123°C with a nozzle
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temperature of approximately 90°C nozzle. The tla¢remergy necessary to generate the

required working temperature for the heated depwsibol is approximately 9.2 W.

3.7.2.2 Deposition Rate

The rate at which the material is deposited frora Heated deposition tool nozzle is

dependent on the path speed of the positioningetdol and relates to the width and height
of the extruded material. The speed at which tkeepsr motor rotates the screw extruder
determines the rate of material that is depositech fthe deposition tool nozzle. An increase
in path speed without an increase in depositiom r@gults in a decrease in the path width and
height of the extruded material. If the path speédhe positioning system increases, the
deposition rate needs to be increased to ensurenstamt relative amount of material

deposited on the working surface. Furthermoredgposition rate relates to the path speed in
the configuration of the fabrication machine witle tdeposition rate being the screw extruder

/[ Rate of depositic )

[ Depositon tool path spet = Path heigf )

motion per mm of path length.

Path widtl ]

Figure 68: Relation between deposition tool variales

To ensure fabrication in the shortest amount oétithe maximum allowable path speed is to
be determined which is dependent on the maximurahilel deposition rate. Creation of a
simple square object by the fabrication machinevad| testing of the maximum properties to
be determined through predicted trial and errore Tieximum allowable consistent screw
extruder cycle rate was determined to be 2.5mmfsnpm of path length. Using this
maximum deposition rate, the path speed was caomfibto ensure that the deposited material
was consistent with the internal nozzle diametdre internal nozzle diameter used in the
initial trials was 1mm. Configuring the machineaimploy a determined path speed of 5mm/s
results in the required path width of 1.05mm angath height of 1.3mm. The printer tool
files with the calculated fabrication system partererequired for accurate fabrication are
attached in Appendix G.

-82 -



3.8 Cost Analysis

3.8 Cost Analysis

The costs associated with building the SFF machiere divided into individual components
as shown in Appendix A. The majority of parts weregchased as a complete kit from the
American company, Koba Industries. Sourcing thespfiom a company experienced in
working with this fabrication machine avoids theskriof non complying parts being
purchased locally or from abroad which do not dyanteet the specifications required
affecting successful assembly. Furthermore, theaexbrking hours required to locate and
ship the exact components from individual manufasgiwould raise the overall cost of the
project far more than its current value. The etwutrs, positioning system, transmission and
structural tools that complete the Model 1 systeenensourced from Koba industries with a
total cost of $3752.82 AUD. The costs for shipping Model 1 kit from the United States to
Australia totalled to $497.60. The 4 linear steppwstors that control the translational
movements in the x, y, z axes and deposition t@ykvsourced from an American company,
HSI-Incorporated. These motors were recommendedhbyFab@Home Model 1 system
developers for compliance with its design, bothcasputational and structural components.
Sourcing these items from local suppliers may Haeen cheaper, but again the risk of non-
compliance outweighed this decision. Their totat oast was $775.45 AUD. The deposition
tools relating to the alternate syringe depositigstem, including the syringe barrels, pistons
and syringe tips were resourced from Nordson Aliatrahich specialises in adhesive
dispensing equipment. Their knowledge and expeeiemas used in selecting the correct
components for our application. As the company lwaated inside Australia, the associated
shipping costs were significantly lower than froorghasing from overseas. This equipment
totalled to $64.21 which includes $5.85 shipping.

The overall cost for the components required fareasbling the Fab@Home Model 1 to
working specifications was approximately $4200 Aaigan dollars. This price includes the
cost of shipping the units from interstate or oeass The complete list of components used
in the construction of the Fab@Home Model 1, incigdthe respective costs of each

component, is outlined in Appendix G.
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3.9 Summary

The University of Adelaide’s Fab@Home Model 1 wasnmissioned at the School of
Mechanical Engineering on August *212007. Parts were sourced and assembled with
assembly procedures supplied from the open soume@Home Wiki website. As
thermoplastic material was selected as a workingenad, as an alternative to silicone,
numerous modifications were needed for the cumepbsition tool. As such, a new tool has
been manufactured and configured with the macHihe.software was also modified so the
geometrical blueprint on the PC was exactly mimdog our prototyping machine. Assembly
of the new tool is made possible with the instiutsi and schematic diagrams provided.
Calibrating the machine was achieved by buildingl tnodels and quantitatively measuring
the output and comparing this with input dimensiohgost analysis outlining purchases has

also been provided in Appendix G.

-84 -



4

Results

4.1 Created 3D Objects

A number of objects were initially created to detere the machines capabilities. Varied
shapes and structures of different sizes wereenldatensure that all the required finishes to
produce a practical object were produced accuraky example, fabrication of a simple
round block would display the ability of the fakaimn machine to produce well defined,
curved outlines. Essentially, successful creatiowell defined individual objects containing
straight edges, accurate curves and precise gtadiemuld allow the creation of any complex
object by using a combination of these basic fabeid shapes.

4.1.1 Square Block

A square block of varying sizes was first createcemsure the machine can produce well
defined straight edges. It is also a very usefapshin ensuring correct selection of working
parameters with the fabrication machine. Its simpidine makes it possible to accurately
measure the accuracy of the created model in cosgpato the working CAD model to
determine any discrepancies in the fabrication ggec Also, this shape assists in the
determination of the optimum deposition rate fag theation of objects with the completion
of the internal area of the square block relyingonstant deposition of a simple area.

The initial creation of the square block requirde theed for refinement of fabrication
machine parameters such as working height and withlese adjustments resulted in the
creation of an accurately produced model when ther®e block fabrication was repeated,
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demonstrating the defined straight edges whichregaired for creation of practical objects.
An example model is shown in Figure 69. Its CAD rlathat was used to create the part is
also shown in Figure 69. Comparison of the actuabeh with its CAD dimensions is
summarised in Table 5. This showed that the mackasereasonably accurate, producing an
overall error of 3.4 %, which is acceptable.

Figure 69: Square Block Actual Model

Figure 70: Square CAD model
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Square
Actual (mm) |Measured (mm) |% Error

Length sidel 23 23.2 0.9
Length side2 23 24 4.3
Length side3 23 23.9 3.9
Length side4 23 23.2 0.9
Height 1 8 8.5 6.3
Height 2 8 8.9 11.3
Height 3 8 9 12.5
Height 4 8 8 0.0
Diagonal 1 32.5 335 3.1
Diagonal 2 32.5 33.2 2.2
Total error 189 195.4 3.4

Table 5: Square Object Analysis

4.1.2 Circular Based Half Cylinder

Upon the completion of the square block displaytimg machines ability to produce defined
straight edges, a circular based cylinder was edetat display the fabrication of well defined
curves as shown by Figure 71 and Figure 72. Pramuct cylinders of varying diameters
allowed the extent of the accuracy of the fabraratmachine to be determined to improve
creation of further objects. It helped to deterrdit®w small diameters could be produced
and to display the quality of the curved objectst ttould be produced. As with the square
block, all variations of the circular based cylingegoduced were accurate with the working
CAD model as shown by Table 6, giving confidencefabricating objects with defined
curves. The model in Figure 71 produced only a maddeerror of 1.1% overall, which is

quite reasonable.

Figure 71: Circular Based Cylinder - Actual Model
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Figure 72: Circular Based Cylinder CAD model

Circular Based Half Cylinder
Actual (mm) |Measured (mm) |% Error

Diameter top 35 34.8 0.6
Diameter Bottom 39 39.5 1.3
Height 1 8.5 8.3 2.4
Height 2 8.5 9 5.9
Height 3 8.5 9 5.9
Height 4 8.5 8.6 1.2
Total Error 108 109.2 1.1

Table 6: Circular based Cylinder Object Analysis

4.1.3 Square Block with an Internal Hole

A combination of the square and circle design wseddun the fabrication of a square block
with an internal hole as shown in Figure 73. Figtdeshows the CAD drawing that was used
to create this model. Creation of these objectsahestnated how the machine can produce the
two fundamental shapes required for the creationawmy 3D object together, further
advancing towards the creation of a practical dbj&s with the fabrication of the previous
shapes, the square block with an internal hole, pvaduced accurately to the specifications
of the 3D CAD model as shown in Table 7. The cornspar shows that an overall error of

0.5% was produced, which is acceptable.
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Figure 73: Square with Hole - actual model

Figure 74: Square with Hole CAD model

Square with Round hole
Actual (mm) |Measured (mm) |% Error

Length sidel 33 335 1.5
Length side2 33 33.4 1.2
Length side3 33 33.9 2.7
Length side4 33 33.2 0.6
Height 1 11.5 11.9 3.5
Height 2 11.5 12.0 4.3
Height 3 115 11.2 2.6
Height 4 115 11.2 2.6
Diameter of Circle Top 15 14.6 3.0
Diameter of Circle Bottom 15 14.8 1.3
Diagonal 1 46.7 47.2 1.1
Diagonal 2 46.7 46.0 15
Total error 301.4 302.9 0.5

Table 7: Square with Hole Object Analysis
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4.1.4 Scale Model House

To complete the possible shapes that the machinddwteed to be able to produce for
complete fabrication of any 3D object, a scale nhddeise with an inclined roof complete

with chimney was created as shown in Figure 75Fgdre 76. Successful completion of the
inclined slope on the model allows 3D objects wifadients to be created on future
fabrication projects. The small chimney protrudingm the sloped roof demonstrated how
precise vertical protrusions are possible, agaimafestrating the capabilities of the

fabrication machine. The CAD model used for thisdelovas reasonably complex as shown
in Figure 77. The model produced was reasonablyrate, having a small overall error of

0.3% as shown in Table 8.

Figure 75: House — Actual Model

Figure 76: House Model
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Figure 77: House CAD model

House
Actual (mm) [Measured (mm) |% Error

Length 44 43.8 0.5
Height overall 21.7 23 6.0
Width 24 23 4.2
Roof length 15 15.5 3.3
Chimney length 4 3.5 12.5
Chimney Width 3 3.3 10.0
Chimney height 7.2 7 2.8
Wall height 7 6.5 7.1
Fence Height 4 3.9 2.5
Fence Width 2.5 25 0.0
Total Error 132.4 132 0.3

Table 8: House Object Analysis

4.1.5 Cylindrical Dome

A cylindrical dome was created to further expandtlos creation of gradients as shown in
Figure 78 and Figure 79. The cylindrical gradieftick forms the basis for the boundary of
the object was built up by depositing layers ofcalar sections with an incrementally
decreasing outer diameter. This further displayes dbility of the fabrication machine to

produce well defined objects and a complex rangehapes. Comparison of the CAD model
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and actual prototype shown that the dome was red$®accurate, producing an overall error
of 4.8%

Figure 78: Circular Dome Actual Model

Figure 79: Cylindrical Dome CAD model
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Cylindrical Dome

Actual (mm) |[Measured (mm) |% Error
Diameter Top 22.5 23 2.2
Diameter Bottom 32 32.3 0.9
Diameter internal 13 13.2 1.5
Height 16 11 31.3
Total Error 83.5 79.5 4.8

Table 9: Cylindrical Dome Object Analysis

4.1.6 Nike Company Logo

Rounded circular outlines in combination with cleatraight edges were used in the
fabrication of a 3D Nike company logo as showniguFe 80 and Figure 82. This model was
accurately produced to the design specifications;onmg the working 3D CAD model as

shown in Table 10. The circular boundaries weraugately produced seamless integrating
with the straight lines of the tail of the compdago. Furthermore, the fabrication of the tail

of the tick logo with its small internal area watarately deposited producing the required

sharp point.

Figure 80: Nike Logo

- Actual Model

Figure 81: Nike Logo - Actual and CAD Model

-903 -




4.1 Practical Applications

Figure 82: Nike Tick CAD model

Nike Tick [scaled 1.7x original
Actual (mm) |Measured (mm) |% Error

Length 71 70 1.4
Height 9 8.5 5.6
Tick Length 56 55 1.8
Curl Length 13 12.8 1.5
Total Width 22 21.8 0.9
Upper Width 111 11 0.9
Lower Width 10.9 10.4 4.6
Total error 193 189.5 1.8

Table 10: Nike Model Object Analysis

4.1.7 Conclusion

The fabrication of the aforementioned objects whadntained a range of shapes and
gradients demonstrated the ability of the fabraratnachine to produce a complete range of
3D objects without design limitations on the dimens and shape of the object. Successful
fabrication of objects containing well defined gihd edges, accurate curves and precise

gradients are possible, allowing the creation gf @mplex object.
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5

Conclusion

A fully operational rapid prototyping machine baswdthe Fab@Home system, developed
by Cornell University, was successfully designed aonstructed. The completed machine

was able to produce a range of complex objectsrataiy.

The project initially focused on researching pregioapid prototyping advancements relating
to the Fab@Home model 1 SFF machine while alsarggim perception of the developments
and technologies within the industry. The open seurature of these machines has enabled
numerous institutions and hobbyists to build, peatise and ultimately contribute to the
home fabrication revolution. Investigation into aoercially available fabrication techniques
provided ideologies and concepts that were appiigte final conceptual designs used in the
construction of the fabrication machine. Thermojtagsaterials were examined by their
intrinsic properties for molecular structures thatuld be advantageous to our application.
Materials previously used in home fabrication sashsilicone were also researched. The
testing of several materials determined that EVAatgmer was most suitable because of its
functional strength, hardness and aesthetic pregemue to the selection of thermoplastics
as the working material, modifications to the molkatl to be carried out to heat the EVA
copolymer and to deposit the heated substanceatetuonto the working surface while also
considering the heat and space limitations of tredeh Modifications to the material
deposition system to incorporate a heated scremant system were completed, enhancing
the fabrication capabilities of the machine. Furtlesign modifications were also required
after the heated deposition system was createdstare integration with the microcontrollers

and fabrication software of the previous design.

-95 -



5 Conclusion

The completed fabrication machine was then caldokad working conditions to produce a
range of accurate objects containing well definedight edges, accurate curves and precise
gradients demonstrating the ability of the fabimatmachine to produce a complete range of
3D objects without design limitations on the dimens and shape of the object. Knowledge
of the favourable intrinsic properties of the thepiastic selected as the working material, in
combination with the boundless limitations on ttapabilities of the fabrication machine,
consequently allows objects with complex dimensidos be fabricated for practical

applications.
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Appendix A — Cost Analysis



A | c I D | G [ H | J | K. | L I M I N |
Line # _|Catego art [Details Required [nit_QtylPackage drder Qty UBA Unit Price U | SA Line Total S Unit Price US Uine Total _Vindor [Part Number
s Actuation yringe Tool Linear Motor Size 11 Non-captive Hybrid Linear Actuator; 5V; bipolar; 5.25inch shaft length overall; 6.68mm long M3X0.5 threa] 1|Eacl $129.20| $129.20] $164.08) $164.08|HS] Inc. 28F47-05-023ENG
Actuation Axis Linear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar;13.708inch shaft length overall; 0.25inchOD_X 0.000625inch 1|Eacl $150.00| $150.00] $190.50] $190.50[HS] Inc. E35H4B-05-012ENG
Actuation Axis Linear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar;12.878inch shaft length overall; 0.25inchOD_X 0.000625inch 1|Eacl $145.50| $145.50] $184.78) $184.78|HS] Inc. E35H4B-05-013ENG
[Actuation Axis Linear Motor [Size 14 External Hybrid Linear Actuator; 5V bipolar; 10inch shaft length overall; 0.25inchOD_X 0.00015625inch ( 1[Eac] $132.00] $132.00] $167.64] $167.64[HS! Inc. E35H4P-05-010ENG
i Slave Axis Lead Screw 0.25inch OD X 0.000625inch (B-series) lead screw; 14.506inch length overall; 0.187+/0.001inch OD journal both 1|Eaci $41.69) $41.89 $53.20) $53.20[HSI Inc. LS5-025-0125A97
T Additional Lead Nuts for Axes [To couple belt driven X shaft to X carriage; and to help stabilize the Y carriage (use 2 nuts). 2|Eacl $6.00] $12.00] $7.62] $15.24|HS1 Inc. [42-195-2
1 roximate $775.44 | |
HSI inc [Actual Quoted $775.44] Shipping included
[12 2|Electronics Nylon Zip Cable Ties; 4 inch long For cable bundling and securing 10]Eact 100 1 $2.10} $2.10| 67| $2.67]Action Electronics [GL-GT-18S3
3|Electronics |4 Conductor Shielded 22awg _$0.44 /Per Foot Cable extensions for stepper motors 10]Foot 10| $0.44) $4.40| 56 $5.59|Action Electronics JS-6152-1
4|Electronics 2 Conductor No Shield 22awg $0.28 /Per Foot Cable for limit switche: 20]Foot 20| $0.28] $5.60} 36 $7.11]Action Electronics
5|Electronics Flat Ribbon Cable; 26 Conductor; 28 AWG stranded; Grey Cable connection between microcontroller and amplifier/breakout board/limit switches 2|Foot $0.55 $0.55 70| $0.70]A Electronics
6[Electronics 24VDC Power Supply for Stepper Amplifiers 4V; 1.67A; 40W_Desktop Power Supply; No AC cord; 3-pin IEC 320 inlet 1Eaci $51.08) $51.08 $64.87] $64.87|DigiKey
7|Electronics |AC Power Cord; IEC 3 prong to USA 3 prong plug 2m Iong; AC power cable for power supp! 1|Eaci $3.52) 52| 41 $4.47|DigiKey.
8[Electronics 26 Pin Ribbon Cable Male Plug in; 2 row 0.1inchx0.1inch pitch ribbon cable male_plug connector; wio flanges for connecting to LPC-H2148 2]Each $6.16] $12.32 82) $15.65]DigiKey
9Electronics Strain relief for 26 Pin Ribbon Cable Matching strain relief for 26 pin ribbon cable IDC connector 2]Each 50.69 38| 88| $1.75[DigiKey
10[Electronics Limit switch Normally open; SPST connectorized; 51 gmf actuation; false rolle snap action switch for limit switch 6] Each $2.09 $12.54 65| $15.93]DigiKey
11[Electronics Cable connector for Limit Switch JST type XA 2 position connector for Omron limit switches 6| Each 1§| $0.54 54 69 60[DigiKey
12|Electronics Crimp contacts for limit switch connector JST crimp contacts for XA connector; 28-22 AWG - Need 2 per switch connector 12|Eact 10f $0.34) 68| A3 .86{DigiKey
13|Electronics | 10kOhm, bussed 9 resistor network, SIP. [Soldered onto Xylotex board to pulldown limit switches; 10kOhm; 10 pin SIP; 9 resistors; 1 end bussed to 10th pir 1]Eacl | $0.65 $0.65 .83 .83[DigiKey
14[Electronics USB Cable; A male to B male; 2m long [Connect PC to Fab@Home Microcontroller 1Eacl 1] $3.89) $3.89) 94 94]DigiKey
15|Electronics Electronics Standoff Spacers; #4-40 threaded; 0.5 inch long; aluminum lount Xylotex amplifier board and Winford DB25 Breakout board to the Fab@Home base rear; M-F 4-40 threade 16|Eact 10} $4.69) $9.38 96 $11.91|DigiKey
16|Electronics '% Braided sleeving; 1/4inch ID nominal; 10 [Abrasion protection and bundling of cables 10| Foot 10} $3.26| $3.26 14] 14[McMaster-Carr
17|Electronics [Heat-Shrink Tubing, Black Poleoleﬁn Assortment Kit Heat shrink tubing assortment kit used to insulate and reinforce soldered cabl kit 1 $10.95 $10.95 $13.91] $13.91[DigiKe;
18[Electronics |LPC-H2148 Philips ARM7TDMI microcontroller board with header connections and USB port; board MFG by Olimex 1[Each | $39.95] $39.95 $50.74] $50.74Sparkfun Inc
19|Electronics 5525 Female to Serew Terminal break o board |Simplify wiring from Xylotex amplifier board to the LPC2148 1|Each fl| $19.99 $19.99 $25.39) $25.39|Winford Engineerin

[3 20[Electronics Stepper Motor Amplifier Board 4 Axis Stepper Motor Ampliier Board; 1]Each 1 $185.00] $185.00] $234.95| $234.95 Xylotex Inc. XS3525-85-4

[3 21|Miscellaneous SS Round Knurled Thumb Nut for Syringe Piston; M3-0.5 thread; 12mm OD; 7.5mm H ___|Used as insert in neoprene pistons o couple to syringe ool motor shaft 5|Each 1 5| $1.62) $8.10 $2.06) $10.29|McMaster-Carr 90368A150
22|Positioning Linear Shaft; X; Z axes Hardened Precision Steel Shaft; 1/2inch OD; 12inch long AlEact $8.46) $33.84f $10.74f $42.98|McMaster-Carr 6061K33
23|Positioning |Linear ball bearings for X: Y axes Self-aligning bearings seem to have too much play when only 1/shaft. AlEact $18.48] $73.92| $23.47| $93.88|McMaster-Carr 60595K73
24/|Positioning |Aluminum Pillow Blocks for X;Y linear bearings; 7/8inch Bore. Pillow blocks to hold fixed-ali linear ball bearings AlEact $27.45] $109.80] $34.86] $139.44|McMaster-Carr [9804K3
25|Positioning Linear Shaft; Y axis Hardened Precision Steel Shaft; 1/2inchOD; 12inch long; 1/4-20 tapped ends; 1/2inch deep 2|Eacl $47.70] $95.40 $60.58] $121.16|McMaster-Carr 6649K2
26|Positioning Flange ball bearing for Z axis. Flange-Mount Fixed-Align Linear Ball Bearing Std Length: Round Flange: 1/2inch ID: Steel Sleeve 2|Eacl $25.26] $50.52] $32.08) $64.16|McMaster-Carr 6483K53
27|Positioning Shaft Collar One-Piece Aluminum Clamp-On Collar 1/2inch Bore; 1-1/8inch Outside Diameter; 13/32inch Width 6|Eacl $2.36) $14.16 $3.00] $17.98|McMaster-Carr 6157K14

[ 28[Positionin Flange shaft supports for X Axis Four-Bold Flange Mount Shaft Supports: for 1/2inch Shaft OD; Aluminum a[Each $44.41] $177.64] $56.40) $225 60| McMaster-Carr 57745K21
29|Structure brass threaded inserts Brass Threaded Insert for Tapered; 8-32 Internal Thread; .185inch Length; Packs of 100 31]Eacl 100) $9.86) $9.86 $12.52) $12.52|McMaster-Carr 93365A140
30[Structure brass threaded inserts; 0.3inch length Brass Threaded Insert for Tapered; 1/4-20 internal thread; 0.3inch length; pack of 50 [Eac! 50) $10.79 $10.79 $13.70) $13.70]McMaster-Carr 93365A160

14 31[Structure SS socket cap screw; 1/2inch length Mounting iinear bearings to acrylc sheef; etc. 12[Eac! 100] $4.89 $4.89 $6.21] $6.21[McMaster-Carr 92196A148
32[Structure nylon locknut; 11/64inchh; 5/16inchw 1 mounting X-axis HSI external nuts to nut flanges on XY coupling bracket 6| Each 100] $5.19] $5.19 $6.59) $6.59[McMaster-Carr 91831A007
33[Structure to #6-32 Threaded Insert for Metal 1 reducing tap size of Y-rail ends from 1/4-20 o #6-32 for mounting to X linear bearing pillow blocks. 9/32inch a[Eacl 10] $6.75 $6.75 $8.57] $8.57[McMaster-Carr [90248A017
34|Structure SS socket cap screw; linch length; partial thread Fastening Z-axis HSI External Nut to Z-Carriage AlEact 100 $5.94) $5.94] $7.54] $7.54]McMaster-Carr [92196A153
35|Structure SS socket cap screw; 3/inch length lounting X rail flange mounts to base walls; for belt tensioner, and mounting Z-table to Z-Carriage 18|Eact 100 $5.67] $5.67| $7.20] $7.20]McMaster-C: [92196A197
36|Structure_ 3 Stainless Steel Flat Washer 8 Screw Size, 11/64" Id, 3/8” Od, .024™-.038" Thk_ lounting the Z table to the Z carriage; prevent stress cracks in Z-Table Support Cross from spring forces associ 15]Eact 100] $1.72] $1.72| $2.18] $2.18]McMast 92141A009
37]|Structure. 5 SS socket cap screw; 10mm length lounting X; and Y linear motors to ~0.25inch acrylic. 8|Eact 100 $6.32] $6.32] $8.03] $8.03]|McMast 91292A113
38|Structure. 5 SS socket cap screw; 40mm length lounting Z linear motor under 0.25inch acrylic. A|Eact 25] $8.42] $8.42 $10.69) $10.69|McMast 91292A024
39]Structure. 2 SS socket cap screw; Linch length lounting Z flange bearings to 3-layer stack for Z-table. 8|Eac 100] $6.65| '$6.65| 45 $8.45|McMast [92196A199
40[Structure SS washers; SmmOD:; 0.7mm thick HSI Motor mounting o acrylic sheet. 16]Eac! 100] $1.60) $1.80 29 20[McMast 91116A120
41[Structure 32 SS Hex Nut; 7/64 thick; 5/16 OD TabiNotch assembly for acrylic sheet parts in tight Iocation - esp. on Z table around flange bearings 8fEac! 100] $2.90 $2.90 6] 68[McMast 91841A007
22[Stucture #4-40 SS socket cap screw; 1/2inch length [Tab/Notch assembly for acrylic sheet parts of syringe ool and Y-carriage; mounting electronics to base rear 31[Eac 100] $3.97] $3.97 04 92196A110
43[Structure #4-40 hex nut; 3/16inch W; 1/16inch H [Tab/Notch assembly for acrylic sheet parts of syringe tool and Y-carriage 31[Eac 100] $3.48) $3.48 42) 54.42|McMast [90730A005
24[Structure 32 SS socket cap screw; 3/4inch lengh Mounting syringe tool to Y carriage; and attaching Y rails to X finear bearing pillow blocks 10[Eac! 100] 5.0 $5.00 23] 23[McMast [92196A151
25[Structure 32 Brass Threaded Inserls: 0. 150lnch Length On the Z carriage; Y carriage and XY coupling plates to allow attachment of acrylic pieces (o linear bearing pillow 27[Eac 100] $6.72) $8.72) $11.07] $11.07[McMas 93365A130
46|Structure -32 SS socket cap screw; 5/8inch len For various assembly; especially acrylic sheet-edge to square nut assembl 84]Eact 100 $4.95] $4.95 6.29) 29| McMast [92196A150
A7|Structure #6-32 F\al Sﬁuare Nut; Steel; 5/16|nch OD 7/64|nch (hk [ Tab/Notch assembly for acrylic sheet parts 84]Eact 100 $1.06} $1.06 1,35 51.35[McMast 485! 1
48|Structure ashers; 0.19: h ID; 0. earing spacing for pulleys and shaft collars on X; Y; Z lead screws 20]Eact 25 $8.06} $8.06} $10.24] $10.24|McMast [9714K22
49|Structure For build surface leveling; used as counter force to screws holding table to Z carriage. 5|Eacl 5| $4.58] $4.58 $5.82] $5.82]McMast 135K!
50| Structure. For mounting Syringe Tool Motors to Syringe Tool A|Eact 100 $11.85 $11.85 $15.05] $15.05|McMast 91292A012
51|Structure. ubber Foot; 1/4-20 X1/2inch thread; llnchd\ame(ev 25Ib rated Rubber feet for system A|Eact 4 $5.82] $5.82 $7.39 $7.39|McMast
52[Structure /4-20 SS Hex Nut; 7/16inch W; 3/16inch H To space rubber feet [Eact 100] $6.23) $6.23 $7.91] $7.91[McMaster-Carr 91841A029
53|Structure 2-56 X 5/8inch SS socket cap screw |Screws for mounting the fimit switches o acryfic sheet parts 12[Eac! 100] $7.10) $7.10 $9.02) $9.02|McMaster-Carr 92196A083
54[Structure 2-56 SS hex nut For mounting the fimit switches to acrylic sheet parts 12[Eac! 100] $2.85) $2.85 $3.62) $3.62[McMaster-Carr 91841A003

[ 55[Structure ranslucent Acrylic Sheet Parts; 0.234inch thick; 1 set 1 Set of Laser Cut Acrylic Sheet Parts for a Fab@Home kit base unit. 1-syringe (ool and build surface: contract 1Set 1 $391.85| $391.85] $497.65| $497.65|Koba Indusries
56[T [Aluminum Shaft Collar for Syringe Tool Motor Used to prevent otation of non-captive syringe tool motor shaft 1]Eaci $0.81] 8] 03] 03[McMaster-Carr 9946K41
57] |#6-32 SS socket cap shoulder screw |Used to prevent rotation of non-captive syringe tool motor shaft;18-8 Ss Precision Hex Socket Shoulder Screw 5/ 1]Eacl $2.64) 64] 35| 35|McMaster-Carr 94035A529
58 Ball bearings for HSI motors free ends and belt tensioner |Ball-bearing ABECS; double shield: flanged: for 0.1875inch OD shaft 7|Eac $6.09) $42.63 73| $54.14|McMaster-Carr 57155K321
59|Transmission SS303 Shaft; 0.1872inch OD; 1.75inch long for Belt Tensioner Stainless steel shaft for belt tensioner; 0.1872+/-0.001inch OD X 1.75inch 1]Eacl $1.87] 87| 37| 37|SDP- A TX 7
60 [ Timing belt to couple x-drives Timing Belt; Pitch Length 29inch; Urethane/Kevilar; 3/8inch 1|Eacl $9.10} $9.10] $11.56] $11.56|SDP-¢ A 6B
61[Transmission [ Timing pulleys to couple x-drives Timing Pulley; 0.2 XL Pitch; 0.375inch belt; Fairloc hub; PD 0.828inch 3|Eacl $11.12) $33.36) $14.12) $42.37|SDP-¢ A 6H 3DF037DB
62|Transmission Shaft collar for HSI motors free ends Stainless Steel Set-screw Shaft Collar 3|Eacl $5.79] $17.37| 7.35] $22.06| SDP- A 7X 2-11406

1 | $2,008.39
I I ] 1 JDeposit 1 $889.00)

[ [From Koba Industries | Actual Quoted $3,752.82]Includes $889 AUD deposit Shipping notincluded
63|Deposition Tools Barrel - Piston set clear (30) 30 clear syringes of 10 cubic centremeters 1]Each 30f 1 - $34.62) $34.62|Nordson Australia [5111CP-B
64|Deposition Tools 10CC Neoprene Pistons 30 black neoprene pistons 1]Each 30] 1 - $23.75] $23.75|Nordson Australia 5111S-B

Deposition Tools Syringe tipes trial pack FREE sample [Syringe tips of various sizes 1[Each 20) 1 B $0.00 $0.00[Nordson Ausiralia 7500TK

4 [Approximate $58.37

[From Nordson [Actual Quoted $58.37|Shipping not included
[Exchange Rate Miltiplier ing cost of Koba and Nor__dson
1.26999)




Appendix B — CAD Drawings



















































Appendix C — Heat Transfer

Calculations



Summary:

The power needed to raise the temperature of thestteon cylinder from 27°C to 150°C at
the centre, in 15 minutes, was calculated usingr#éieal formulas from Mills, A’'s 1999 Heat
Transfer text, as approximately 21 watts.

The analysis below assumed that the depositiomagtis shape was a series of cylinders as
shown by the changes from Figure 83 to Figure &ds $implification was necessary to allow
us to utilise the Heat Transfer formulas. To redieeerrors in this assumption, the cylinder’s
surface areas were made similar to the actualsigeea of the Cylinder.

Comments:

1.The heat lost from the cylinders will be greaten the actual, as the cylinders have a
slightly larger surface area than in reality.

2.Assuming that the entire external brass surfaga was completely covered by the coill,
when in fact it isn’t, will produce a larger powequired value. This is due to a larger
surface area radiating heat to the environment.

3.A transient analysis would be more accurate wauild require numerous iterations that
can only be done by computer. This analysis pravidegood approximate for the
power required. The actual power desired can bed@xperimentally.

Figure 83: Original Deposition Cylinder

Figure 84: Simplified Deposition Cylinder For Analysis

Analysis:



The power required will be the sum of the energgdeel to heat the hot melts, as well as the

energy that is lost to the surroundings, as shopié equation below:

QTotaI = QHeating + QLost

Assumptions:

1-dimensional

Steady State

The operating temperature is 150°C

Brass tube is (30 Zn) at 300K

Hot Melt Adhesive Specific Heat Capacity is 201kpJ at 300K
External Surface area of deposition tube is corapletovered by coils
The convection coefficiert,

NoohkwbhE

Energy Required to Heat Hot Melts

The total energy is a sum of heat required to rdiedemperature of the cylinder as well as the
hot melts.

QHeating = QCyIinder + QHotMeIts

Qcyinger = MC,DT (Energy needed to heat Cylinder)

m  =0.064068 kg (mass)
C, =380 J/kg.K (Mills A.1999 - Appendix A -Table AX(&pecific Heat Capacity)

p
DT =(150 - 20)°C=(423-293)K (Change in Temperature)
\ QCyIinder = 316KJ

Quomers = MC,DT ( Energy needed to heat Hot Melt Adhesives)
m=r"V (Mass)
r  =8.3Ib/gallon = 994.6g/m® (1b/ gallon=119826kg/ m*)(Density)

V= The volume of hot melt pellets inside the Tube

Voo = Veyinder ¥ Viozzie™ Vorger = Veearing (VOlUMES of each part)
Veyinger =28515.10nn7

Vyore =2052.893nnT

V, =2664.218nn’

Orger



Viearing =406.04Tnn7°
Vi = 27497729 mnm?=2.750" 10°m°
m  =.0273 kg

C, =2010 J/kg.K (Specific Heat Capacity)

p
DT =(150 - 20)°C=(423-293)K (Change in Temperature)
\ QHotMeIts = 715KJ

\' Queatng = 316+ 715=103KJ

If we assume the time for reaching operating teadpee is approximately 15 minutes, the
power required is;
10.3KJ " 1000=1031Q

15minutes=900seconds

10310 _ .
QHeating AOCSe(onds 11463 /s=115W

Now that we know the heat required in raising #raperature of the cylinder and hot melts to
150°C, is 11.5 watts, we can use this power toroete the approximate temperature of the

coil. The cylinders have been analysed using theedsions shown in Figure 84 above.

Cylinder 1:

Q =UADT (Powen
Q=115W

DT =(T, - 423K (Change in Temperature)



1. In(r, /r,) + ! [1 divided by (The overall heat transfer coeffici¢hé surface area)]
UA 2Id-kbrass anho

Kprass =11W/ mK (Mills, A 1999 — Appendix A Table A.1a)(Conductivjty

h, =h, + h (Heat transfer coefficient to surroundings)

h, =0 (It is assumed the thermoplastic beads are solfigi@icked that they represent a
vacuum where convection can be neglected)(ConveQaefficient)

h = 4esT_°(Radiation Coefficient)

€ = 0.6 (Mills, A 1999 — Appendix A Table A.5.a Oxidisedds)(Emissivity)

s =567 10°W/m’.K*(Stephen Boltzmann Constant)

Tm3 = (448K)*® =89915392We guess the temperature will roughly be 150-200FBus we
assume the temperature of the internal brass sitie5°C.] (Mean Temperature of Brass tube)
\ h, =h, =12235W/m’ K

1 _ In(01/.009 1
UA 20(0.042(11) 2p(0.009(12.2357)

1 0.00761784+1.62593
UA

1. 1.63354
A

T, =423+ 2
UA

T, =441786K @L69C (So the internal brass temperature, assumptionl@§°C, only

produced a 4% error, which is acceptable.)

Cylinder 2:



Q =UADT (power)
Q=115W
DT =(T, - 423K (Change in Temperature)

1 _In(rp /1) L1
UA 2Id-kbrass 2I(xlho
K, ... =11W/mK (Mills, A 1999 — Appendix A Table A.1a) (Conductiyjt

[1 divided by (The overall heat transfer coeffici¢hé surface area)]

brass

h, =h, + h (Heat transfer coefficient to surroundings)

h, =0 (It is assumed the thermoplastic beads are solfigi@icked that they represent a
vacuum where convection can be neglected)( Corore@oefficient)

h = 4esT_°(Radiation Coefficient)

€ = 0.6 (Mills, A 1999 — Appendix A Table A.5.a Oxidisedds)(Emissivity)

s =567 10°*W/m’.K*( Stephen Boltzmann Constant)

Tm3 = (448K)*® =89915392We guess the temperature will roughly be 150-200FBus we
assume the temperature of the internal brass sitie5°C.] (Mean Temperature of Brass tube)

\ h, =h, =12235W/m’ K

1 _ In(.009/.009 1
UA 2p(0012(11) 2p(0.008(122357)
L 00140734+ 1.62593
UA
1
—= =1.64000
UA
T, =423+ 2
UA

T, =441860K @L69C (So the internal brass temperature, assumptioly, moduced a 4%

error, which is acceptable.)

Cylinder 3:



Q =UADT (power)
Q=115W
DT =(T, - 423K (Change in temperature)

izln(rzlrl)+ 1
UA 20k 2 h,

[1 divided by (The overall heat transfer coeffictéheé surface area)]

brass

Ky e =11W/ mK (Mills, A 1999 — Appendix A Table A.1a)(Conductivjty

brass
h, =h, + h ( Heat transfer coefficient to surroundings)

h, =0 (It is assumed the thermoplastic beads are solfigi@icked that they represent a
vacuum where convection can be neglected)(ConveQaefficient)

h, = 4esT, *(Radiation Coefficient)

€ = 06 (Mills, A 1999 — Appendix A Table A.5.a Oxidisedds)(Emissivity)

s =567 10°W/m*.K *(Stephen Boltzmann Constant)

Tm3 = (448K)*® =89915392We guess the temperature will roughly be 150-200FBus we
assume the temperature of the internal brass sitié5°C.] (Mean Temperature of Brass tube)
\ h, =h =12235W/m’K

1 _ In(024/.023 1
UA 2p(0039(11]) 2p(0.023(12.2359

1. 0.0020341H 0.565540
UA

1. 0.567574
A

-]
UA



T, =429527K @L57°C

Energy lost to the Surroundings:

Assumptions:

1.The heat losses are only through the insulatioit@the air.

2.The cylinder centre is a uniform temperature. Témsperature is the same as the heating
coil (170°C)

3.There is no heat loss through the brass and toethiee of the tube

The solution will be found by finding the heat Idgtm all three cylinders as shown by the

equation below:

QLost = QCyIindeﬂ. + QCyIinderZ + QCyIinderS

Cylinder 1:

Qcy,inderl =UADT (Power)

DT =(443- 300 =143%K (Change in Temperature)
1 _ In(r,/ry) N 1

[1 divided by (The overall heat transfer coefficténé surface

U_A‘ ) 2ﬂ‘kinsulation 2ﬂ4 ho
area)]
Kisuaion = 0-0574%V/ mK (Mills, A 1999 — Appendix A Table A.3 Fiberglass)(@tuctivity)

h, = h, +h ( Heat transfer coefficient to surroundings)
h. =14W/m* K ( Mills, A 1999 — Table 1.4 pg22 Free convectioratois approximately 3-
25W/nf.K. We assumed the average) (Convention Coeffigient

h = 4esT_°(Radiation Coefficient)



€ = 0.780025 (Mills, A 1999 — Appendix A Table A.5.b Silicon Qie fused SiQ
(Emissivity)
s =567 10°W/m* K *(Stephen Boltzmann Constant)

T 2= (%3 = (3715K)® =5127155088(We guess the temperature of the fibreglass

will roughly be the mean of 443 and 300K.(Mean Terapee)
h. =9.07043V/m*.K

h, = 23.0704
1 _ In(022/.012) 1

UA 2p(0.042(.05745 2p(0.022(230709
L 402043

UA

\' Qcyiingen = (0.0248174(14) = 3.54889= 35N

Cylinder 2:

QCyIinderZ = UADT (Power)

DT =(443- 300) =14 (Change in Temperature)

. In(r, /rs) + ! [1 divided by (The overall heat transfer coefficiéhé surface
UA 2ﬂ‘kinsulation 2ﬂ4 ho

area)]

k = 0.0574W / mK (Mills, A 1999 — Appendix A Table A.3 Fiberglass)q@luctivity)

insulation
h, = h, +h ( Heat transfer coefficient to surroundings)
h. =14V /m*.K (Mills, A 1999 — Table 1.4 pg22 Free convection iois approximately 3-

25W/nf.K. We assumed the average) (Convection Coeffigient



h = 4esT_°(Radiation Coefficient)
€ = 0.780025 (Mills, A 1999 — Appendix A Table A.5.b Silicon Qie fused SiQ

(Emissivity)
s =567 10°W/m?* K *(Stephen Boltzmann Constant)

T = (@’)3 = (3715K)® =5127155088(We guess the temperature of the fibreglass

will roughly be the mean of 443 and 300K.) (Mean Ppenature)
h, =9.07043V/m*.K

h, = 23.0704
1 _ Ino21.019) 1

UA 2p(0.012(.05745 2p(0.021)(23.0704
1 149609

UA

\' Qqyingerz = (0.00668409(143K) = 3.54889= 0.955825= 096W

Cylinder 3:

Qcyingers = UADT (Power)
DT =(443- 300 =14%K (Change in Temperature)

1. In(r, /1,) + ! [1 divided by (The overall heat transfer coefficiithné surface
UA 2ld-kinsulation 2/14 ho
area)]

k = 0.0574W / mK (Mills, A 1999 — Appendix A Table A.3 Fiberglass)q@luctivity)

insulation

h, =h. + h ( Heat transfer coefficient to surroundings)



h. =14W/m* K (Mills, A 1999 — Table 1.4 pg22 Free convection toig approximately 3-
25W/nf.K. We assumed the average) (Convection Coeffigient

h = 4esT_°(Radiation Coefficient)

€ = 0.780025 (Mills, A 1999 — Appendix A Table A.5.b Silicon Qie fused SiQ
(Emissivity)

s =567 10°W/m?* K *(Stephen Boltzmann Constant)

wf = (3715K)® =5127155088(We guess the temperature of the fibreglass

T,  =(

will roughly be the mean of 443 and 300K) (Mean Tenagure)
h, =9.07043V/m*.K

h, = 23.0704
1 _ In(036/.026 1

UA  2p(003(.05745 2p(0.036)(23.0704
1 302424

UA

\' Quyingers = (0.033066)(143K) = 4.7285= 4.7W

The Total Heat lost from the Deposition Cylinders:
QLost = QCyIinderl + QCyIinderZ + QCyIindele

QL = 35+ 096+ 47 = 92W

Adding together the heat needed to raise the teathyer of the brass cylinder and beads as
well as the heat lost to the surroundings. Thel tb&at required for the heating element

becomes:

QTotaI = QHeating + QLost
Qo =115+ 92 =207 @MW




Appendix D — Model 1 Equipment

list



B C D F H M N
[ P D Q g P
3 Actuation Syringe Tool Linear Motor Size ptive Hybrid Linear Actuator; 5V; bipolar; 5.25inch shaft length overall; 6.68mm long M3X0.5 threa| Eac $129.20 $129.20 $164.08 $164.08[HS! Inc. 28F47-05-023ENG
X Axis Linear Motor Size 14 External Hybrid Linear Actuator, 5V bipolar; 13.708inch shatft length overall; 0.25inchOD_X 0.000625inch| [Eacl $150.00 $150.00 $190.50 $190.50[HS! Inc. E35H4B-05-012ENG
Y Axis LInear Motor Size xternal Hybrid Linear Actuator; 5V; bipolar;12.878inch shaft length overall; 0.25inchOD X 0.000625inch| |Eac $145.50 $145.50 $184.78 $184.78|HSI Inc. E35H4B-05-013ENG
Actuation |Z Axis Linear Motor Size =xternal b ternal Hy Hybrid Linear Actuator; 5V; hIEOIar 10inch shaft Iength overall; 0.25inchOD_X 0.00015625inch (| Eacl $132.00 $132.00 $167.64f $167.64[HSI Inc. E35H4P-05-010ENG
Transmission X Slave Axis Lead Screw 0.25inch OD X 0. UUUGZSInCh B-series) lead screw; 14.506inch Iength overall; 0.187+/0.001inch OD journal both 1|Eacl $41.89) $41.89) $53.20) $53.20[HSI Inc. |LSS-025-0125A97
8 Transmission Additional Lead Nuts for X; Y Axes To couple belt driven X shaft to X carriage; and to help stabilize the Y carriage (use 2 nuts). 2|Each $6.00] .00 $7.62) $15.24[HSI Inc. 42-195-2
9
[ic 7|Electronics Nylon Zip Cable Ties; 4 inch long Fur cable bundllng and securing 10|Eac} 100 1 $2.10) $2.10| $2.67| Action Electronics__|GL-GT-1853
8[Electronics [4 Conductor Shielded 22awg_$0.44 /Per Foot Cable ' Stepper motors 10[Foot 10 $0.44] $4.40) $5.50] Action Electronics __|J5-6152-1
9|Electronics. 2 Conductor No Shield 22awg $0.28 /Per Foot Cable for limit swllches 20|Foot 2 $0.28 $5.60] $7.11]Action Electronics JS-5050-1
0|Electronics Flat Ribbon Cable; 26 Conductor; 28 AWG stranded; Gre) Cable connection between microcontroller and amgllﬁerlhreakoul board/limit switches 2|Foot $0.55 $0.55| $0.70] Action Electronics PP-F28A26G-1 26C
1[Electroni 24VDC Power SUEEIX for SteEEer AmEII'IErS 24V; 1.67A; 40W DESktnE Power SuEEIy No AC cord; 3-Eln IEC 320 inlet 1|Eacl $51.08| $51.08| $64.87| Di |Key EPS363-ND
2[Electronics [AC Power Cord; IEC 3 prong to USA 3 prong plug 2m long; AC power cable for power supply 1|Eacl $3.52] $3.52] $4.47| Digi
3[Electronics 26 Pin Ribbon Cable Male Plug 26 pin; 2 row 0.1inchx0.1inch pitch ribbon cable male_plug connector; w/o flanges for connecting to LPC-H2148 2[Eac $6.16] $12.32) $15.65| Dig ey
4[Electronics [Strain refef for 26 Pin Ribbon Cable Matching strain relief for 26 pin ribbon cable IDC connector 2[Eac $0.69) $1.38) $1.75| DigiKey
15[Electronics Limit switch Normally open; SPST connectorized; 51 gmf actuation; false roller snap action switch for limit switch 6[Eac $2.09) $12.54) $15.93|Digikey
[19] 16|Electronics Cable connector for Limit Switch JST type XA 2 position connector for Omron limit switches 6|Eact 1_' $0.54] $0.54] $0.69| DigiKe: 455-1903-ND
[20] 17|Electronics Crimp contacts for limit switch connector JST CrimE contacts for XA connector; 28-22 AWG - Need 2 per switch connector 12|Eacl 10| $0.34] $0.68 $0.86| DigiKe: 455-1904-1-ND
21 18|Electronics  10kOhm, bussed 9 resistor network, SIP Soldered onto Xylotex board to pulldown limit switches; 10kOhm; 10 pin SIP; 9 resistors; 1 end bussed to 10th pirf 1|Eacl 1 $0.65 $0.65| $0.83| DigiKey [4310R-1-103LF-ND
[22] 19[Electronics USB Cable; A male to B male; 2m long Connect PC to Fab@Home 1|Eacl 1 $3.89) $3.89) $4.94] DigiKey AE1493-ND
23 20[Electronics '@ucmcs Standoff Spacers; #4-40 threaded; 0.5 inch long; aluminum Mount Xylotex amplifier board and Winford DB25 Breakout board to the Fab@Home base rear; M-F 4-40 threade] 16|Eac} 10| $4.69 $9.38] $11.91|DigiKey 8401K-ND
24 21[Electronics PET Braided sleeving; 1/4inch ID nominal; 10° Abrasion protection and bundling of cables 10]Foot 1 $3.26) $3.26] $4.14] McMaster-Carr I@AKz
25 22[Electronics [Heat-Shrink Tubing, Black Poleolefin, Assortment Kit Heat shrink tubing assortment kit used to insulate and reinforce soldered cable connections 1[Kit $10.95] $10.95] $13.91|Digikey STA-KIT-ND
[ 26] 23|Electronics LPC-H2148 Microcontroller Board Philips ARM7TDMI microcontroller board with header connections and USB port; board MFG by Olimex 1|Each $39.95 $39.95 $50.74] Sparkfun Inc. LPC-H2148
[27] 24|Electronics DB25 Female to Screw Terminal break out board Simplify wiring from Xylotex amplifier board to the LPC2148 1|Each $19.99) $19.99) $25.39|Winford Engineerin BRK25F-R-FT
28 25|Electronics Stepper Motor Amplifier Board 4 Axis Stepper Motor Amplifier Board; 1|Each $185.00] $185.00] $234.95| $234.95| Xylotex Inc. XS3525-8S-4
29
[30 26| Miscellaneous SS Round Knurled Thumb Nut for Syringe Piston; M3-0.5 thread; 12mm OD; 7.5mm H__|Used as insert in neoprene pistons to couple to syringe tool motor shaft 5[Each 1 5 $1.62] $8.10] $2.06) $10.29] McMaster-Carr 90368A150
E 27|Positioning Linear Shaft; X; Z axes Hardened Precision Steel Shaft; 1/2inch OD; 12inch long 4|Eact $8.46 $33.84] $10.74] $42.98|McMaster-Carr 6061K33
28|Positioning |L|nsar ball bearings for X; Y axes Sell—allgning bearings seem to have too much Elaz when nnlz 1Ushaft. 4|Eact $18.48] $73.92] $23.47| $93.88|McMaster-Carr 60595K73
29|Positioning JAluminum Pillow Blocks for X:Y linear hearings; 7/8inch Bore Pillow blocks to hold lixed-allgmsnl linear ball heanngs 4|Eact $27.45] $109.80 $34.86 $139.44| McMaster-Carr 9804K3
[35] 30| Positioning Linear Shaft; Y axis Hardened Precision Steel Shaft; 1/2inchOD; 12inch Inng: 1/4-20 !EEEed ends; 1/2inch deep 2|Eact $47.70] $95.40) $60.58| $121.16|McMaster-Carr 6649K2
[36] 31[Positioning Flange ball bearing for Z axis Flange-Mount Fixed-Align Linear Ball Bearing Std Length; Round Flange: 1/2inch ID; Steel Sleeve 2[Eac $25.26] $50.52) $32.08) $64.16[McMaster-Carr 6483K53
37 32[Positioning Shaft Collar One-Piece Aluminum Clamp-On Collar 1/2inch Bore; 1-1/8inch Outside Diameter; 13/32inch Width 6[Eac $2.36) $14.16) $3.00) $17.98[McMaster-Carr [6157K14
[3 33[Positioning Flange shaft supports for X Axis Four-Bold Flange Mount Shaft Supports: for 1/2inch Shaft OD; Aluminum 4[Eac $42.41] $177.64 $56.40) $225.60]McMaster-Carr 57745K21
[a 34|Structure #8-32 brass threaded inserts Brass Threaded Insert for ThermaEIastics Tapered; 8-32 Internal Thread; .185inch Lenglh; Packs of 100 31|Eacl 100 $9.86) $9.86 $12.52] $12.52|McMaster-Carr 93365A140
35/Structure /4-20 brass threaded inserts; 0.3inch Iength Brass Threaded Insert for ThermaEIastics Tapere /4-20 internal thread; 0.3inch Iength; Eack of 50 4|Eact 50 $10.79| $10.79] $13.70|McMaster-Carr 93365A160
36(Structure 6-32 SS socket cap screw; 1/2inch Iength ounting linear heanngs to acrylic sheet; etc. 12|Eacl 100 $4.89 $4.89 $6.21|McMaster-Carr 92196A148
37[Structure 6-32 nylon locknut; 11/6dinchh; 5/16inchw For mounting X-axis HSI external nuts to nut flanges on XY coupling bracket. 6[Eac 100 $5.19] $5.19) $6.59| McMaster-Carr 91831A007
38[Structure /4-20 to #6-32 Threaded Insert for Metal reducing tap size of Y-rail ends from 1/4-20 to #6-32 for mounting to X linear bearing pillow blocks. 9/32inch | 4[Eac 10| $6.75) $8.57| McMaster-Carr 90248A017
39[Structure 6-32 SS socket cap screw; Linch length; partial thread astening Z-axis HSI External Nut to Z-Carriage 4[Eac 100 $5.94[ aster-Carr 92196A153
40| Structure #8-32 SS socket cap screw; 3/4inch Isngth ounting X rail flange mounts to base walls; for belt tensioner, and mounting Z-table to Z-Carriage 18|Eacl 100 $5.67| laster-Carr 92196A197
A1]Structure -8 Stainless Steel Flat Washer 8 Screw Size, 11/64" Id, 3/8” Od, .024"-.038" Thk ounting the Z table to the Z carrigge; prevent stress cracks in Z-Table Support Cross from spring forces associg 15/[Eacl 100 $1.72] laster-Carr 92141A009
8 42|Structure 3-0.5 SS socket cap screw; 10mm Ienglh ounting X; and Y linear motors to ~0.25inch acrylic. 8|Eact 100 laster-Carr 91292A113
9 23] Structure 3-0.5 SS socket cap screw; 40mm length ounting Z linear motor under 0.25inch acrylic. 4[Eac 25| arr 91202A024
[50] 24]Structure 32 SS socket cap screw; Linch length ounting Z flange bearings to 3-layer stack for Z-table. 8[Eac 100 arr 92196A199
[51] 25(Structure 3 SS washers; 9mmOD; 0.7mm thick HSI Motor mounting to acrylic sheet. 16|Eac} 100 91116A120
[52] 26]Structure -32 S5 Hex Nut; 7/64 thick; 5/16 OD Tab/Notch assembly for acrylic sheet parts in tight location - esp. on Z table around flange bearings 8[Eac 100
53 AT7|Structure -40 SS socket cap scre J2inch Isngth Tab otch assembly for acrylic sheet parts of sﬂing tool and Y-carrigge; mounting electronics to base rear 31|Eacl 100
[54] A8|Structure -40 hex nut; 3/16inch W; 1/16inch H jotch assembly for acrylic sheet parts of sﬂlnge tool and Y-carriage 31[Eacl 100
55 49| Structure -32 SS socket cap screw; 3/4inch Isngth Mmmlmg SZ inge tool to Y. camags and atlachlng Y rails to X linear hsanng EIIIGW blocks 10|[Eacl 100 $5.06)
56 50[Structure -32 Brass Threaded Inserts; 0.150inch Length On the Z carriage: Y carriage and XY coupling plates to allow of acrylic pieces to linear bearing pillow 27|Eac} 100 $8.72]
[57] 51[Structure -32 SS socket cap screw; 5/8inch length For various assembly; especially acrylic sheet-edge to square nut assembly 84[Eac} 100 $4.95]
[58] 52[Structure -32 Flat Square Nut; Steel; 5/16inch OD; 7/64inch thk Tab/Notch assembly for acrylic sheet parts. 84|Eac} 100 $1.06)
[59] 53[Structure ‘ave spring washers; 0.194inch ID; 0.242inch OD; 0.0057inch thk Bearing spacing for pulleys and shatt collars on X; Y: Z lead screws 20|Eac} 25| $8.06)
[ 60] 54|Structure L,nmEression SErlng: 302 SS; 3/8"H x 0.24"0D x 0.196"ID; 10Ib/inch For build surface Ievellng; used as counter force to screws haldlng table to Z carriage. 5|Eact 5 $4.58 $4.58 laster-Carr
[61] 55(Structure M2.5X0.45 SS Socket Cap Scre! mm Iength mounting Sﬂinge Tool Motors to eringe Tool 4|Eact 100] $11.85] $11.85] $15 .05|McMaster-Carr
62 56(Structure Rubber Foot; 1/4-20 X1/2inch thread; linchdiameter 25Ib rated Rubber feet for system 4|Eact 4| $5.82) $5.82 $7.39|McMaster-Carr
63 57[Structure 1/4-20 SS Hex Nut, 7/16inch W 3/16inch H To space rubber feet 4[Eac 100 $6.23] $6.23] $7.91|McMaster-Carr
[64] 58[Structure [#2-56 X 5/8inch SS socket cap screw Screws for mounting the imit switches to acrylic sheet parts, 12|Eac) 100 $7.10) $7.10] $9.02 McMaster-Carr
[65] 59[Structure [#2-56 SS hex nut For mounting the limit switches to acrylic sheet parts 12[Eac) 100 $2.85] $2.85] $3.62| McMaster-Carr
66 60|Structure | Translucent Acrylic Sheet Parts; 0.234inch thick; 1 set 1 Set of Laser Cut Acrylic Sheet Parts for a Fab@Home kit base unit; 1-syringe tool; and build surface; contract n 1|Set 1 $391.85 $391.85 $497.65|Koba Industries TBD
67
[ 68] 61[Transmission |Aluminum Shaft Collar for Syringe Tool Motor Used to prevent rotation of non-cggtive syringe tool motor shaft 1|Eacl $0.81] $0.81] $1.03] $1.03|McMaster-Carr 9946K41
[69] 62[Transmission #6-32 SS socket cap shoulder screw |Used to prevent rotation of non-captive syringe tool motor shaft;18-8 Ss Precision Hex Socket Shoulder Screw 5/: 1|Eacl $2.64] $2.64] $3.35 $3.35|McMaster-Carr 94035A529
70 63[Transmission Ball bearings for HSI motors free ends and belt tensioner Ball-bearing ABECS; double shield; flanged; for 0.1875inch OD shatt 7|Eac $6.09) $42.63) $7.73] $54.14]McMaster-Carr 57155K321
64[Transmission 5303 Shaft; 0.1872inch OD: L.75inch long for Belt Tensioner Stainless steel shatt for belt tensioner; 0.1872+/-0.001inch OD X L.75inch 1|Eacl $1.87] $1.87] $2.37] $2.37|SDP- [A7X 1-06017
65| [Timing belt to couple x-drives Timing Belt; Pitch Length 20inch; Urethane/Keviar; 3/8inch 1|Eadl $9.10] $9.10] $11.56) $11.56/SDP- A 6B 3-145037
66| Transmission Timing pulleys to couple x-drives |T|ming Pulley; 0.2 XL Pitch; 0.375inch belt; Fairloc hub; PD 0.828inch 3|Eact $11.12] $33.36 $14.12] $42.37|SDP- A 6H 3-13DF03706
[ 74 67[Transmission Shaft collar for HSI motors free ends Stainless Steel Set-screw Shaft Collar 3|Each $5.79 $17.37| $7.35 $22.06{ SDP- A 7X 2-11406
[7€ 63[Deposition Tools _|Barrel - Piston set clear (30) 30 clear syringes of 10 cubic centremeters 1]Each 30| 1]- - $34.62) $34.62|Nordson Australia___[5111CP-B
64 Deposition Tools __[10CC Neoprene Pistons 30 black neoprene pistons 1|Each 30| 1]- |- | $23.75) $23.75[Nordson Australia__[51115-B
65[Deposition Tools _|Syringe fipes trial pack FREE sample [Syringe tips of various sizes | 1]Each | 20) 1l I | $0.00] $0.00| Nordson Australia___| 7500TK
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APPENDIX F — Voltage Temperature

Relation Calculations



Voltage - Temperature Relation Calculations

1 - Outside cylinder wall temperature
2 - Heated material temperature
3 - Nozzle temperatu

Configuration 1

Ambient Temperature = 25C

Volts (V) |JAmps (A) |Power, P =v*i (W) |Location 1 (C) |Location 2 (C) |Location 3 ()
16.00 0.28 4.48 53.00 - 46.00
17.00 0.29 4.93 66.50 - 57.60
18.00 0.31 5.58 75.10 - 65.50
19.00 0.33 6.27 82.40 - 72.40
20.00 0.35 7.00 101.40 - 73.30
21.00 0.36 7.56 108.80 - 78.10
22.00 0.38 8.36 117.60 - 83.20
23.00 0.40 9.20 126.60 - 86.00
24.00 0.41 9.84 - - -

Table 11: Voltage - Temperature Relation - Configuation 1
Voltage - Temperature Relation - Configuration 1
—e—Location 1 —s— Location 3 ‘
24.00
y = 0.0033x? - 0.2597x + 20.9 /
22.00 /
20.00
< ¥ = 0.0001x? + 0.0663x + 12.099
& 18.00
8
S /
>
16.00 -
14.00 -
12.00 | ; ; ;
40.00 60.00 80.00 100.00 120.00 140.00
Temperature (deg C)

Figure 85: Voltage - Temperature Relation - Configuation 1




Configuration 2

Ambient Temperature = 25C

Volts (V) JAmps (A) |Power, P = v*i (W) |Location1 (€C) |Location 2 () |Location 3 ()
10.00 0.18 1.80 36.00 - -
11.00 0.19 2.09 43.00 - -
12.00 0.21 2.52 59.00 - -
13.00 0.23 2.99 - -
16.00 0.28 4.48 73.00 - -
17.00 0.30 5.10 96.00 - -
18.00 0.31 5.58 109.40 - -
19.00 0.33 6.27 117.00 - -
20.00 0.35 7.00 123.00 - -
21.00 0.36 7.56 131.30 - -
22.00 0.38 8.36 135.30 - -
23.00 0.40 9.20 143.00 - -
24.00 0.41 9.84 149.30 - -
25.00 0.43 10.75 153.90 - -
26.00 0.45 11.70 162.00 - -
27.00 0.47 12.69 169.00 - -

Table 12: Voltage - Temperature Relation - Configuation 2

Voltage (V)

Voltage - Temperature Relation - Configuration 2

—e— Location 1

29.00

= 2
27.00 y = 0.0004x“ + 0.0448x + 9.1211

25.00 -
23.00 +
21.00

19.00

17.00 -
15.00 A

13.00 /
11.00 o

vl

9.00

Temperature (deg C)

30.00 50.00 70.00 90.00 110.00 130.00 150.00 170.00 190.00

Figure 86: Voltage - Temperature Relation - Configuation 2




APPENDIX G — Fab@Home Printer

Configuration Files



File Name: Model 1 Standard.Printer
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File Name: Heatingcylinder.Tool
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File Name: Evacopolymer.Material
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APPENDIX H — Component

Specification Sheets



Shaft Coupling Specification Sheet (Page 1 of 1)
(MOSB13-5-A + OD6/13-AT)




Deposition Tool Stepper Motor Specification SheetRage 1 of 1)




Deposition Tool Cooling Fan Specification Sheet (lga 1 of 1)
(KDE1204PKV3MS)
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