Mastering
3D Printing

A Guide to Modeling, Printing,
and Prototyping

Second Edition

Joan Horvath
Rich Cameron




Mastering 3D Printing

A Guide to Modeling, Printing,
and Prototyping

Second Edition

Joan Horvath
Rich Cameron

Apress’



Mastering 3D Printing: A Guide to Modeling, Printing, and Prototyping

Joan Horvath Rich Cameron
Nonscriptum LLC, Pasadena, CA, USA Nonscriptum LLC, Pasadena, CA, USA
ISBN-13 (pbk): 978-1-4842-5841-5 ISBN-13 (electronic): 978-1-4842-5842-2

https://doi.org/10.1007/978-1-4842-5842-2

Copyright © 2020 by Joan Horvath, Rich Cameron

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

Trademarked names, logos, and images may appear in this book. Rather than use a trademark
symbol with every occurrence of a trademarked name, logo, or image we use the names, logos,
and images only in an editorial fashion and to the benefit of the trademark owner, with no
intention of infringement of the trademark.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if
they are not identified as such, is not to be taken as an expression of opinion as to whether or not
they are subject to proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal
responsibility for any errors or omissions that may be made. The publisher makes no warranty,
express or implied, with respect to the material contained herein.

Managing Director, Apress Media LLC: Welmoed Spahr
Acquisitions Editor: Natalie Pao

Development Editor: James Markham

Coordinating Editor: Jessica Vakili

Distributed to the book trade worldwide by Springer Science+Business Media New York, 233
Spring Street, 6th Floor, New York, NY 10013. Phone 1-800-SPRINGER, fax (201) 348-4505,
e-mail orders-ny@springer-sbm.com, or visit www.springeronline.com. Apress Media, LLC is a
California LLC and the sole member (owner) is Springer Science + Business Media Finance Inc
(SSBM Finance Inc). SSBM Finance Inc is a Delaware corporation.

For information on translations, please e-mail rights@apress.com, or visit http://www.apress.com/
rights-permissions.

Apress titles may be purchased in bulk for academic, corporate, or promotional use. eBook
versions and licenses are also available for most titles. For more information, reference our Print
and eBook Bulk Sales web page at http://www.apress.com/bulk-sales.

Any source code or other supplementary material referenced by the author in this book is available
to readers on GitHub via the book’s product page, located at www.apress.com/978-1-4842-5841-5.
For more detailed information, please visit http://www.apress.com/source-code.

Printed on acid-free paper


https://doi.org/10.1007/978-1-4842-5842-2

For everyone who contributed to the RepRap
project to start this revolution.



Table of Contents

About the AUthOrS.........ccccmmisemmmmsmmmmsnsmmsssnsss s snnnnns Xv
Acknowledgments.......ccuesssmmssssmsssssssnsssasssssssssnsssassssnsssansssassnsnnssnnnas xvii
INtroduction........ccccmssemmmssmnmssnnmsssnsssssnnssssnsssssnsssssnsssssnnsnssnnsnssnnnnnnns Xix
Part I: 3D Printer Hardware and Software..........ccouccenmnsseansnssannnns 1
Chapter 1: Why Use a 3D Printer? .......cccccemmmssnmnmmssssnnnsnssssssssssssssnnsnns 3
Additive ManufaCturing........ccvrevrrnrniennsns s s snens 4
History of Robotic 3D Printing.........ccccevvnvnininnsnrnessn s 5
The RepRap Project ... 6
Crowdfunding and MaKEIS .........ccceerernreressenesreserssesesesessse s sessesessssessssesenns 7

Kit or Fully ASSEMDBIEU?......ccceevirieriererie s se s s snes 9
When 10 USE @ 3D PHINTEN ........cccceererirrcccse i 10
Laser Cutting vS. 3D PrintiNg........cccvevverrernrernersenessssessesessssessessessessssesessenes 11

CNC Machine vs. 3D Printing........cccucvvninnnnnnnnesnssssesese e sesesne s 13

0] 0 ] S 15
Beyond ThiS BOOK.......c.cccerrrrermsesesenerrnsesenesssesessssesesesesssssssssessssssssssssssssessssesenns 17
Summary and Questions for REVIEW...........cuvcevvenerisernsesnnesessse e 17
Chapter 2: 3D Printers and Printable Materials ..........cccevsnsnsnnnnnnnnnnnas 19
Filament PriNters..........ccvinre e 20
Parts of a Filament Printer...........ccoornnnncsrressese e 23

How Printing WOTKS ......cccceviiiincncn s sns e snes 27
Filament ChOICES .......ccoereeerircreree e 32



TABLE OF CONTENTS

Multimaterials vs. Multiple EXTruders........ccccvvvnnenininnnnenensesses e nesenns 39
Aftermarket Upgrades ........ccccovvvrinnnncniesnsesse s ssssessesnens 40
Advanced Filament Printers ... 40
Resin Printers: SLA, DLP, and LCD ..........cccccvrerrererierrenssesesersesssessesessesssesaessenns 43
Printing PrOCESS .....covvieeriieriscsissse s ss e s e nsanes 44
POSE-PrOCESSING.....coiitrrerterrrsirsere s r e e s s ae e 46
MALEIIAIS. ... s 47
Other TECHNOIOGIES. ....cvvererrererrererrerersessesersessessessssessessessesessessessesessessessesssnensessens 48
SLS e ——————————————————————— 48
Binder Jetting and Material Jetting.........ccocveerererrnscsnnenese e 49
(2 1T0T 0T 1] T SRS 49
Summary and Questions for REVIEW..........ccovcevvrenenisernsesenesess e 50

Chapter 3: 3D Printer Workflow and Software .........ccceeevvnsssssnnnnnnnnnnnsd1

WOTKFIOW OVEIVIBW ......cecuccirericscseseses e e sesesss s snssssssssnsens 52
00 S 53
Types of 3D Printable Files ........ccovorererercrrcreree e 54
Mesh Repair Programs........ccccovenerenmrensesssssssssssssssssssesssssssssssesessesssssssssnnes 54
File REPOSITOMIES ....evvvererierrerirrere s 55
o7 110111 RS 57
Slicing Software: Filament Printers........ccccevivvvrnrerenssensessese s sessessessesessessenes 59
3] [+ RO 60
T (=T 0] ) 60
URIME@KEE CUIA......cceeveereecreseserese s e se s e e s sessnnes 60
Other Programs ........ccceveeresenmsrenesessessssesesssesesesssssssssssesssssssssssesessessssenessanes 61
Using @ SIICING Program..........ccovennnnennenssessssse s ssssesssssssssssessssesenns 61
Example: UIMAKEr CUA ......cvceveerererrereressssessessessesessessessessssessessessssessessesaes 62



TABLE OF CONTENTS

Simulating Your Print.......oocovvvinnniriene s s s sessessessessssessessees 63
Print Quality and Layer Height...........ccovnniincnin e 64

£ 1 64
Platform AdNESION .......cccoveerrcr e s 65
Supporting and Orienting @ Model...........ccoveernrenninsnnssnsesese e 69
Managing Internal OpPen SPACE ........ccccvvriervrinsersene s sees 72
TEMPEIALUIES. ......eeerceer e e e e 79
Speeds, Cooling, Extrusion MUILIPHErS .......ccccvvvierererserieriesessesseseseesessessensens 80
More EXOtiC Settings......cccovvvrnirininnnnrs s 81
TroubIESNOOTING ... coveererceree e nnnnen 81
Printing More Than One Object at a TIMe........c.ccccvvvernresmsiesernsesssesese e 82
MUIIPIE EXITUAEIS ....ceevececreerircire e 82
61010 TR 85
HOSE Programs........coccvcvneniniinsinsee s s s s s se s sne s se s s ssnesaesse s 88

0T (0] 0] ) OO 89
RESIN PHNEIS......ce e 89
Summary and Questions for REVIEW...........covcvrererenernsenenesese e 91
Chapter 4: Selecting a Printer: Comparing Technologies .......cusssssses 93
Who Will USe the PriNter?.........ccccvriinsncsinsssese s sssssssenens 94
3D Printer ReSOIULION ........ccovieriirircire e 95
Selecting @ PriNter ... e 97
Filament VS. RESIN ... 97
TIME 10 PriNt ... 99
Selecting a Filament-Based 3D Printer...........ccuvvnenrnnesnesensse e ssssesenns 99
Platforms and NOZzIes...........ccvrrnnnninnnssss s 100
MURIPIE EXITUAEIS ..veerereectecerere e ses st sese s sae e s e ssesae e s e ssesaessesesnesnens 105

vii



TABLE OF CONTENTS

One Big Printer or Several Small Ones? .........ccevievvrvieriennsensesesesessessesees 106
Printer CONNECLIVILY ......ccoveeireccrrcc e 108
Open Source Materials vs. Cartridges ..o s 109
FIlAMENT SIZ8.....ccceeerecrrc s 110
ENCIOSEA OF OPEN......ccrerierirrirere st sr e nne 111
Buy Within @ Brand ........c.ccocvvnvrieninnnnnienensssenesessssessessessesessessessessssessessens 111
Should You Buy @ Kit?........cccvvriererrsrrenesissessesess s sesessessssessessessssessessesees 111
Initial Costs, Filament Printing..........cccovievernrniersnnsensesesessessesessesessessenees 112
Selecting a Resin Printer ... sessennens 112
Cleaning and CUMING .......cccvveererrererenerrnsesesesessese e sese s sessesessessssssessnnes 114
Resin Printer TECANOIOGIES........cccvvveererererenerissesesese s 114
Common Types 0f RESINS.......cccuvurrirernmninesene s 115
Initial Costs, ReSin PriNtiNg........ccccvvvrierennnnseniess s e s sessessessesees 116
Printing With POWAEN .......cccvviriririrr i 117
Using a Service Bureau Instead............ccccoevrrvevrenninscnncenne s 119
Summary and Questions for REVIEW.........c.ccoerererrrcrrenereseree e 120
Chapter 5: Operating and Troubleshooting your 3D Printer.............. 123
Getting Started with a Filament Printer ..........ccccvvvvnrenniesnssessesene e 124
Where 10 PUL IE.........ooiin s 124
StOring FIlaMENT .......ccoevecriere e ene s 129
Your FirSt PrNE.......covcecee e 130
Calibrating Your Printer.........ccovvnnnininssnsenens s ses e 131
When a Print STartS.......ccocoeorernrenreses s 134
DUFNG @ PHNT......covcccercc s s 135
When a Print Finishes NOrmally..........cccvvrvnnnnieninnnsnsene e sessessesessssessesseses 136
Getting a Part Off the Build Platform ..........cccvvvivvnvniniennsnsenese s serennes 136

viii



TABLE OF CONTENTS

Picking Off Support and Cleaning Up the Print..........ccccvevivvvvnienienenseniennens 138
Restarting or Shutting Off the Printer ..., 138
Manually Controlling YOur Printer...........oooeeennnenerese e 139
StOPPING @ PriNt......cocccccrcc e 140
Changing Fillament...........ccovvvnnnesrss s 141
Changing Temperatures During a Print.........c.cccvivvnininnnnsnsnennsensenenns 143
Basic Hardware TroubleShooting ..........ccccvverrevennenseriernsensensese s sesessesessesessenes 143
Checking the Motion of One AXiS at @ TIME .......cceevvvrerrerrerenserserereesessensenees 143
Backing Out of a Bad Situation............ccccevevnvnininnsnsn e 144
Extruder Not EXTrUding ......ccocvveereenerencnereers e sese s s 144
Clearing @ Clogged NOZZIE..........ccvveerrnnerenenensenersse s s e sennes 146
Clicking or Grinding NOISES .......ccccvererrnsmrrneseresessse s ses e ssnss 152
Post-processing TooIS and SPACE .........cccvvererrrerserieresessessese s sesessesessessessenes 154
ReCyCling PriNtS .....cccv vt 155
Getting Started with Resin Printers..........cccccovvvrecnecrnccnne e 155
Before and During @ Print........cccovninininncnn e 155
POSt-PrOCESSING......cerreererneerreserreseressese e es e e s e sen e sennenens 157
Working with ReSiNS........cccvvvvninmninsrnsesnssss s s senns 159
Staff and USer TraiNing........coovevvrierinnnsnseniess s s sessessessssessessesssssssessessens 160
Summary and Questions for REVIEW.........cccuevrvvrnienncsnie e 161
Chapter 6: Surface Finishing Filament Prints.........cccccennnnnsnnnnnnssnnns 163
Specialty Materials ..........coorerrrererererr e 163
Gluing PieCes TOGETNET........ccvverereerr e e 168
Using an ACETONE SIUITY .......ccovevericernsernes s 169
Welding With @ 3D PEN ..o nnens 170

ix



TABLE OF CONTENTS

Sanding, Painting, and DYEING .......ccccvvvrreriernnenseriesessssessessessssessessessessssessessens 170
Chemical SMOOthINg .......ccovcevreirrcrr s 170
SANUING .o ———————— 171
Painting and Clear COats ...........coourrrrererenernsesnsesess s 173
DYEING NYION ... e 175

Summary and Questions for REVIEW.........ccucevvvrinienenensensesesssessesessesessessessens 175

Part II: Designing for 3D Printing........c.ccccccnnnsscnnnnssnnnnnsssnnnnnnns 177

Chapter 7: 3D MOAEIS .....cccevrsssmnnrrssssnnnsesssssnnsssssssnsnssssssnnssssssnnnnssssnnns 179
3D Model File FOrmMAtS.......c.ccoreeereerercrerese s 180
B3 Te72 141 1] 3o SR 181

Off-the-Shelf SCaNNING.........ccovverrirrnsrr - 181
0 T T T 183
Downloading and Modifying MOdEIS.........cccccvveririrnnneniniersee e 184
Models of Everyday THiNgS.......ccccoovnrniniennnnneniesssnssese s ssssessessens 184
Specialized Databases .........cccvvvrrnirinnsnsn s 185
Creating @ NeW MOdEL........c..ocoreeereerreeree e 187
USiNg @ CAD Prograim .......cocovesenmrenessnsssessessssessssssessssssssssssssssssessssssssnsssnnes 187
Options for Getting Started QUICKIY ......c.ccccvvrvririnnrrrr e 188
Programs for Specific Applications ..........ccocvvvvriernnnsnie e 194
Creating Multiple-EXtruder FileS .........curvrerrernrerserieresessesseressesessessesssssssessessens 198
Using One Extruder for Support Material............cccoovvviniinnnnsnienesncenennn, 198
Two-Color or Two-Material PrintS.........ccccovvenresrnscseneserese s 199
Ultimaker Cura’s Process for a Dual-Extruder Print ..........ccoovevvecnerenernnne, 202
Complexity Is Free: Hardware as @ ServiCe ........couuvmrerereserssesensesesasessnnes 207
Speed vS. CUSOMIZAtioN ......ccccovevevverierie e 208
Summary and Questions for REVIEW.........cccuevervirnienncsins e 209



TABLE OF CONTENTS

Chapter 8: Design Rules for 3D Printing.......cccussemmrssssnnnnssssssnnssssssnns 211
Filament-Based Printing ..o s s 212
RESIN PHNTS....cveeeeeeee e 217
POWEE PrINTS......ceeeeereeereece e 219
Summary and Questions for REVIEW...........cccceererernrereneneseseres e 220

Chapter 9: Special GEOMELries ........cccrrssssmmnrrssssnnnsmssssannsssssssnnnsssssnns 223
VASE PHINTS ....cvveecicc et 223
Other Uses 0f Vase MOTE .........ccvveernenmninenssessesese e s ssanes 225
Printing HOHOW......cccoviviiiriere et sa s s ses s s 226
Printing Transparent (Solid) PIECES .......ccccvverierrrenieriereserserse e seses e e e 227
Tall POINLY PrHNES ...vovccvccc et s s ss s saese s e e sne s e s sesaesnes 229
Printing on FaDIiC........c.oocvvrre ettt 230
Printing Interlocking PiECES .......cccocrevninire s 232
Summary and Questions for REVIEW..........cccevvvrvnierennsnine s sesennens 236

Part IlI: Applications........ccccrnmmmmssssssenmnnnnnnnnmmnsssssssssssssssssssnnnns 23 1

Chapter 10: Manufacturing Plastic Parts ...........cccennssemmnmnsssnnnnnnsnnns 239
Functional PIastiC Parts .........cccccvvvvnennnnnnsessessss s 239
Composite FIlamMENtS.........cccrrinnrnn e 244
CONAUCTIVE PAIS ....coveeereerrecrrrese s 245
Printing Large Filament Parts.........c.cccovvvrninnncsnisse s ssssesesseens 246
Additive Manufacturing at SCale..........cocucvrrenresrnennesere s 247
Print Farms and Service BUreaus..........c.ccovveernenesssesessessssesessesesessessssenens 248
Short-Run Manufacturing........c.cceveeernsesensenesesesssesessesessse s sessesessssessnnes 249
Mass CUSTOMIZALION ......c.coceevvreeerrererrese e 250
Reverse Engineering and Spare Parts...........ccovverrnnernsesnsesesesesensesensenens 251
Industrial Mold-MakKing .........cocueererenernsmsenseseseserssesessesesssessssssesssssssssessnnes 253
Summary and Questions for REVIEW...........cuveererernsesenennsesessse s sessesenns 260



TABLE OF CONTENTS

Chapter 11: Metal 3D Printing and Casting ........ccceusssennnrssssnnnsssssanns 261
Metal 3D Printing TEChNOIOGIES........ccceevverceriernsrsre s 261
Filament Metal Printing .........ccccoevinnsnininsnnsssnsese s sesennens 263
Binder JELtNG ......ooecervecrreerese s 273
Direct Metal Laser Sintering..........ccuveerenernsesnsesesnssesssessssesessesessssesssseens 275

Pros and Cons, Printing TECANIQUES .......cccvrererinrensenierinsensere s sessessessesessesessens 276
Specialty APPlICALIONS.....ccccevererreriererrrrerre s sae e enens 278

[0 T (13 279
Designing Models for Casting...........cccuvriennsnnniennnnnsnese s sessessens 279

T T 07T o 280
INVestMent Casting.........cccvveerrrenmnenernsesesse s 282
Low-Temperature MEtalS .........ccooeevererienennserese s 286
Finding Casting SErVICES ......ccuvrrerererserierersssenesessssessessessessssessessessssessessens 286
Casting vs. Printing Metal..........cccevevvnnieniennnensenesesessesessesessessessessessssessessens 287
Summary and Questions for REVIEW.........ccccceerererncevnesere e 287
Chapter 12: Prototyping and 3D Visualization...........ccccussssnsnnnnnnnnnas 289
o (01 (0] 41701 S 290
Science and Math Modeling........ccccvveernsnnenennsesssesse s 291
Medical Visualization ............ccceererrnnncss e 293
Visualization Best PractiCes..........cccuvunrmnnrninennnersesessse s 294
Summary and Questions for REVIEW.........cccuevrirrnienneninnsern e e esens 296
Chapter 13: 3D Printers in the Classroom..........ccccussseensesssssnnsssssnnns 297
LOQISHICS ISSUBS....coeireirirererin sttt e 297
TIME 10 PriNt .. 298
Print Queue Management..........c.ccccvvrerrenernsmsnsesess s sssseens 299
CUITICUIUM ISSUES .....cucrrrrriecerr s 300

xii



TABLE OF CONTENTS

What “Design Thinking” MEans .........ccccvcrirrnnenieninnsensesessesssssessessesssesesenns 301
Art and ThE@ter ... s 304
Math and SCIENCE..........corerereerecreree e 305
210] 0] (TSRS 308
Learning Differently..........coucvnrennesninsnnesns s 308
Creating Terrain: Geography and HiStory .........ccccoovvnvnvniennsnsensenesensensenns 309
Teaching Coding ......ccoevvrerverrerererrerserere s s sse s s s s s ssessesaesessessessens 312

Examples of StUdent ProJECLS ......ccvveveverrerrererissersereseesessessessesessessessesesssssensenes 312
B Y= 11 | 313
Relitigating Historic Battles...........ccovererenernncrenesesese s 313
Elementary StUAENTS .........ccovevresrncre s 317

Summary and Questions for REVIEW.........cccueeererernsennesenese e 318

Chapter 14: The Future .......ccccivvinnnnssssssnnnnnnsssssssssssssssssssssssssssssss e 32 1

USEI EXPEIIBINCE .....eveeeererersee s es st e s e s e sn e st sne s e s sn e sne s s 321
MALEITALS ... e s 322
Printing FOOU ......coiiiicrir s 322
Printing Medications .........ccccovenernnmrenessseseres s s s ssssessenes 325
Bioprinting: Printing Living TISSUE .......cccvrvrernserrnsesesssessssesssesessesessssessssenens 325
Architecture and Printing CONCIEte .........ccccvverervvnreniene s sersese e sessensenaens 326
Test and Validation ..o 327
Modeling and SimuIation.........ccccevivverrrrerrennsnrere s sessesessessens 328
Generative DeSIgN ... 328
R T o 10 329
Manufacturing Without Molds and FOrms........ccceverrnsnnnesnssessseseseseseenes 330
3D Printing in Remote ENVIronments .........ccccovvvrnnennesnnnse e sesesenns 333
Summary and QUestions for REVIEBW.........ccvevvrerrerierenessensesesessessessessessssesessens 334

xiii



TABLE OF CONTENTS

AppPendiX: LINKS ...ccceeemmmmmemsssssssssnnnmmessssssssssssnnnssssssssssssssnsnnsssssssssnnnnns 335
ADOUL the AULNOLS ... 335
CRAPIEE T .o —————— 335
CRAPEEE 2 ... ——— 335
ChaPLEr ... 335
{181 0 (T OO 336
{81 0 (T OO 336
{181 0 (T S 336
CRAPIEE 7 ..o 336
ChaPLEr 8 ... ——————— 337
ChapEer 9 ... —————————— 337
CRAPTEE 10 .. e e e 337
{181 0 (T i OO 338
{181 0T o OSSO 338
(81T 1T OO 338
CRAPIEE 14 ... 339

INA@X..ueeiiisnnnsssnnnsssnnsssssnssssanssssanssssanssssansssssnnssssnnssssnnssssnnssssnnnsssnnnsnns 341

Xiv



About the Authors

Joan Horvath and Rich Cameron are the
cofounders of Nonscriptum LLC, based in
Pasadena, California. Since 2015, Nonscriptum
has consulted for educational and scientific
users in the areas of 3D printing and maker
technologies. Joan and Rich find ways to use
maker tech to teach science and math in a
hands-on way, and want to make scientific

research cheaper and more accessible to the
public. This book is their eighth collaboration
for Apress. They have also authored additive manufacturing online courses
for LinkedIn Learning (formerly Lynda.com). Links for all of these are on
their website, www.nonscriptum.com.

In addition to her work with Rich, Joan also has taught at the university
level in a variety of institutions, both in Southern California and
online. Before she and Rich started Nonscriptum, she held a variety of
entrepreneurial positions, including VP of business development at a
Kickstarter-funded 3D printer company. Joan started her career with 16
years at the NASA/Caltech Jet Propulsion Laboratory, where she worked in
programs including the technology transfer office, the Magellan spacecraft
to Venus, and the TOPEX/Poseidon oceanography spacecraft. She holds
an undergraduate degree from MIT in aeronautics and astronautics and a
master’s degree in engineering from UCLA.


http://www.nonscriptum.com

ABOUT THE AUTHORS

Rich Cameron (known online as
“Whosawhatsis”) is an experienced open
source developer who has been a key member
of the RepRap 3D printer development
community for many years. His designs
include the original spring/lever extruder
mechanism used on many 3D printers, the
RepRap Wallace, and the Deezmaker Bukito
portable 3D printer. By building and modifying
several of the early open source 3D printers to
wrestle unprecedented performance out of
them, he has become an expert at maximizing

the print quality of filament-based printers. When he is not busy making

every aspect of his own 3D printers better, from slicing software to

firmware and hardware, he likes to share that knowledge and experience

online so that he can help make everyone else’s printers better too.



Acknowledgments

The consumer 3D printing ecosystem would not exist in its current form
without the open source 3D printing hardware and software community.
We appreciate how much we learn by looking at projects made by
everyone at maker events large and small.

The Apress production team was there for us to solve problems as
they arose and let us have great creative freedom otherwise. We dealt most
directly with Natalie Pao, Jessica Vakili, and Welmoed Spahr, but we also
appreciate the many we did not see. This book includes some materials from
our other Apress 3D printing titles, notably the 2014 Mastering 3D Printing
and the 2018 Mastering 3D Printing in the Classroom, Library, and Lab.

Much has changed from the first edition, but Diego Porqueras of
Deezmaker, Metalnat Hayes, and Peter Dippell’s invaluable inputs back
then still echo in this edition. We also particularly thank Michelle Lowman,
the editor of the first edition, for taking a chance on us back in 2014 when
this was so new.

We talked to many 3D printing professionals and maker-educators
as we worked on this book, and we are grateful for the advice, images,
and in some cases permission to use screenshots or photographs of their
work, credited in more detail in the text. We want particularly to call out
Steve Wygant of SeeMeCNC; Shelley Sun of MAKEiT, Inc.; Mara Hitner
and Dave Gaylord at MatterHackers; Cody Casale of Casale Design LLC;
Will and Jewelyn Co of CoKreeate; Nicole York of 3D Systems; Gabe Bentz
of Slant 3D; David Shorey of Shorey Designs; Marius Kintel and the other
OpenSCAD developers; and Ultimaker for allowing use of Ultimaker Cura
screenshots. We are also grateful to the teams at Formlabs, SprintRay, The
Virtual Foundry, and Procusini for discussions and images and to Desktop
Metal and Markforged for insights for the metals chapter.

xvii



ACKNOWLEDGMENTS

Educators (and their students) who particularly inspired us were
Simon Huss, Regina Rubio, Tri Nguyen, and others at the Windward
School; Will Kalman of Granada Hills Charter High School; Nicole
Endacott and Alexis Hopper of Pasadena’s Institute for Educational
Advancement and our students there; and maker-educators, Lucie
deLaBruere and Rodney Batschelet. We were encouraged to create 3D
printable educational models for visually impaired students by discussions
with people in the community of teachers of the visually impaired, notably
Mike Cheverie, Lore Schindler, and Yue-Ting Siu.

We also appreciate the resources at various libraries, notably the
Los Angeles County Library South Whittier branch, the Pasadena Public
Library, the Santa Monica Public Library, and the encouragement of
Vivienne Byrd at the Los Angeles Central Library.

Finally, we want to thank our families for putting up with us in the
thick of a long book project, and all their encouragement during the
process. We could not have done it without any of you! Any errors are, of

course, ours alone.

xviii



Introduction

We have been astonished at how much the 3D printing industry has
changed since the first edition of this book, which was published in 2014.
Amazingly little has remained constant since then, except perhaps for a
sense of wonder about what might be possible. That sense now is informed
by more sober realities about the challenges that remain, as well as more
realistic ideas about good applications.

In this book, we want to give you a path to get started with 3D
printing, as well as enough insight to go a considerable distance down
the road to using it to create useful things. 3D printing still is not all that
straightforward, and we have tried to create a balance between telling
you enough so you can get started without drowning in too much detail
and not telling you enough. We have minimized the use of step-by-step
screenshots, for example, since those get out of date quickly. Instead, we
have given a few examples and tried to tell you what we were doing and
why, so that you can do the same thing in whatever system you are using.

3D printing now is largely a materials game. Whether you want to print
in metal or plastic, and the mechanical characteristics of the final part,
will drive the choice of printer type (filament, resin, or powder) and thus
price point. Printer hardware design innovation continues. However, we
expect to see faster evolution of materials that will allow seamless creation
of a prototype and first production run with a 3D printer, then moving on
to injection molding for high-volume parts. Dentistry has emerged as a
key early adopter, along with general product prototyping and creation of
tooling and fixtures.

We expect this book to be used by a wide spectrum of readers, from
K-12 teachers to plant managers. As such we have included a variety of
examples to give you ideas on what is possible. Since we have heard that
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some people used the first edition as an ad hoc textbook, in this edition we
include questions at the end of each chapter. If you are using this to learn
on your own, you may find reflecting on the questions useful to focus your
understanding as you go.

New in this edition is a discussion of printers that use liquid resin,
which was far less ubiquitous in the consumer market in 2014 than it is
now. By their nature and heritage, the many brands vary more among
manufacturers than filament printers do, and we have accordingly tried
to keep things generic but with enough information to get you started.

We also dip into what is possible with powder-based printers, particularly
those used to create metal parts.

The book is divided into three parts. Part 1 covers 3D printing
hardware and software, starting with the basics of understanding when
using a 3D printer is a good idea (Chapter 1), what technologies are
generally available (Chapter 2), and the overall workflow and software
environment for actually using a printer (Chapter 3). Chapter 4 discusses
how to select a printer based on what types of parts you will want to print.
Chapter 5 gets into how creating a print works, and what to do to resolve
common problems. Chapter 6 winds up the section with a discussion
about how to post-process a print so that it is suitable for its ultimate use.

Part 2 is focused on designing models to be 3D printed. Like all
manufacturing techniques, it is possible to design a part that is easy or
hard to fabricate with a 3D printer. Chapter 7 reviews common computer-
aided design (CAD) software and the strengths and weaknesses of various
types. Chapter 8 gives you some design rules for creating a part. Chapter 9
describes part geometries that require special handling.

Finally, Part 3 describes applications, starting with manufacturing
plastic parts (Chapter 10) and moving from there into the many options for
printing in metal (Chapter 11), some of which are surprisingly affordable.
We wrap it up with chapters on visualization and prototyping (Chapter 12)
including innovative uses in surgery planning, a discussion of 3D printing
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in the classroom (Chapter 13), and wind up with a survey of applications
in their early stages now (Chapter 14) like specialty food printing and
bioprinting.

We hope you find the book useful and a jumping-off point to getting
started or to going to the next level. At the end of Chapter 1, we have noted
other resources we have created. We hope you will invent the next amazing
application for future editions of the book.
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3D Printer Hardware
and Software

In this section, we describe the available 3D printer technologies and their
advantages and disadvantages and the basics of what you need to know to
operate one. In Chapter 1 we cover the situations when one would want
to use a 3D printer. Chapter 2 discusses materials available for 3D printing
and how your material choice may drive your printer hardware selection.
Chapter 2 moves on to cover the slicing software that takes a design and
makes it printable.

In Chapter 4, we move on to helping you make a purchasing decision
for your printer, and in Chapter 5 we walk you through how to actually
operate it and troubleshoot common problems. We wind up Part I with
Chapter 6’s review of techniques to use on a finished print for cosmetic or
functional reasons. You will then be ready to think about how to design
something to print (Part IT) and 3D printing applications (Part III).
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Why Use a 3D
Printer?

3D printing has been around since the 1980s. It has exploded in popularity
since key patents began to run out in the 2000s, and by the mid-2010s low-
cost 3D printers were everywhere. In the ensuing excitement, there was

a lot of hype and a sense that soon everyone would have a 3D printer at
home and would manufacture some large part of their consumer goods.

Reality has turned out to be both more and less interesting than that.
Learning to use a 3D printer requires two distinct sets of skills. First, a
user has to be comfortable with computer-aided design (CAD) tools or
have access to models created by someone else. 3D printers require that
you have a 3D computer model of your object in an appropriate format.
A photo or other 2D image is not enough, since you need to have data
that is stored as a full 3D model of the object (although scanners that
take many pictures from different angles can use software to create a 3D
model from them).

Then, to actually print it, some understanding of the physical
properties of the real materials and the structure of your part in the real
world is needed too, so that it will not fall apart during printing. People
often come in from one side of that divide or the other and are surprised
by how much they need to learn to be successful. Software is starting to
bridge some of that gap as the market expands.
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The home market makes sense for people who are comfortable with
computer-aided design and like to make things in general, and thus
who have a less-steep learning curve to climb. However, professional
manufacturing has started to embrace 3D printing in earnest. Needing
skills in both design and fabrication is nothing new for a factory, and 3D
printable versions of common materials are becoming available.

This means that factories can do one-off prototypes and small batches
of product and then seamlessly jump to very high-volume traditional
techniques only if there is proven demand. Lower-cost ways of 3D printing
metal are becoming available too. Printing molds and fixtures can likewise
replace other methods that are far more costly and time-consuming.

Additive Manufacturing

3D printers create objects one layer at a time. The way they do that—by
extruding melted plastic, by sintering materials, by hardening resin with
UV light—can vary. But the basic premise is the same: a layer of material
appears, controlled by a digital design stored in a computer, then another,
and so on until the object appears, seemingly by magic. The key distinction
from most other means of manufacturing is that 3D printing is additive—
material is not cut away, but is added to a piece as it is built (Figure 1-1).
Consumer-level 3D printers are very simple robots. We often say that they
are, more or less, computerized hot glue guns (using a somewhat different
plastic, though).

3D printing is a form of additive manufacturing. Additive
manufacturing starts with nothing and builds up parts by laying
up material on some sort of build platform. A lot of conventional
manufacturing is subtractive, meaning that you start with a block of
material (like metal or wood) and start cutting away material until you
have the part that you want plus a pile of sawdust or metal shavings.
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Figure 1-1. A 3D print in progress

History of Robotic 3D Printing

Charles W. (Chuck) Hull is generally credited with developing the first
working robotic 3D printer in 1984, which was commercialized by 3D
Systems in 1989. These machines were systems that used a laser to harden
liquid resin, and many machines still use this technology. Other early work
was taking place at the Massachusetts Institute of Technology (MIT) and
University of Texas.

A flurry of patents followed in the early 1990s for various powder-
based systems. These systems use inkjets to deposit a binder very precisely
on the surface of a bed of powder to create layers on a downward-
moving platform. These inkjet 3D printing patents became the basis for
Z Corp, now part of 3D Systems. Alternatively, a laser can be used to fuse
powdered plastic or metal together, called selective laser sintering (SLS).

Meanwhile, S. Scott Crump and Lisa Crump patented fused deposition
modeling (FDM) in 1989 and cofounded printer manufacturer Stratasys,
Ltd. This technology (more generically called FFF, for fused filament
fabrication) feeds a plastic filament into a heated extruder and then
precisely lays down the material. When key patents expired in 2005, this
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technology became the basis of the RepRap movement described in the
next section. This book mostly focuses on this type of printer, but we have
some forays into resin stereolithography (SLA) printers and the various
descendants of SLS as well.

The RepRap Project

When some of the key patents expired on the FFF printing method, it
occurred to Adrian Bowyer, a senior lecturer in mechanical engineering at the
University of Bath in the United Kingdom, that it might be possible to build a
filament-extruding 3D printer that could create the parts for more 3D printers
(except for readily available electronic and hardware-store components).
Furthermore, Bowyer decided he would put the designs for the
parts for his 3D printer out on the Internet available to anyone with
encouragement to others to improve them, with the requirement that
anyone who wanted to distribute an improved version had to do so under
the same license terms (an open source license). He called this concept
the RepRap project, and obtained some initial funding from the UK's
Engineering and Physical Sciences Research Council.
Bowyer’s team called their first printer Darwin, released in March
2007, and the next Mendel, released in 2009 (for more details, see http://
en.wikipedia.org/wiki/RepRap_Project). The printers were named after
famous evolutionary biologists, because they wanted people to replicate the
printers and evolve them as they did so. Files to make the plastic parts were
posted online, freely available with alterations and improvements encouraged.
Necessary metal parts were ideally available at a hardware store or able to
be made in a garage. More exotic metal parts like gears to grip filament and
nozzles to push it through became available for online purchase pretty early
on from entrepreneurial printer builders with access to machine tools to make
them. Stepper motors and some of the electronic components needed to drive
them were already available online, but became much cheaper and easier to
find as the 3D printer market increased the demand for them.
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The early printers were difficult to put together and to get to print
well. In the Czech Republic in 2010, Josef Prusa released a design now
called the Prusa Mendel. It simplified the original Mendel design, and
after that, there was an acceleration in printer designs as people tried out
the open source designs, modified them, and posted their own. Prusa
Research (www.prusa3d.com) is now one of the larger consumer 3D printer
companies, still based in the Czech Republic.

After a while, there was a transition from just making files for printer
parts downloadable to making whole printer kits available for purchase.
One of the better-known kits was the MakerBot Cupcake CNC, which
started shipping in April 2009, and which was superseded by the MakerBot
Thing-O-Matic in 2010. These were mostly made of laser-cut wooden
parts with some 3D printed parts (plus of course motors and electronics).
Eventually, MakerBot became one of the earlier commercial consumer
printer companies, and was purchased by Stratasys in 2013.

Crowdfunding and Makers

What really caused a blossoming of different designs, though, was the
availability of funding for hardware projects through crowdfunding—websites
that allow entrepreneurs to put out early-stage products and take
contributions from the public to fund development and early production.
Since the key patents had run out, entrepreneurs typically did not have any
type of proprietary technology, which made traditional startup funding
difficult to obtain.

By 2009, 3D printer development largely split into two camps: those
supplying large, industrial printers (typically with some proprietary
technology) and a big informal network of people working on open source
RepRap or similar filament-based consumer printers.

On April 28, 2009, the Kickstarter crowdfunding platform was launched
(www.kickstarter.com). Kickstarter is one of many crowdfunding
platforms which allows an entrepreneur to post a project and ask people
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to support the endeavor. Various crowdfunding platforms have different
rules about the type of project that is acceptable, and open source 3D
printers are a very good fit for crowdfunding because most crowdfunding
sites require a clearly defined project. Developing a 3D printer is a project
with a natural endpoint, and often people offer a printer as the reward the
person gets for supporting the development.

Since an open source printer, by definition, is not patented, it can be
difficult to raise money in conventional investment forums. However, it is
a good philosophical match for crowdfunding, extending the we-will-all-
build-it-together open source ethos to also raise the money for launching a
new 3D printer design.

In 2012, the Form 1 stereolithography printer raised nearly three
million dollars on Kickstarter. Many other 3D printers have raised in the six
figures on Kickstarter and other platforms.

Figure 1-2 shows two RepRap heritage printers. Rich designed the 2011
RepRap Wallace (a proof of concept machine, never sold commercially) and
was a key team member in the design of the 2013 Deezmaker Bukito, which
was launched on Kickstarter.

At the same time that open source hardware was becoming common,
open source or free software also began to stabilize and be useful to a
nonexpert consumer. Software to design models and to prepare them for
printing made great strides around this time. Today, some printers come
with proprietary software, but printers that support generic protocols can
use free or open source software end to end to create models and print them.

Figure 1-2 shows how rapidly open source printer design matured in
a little over two years. Since then, many 3D printer companies have been
started, and many have gone out of business or been acquired. Much of
the actual manufacturing of printers and materials has moved to China
and other lower-cost markets, and only a handful of companies that were
around at the beginning of the consumer boom still exist.
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Figure 1-2. The RepRap Wallace (L) and Deezmaker Bukito (R)

Note One good outcome of this heritage is that many 3D printers
run on the same software base as each other. This means that if you
are used to one printer you will be able to learn others fairly easily,
and there are some software packages that work for many of them.
In this book we will focus on Ultimaker Cura, which works with many
different printers, but you should be able to translate if you use one of
the other packages. We have much more about this in Chapter 3.

Kit or Fully Assembled?

Up until about 2013 or so, most consumer 3D printers required at least
some assembly. It was worth mentioning in marketing materials if the
assembly did not require soldering, since kits in those days often consisted
of bags of wires, screws, and small parts. Currently, kits usually require
minimal assembly, typically involving tightening a few screws and
plugging a few electrical connectors, all of which are clearly labeled and
keyed to prevent you from doing it wrong. The cost can be a lot lower, since
often printers have a few pieces that will fit well in a small package when
disassembled, leading to lower shipping costs.
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Obviously, though, if you are not comfortable with doing some
assembly and calibration, you are likely to be happier with a fully
assembled printer. Even this minimal assembly teaches you something
about how the machine works, though, so you will be more likely to know
how to fix something that goes wrong.

When to Use a 3D Printer

3D printing is a very versatile technology, but there are times when
other technologies are preferable. For example, laser cutters and small
computer-numerically controlled (CNC) machines may be more
appropriate tools in some circumstances. Of course, sometimes you can
just use a piece of cardboard and an X-Acto knife to make something too.

Leaving that last one aside, we can do a comparison of the three
common forms of digital manufacturing, machines that make something
based on a computer file containing machine commands that result in
a physical part. Laser cutters work from a 2D file (a .dxf or .svg format,
typically) and 3D printers and CNC machines from 3D files in one of
several formats (a common one for both being G-code) and manufacturer-
dependent levels of interoperability among brands. All three have come
down in price, although 3D printers probably have made the biggest
strides there. The “maker movement,” a renewed interest in making
physical things, has created a market for these machines, which then
bubbled up into professional applications.

For the details on the 3D printer options, see Chapter 2 for different
types of printer and Chapter 3 for software and workflow issues. Chapter 4
discusses criteria to use when buying one based on what you want to do. In
a nutshell, one of the challenges with low-cost 3D printers (as well as most
of the higher-cost ones) is that prints take a long time. A twelve-hour or
even multiday print is not uncommon, which might mean you want a gang
of printers if you are going to depend on them for production. Second,
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