Mastering 3D Printing
in the Classroom,
Library, and Lab

Joan Horvath
Rich Cameron




Mastering 3D Printing
in the Classroom,
Library, and Lab

Joan Horvath
Rich Cameron

Apress’



Mastering 3D Printing in the Classroom, Library, and Lab

Joan Horvath Rich Cameron
Nonscriptum LLC, Pasadena, CA, USA Nonscriptum LLC, Pasadena, CA, USA
ISBN-13 (pbk): 978-1-4842-3500-3 ISBN-13 (electronic): 978-1-4842-3501-0

https://doi.org/10.1007/978-1-4842-3501-0
Library of Congress Control Number: 2018960932

Copyright © 2018 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

Copy Editor: Corbin Collins

Coordinating Editor: Jessica Vakili

Cover designed by eStudioCalamar

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 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 www.apress.com/bulk-sales.

Printed on acid-free paper


https://doi.org/10.1007/978-1-4842-3501-0

To the open source community, particularly to
contributors to the RepRap Project, whose vision made
consumer 3D printing a reality



Table of Contents

About the AUuthOrS........ccccccinisseesnnnr————————————————— XV
Acknowledgments........cccuuisssmmmenmnmmmmsssssssssssnmneessssssssssssnnnsssssssnnnnnns Xvii
Introduction ........ccccniseemnnnnsssnnnnnnssnnnnensssn s Xix
Part I: 3D Printing: State of the Art........cccccccivniininnnnnsseessnennn 1
Chapter 1: Why Use a 3D Printer? ......ccccoimnmmmmssssssnnnnmssssssssssssssssssssssnns 3
Subtractive vs. AdUItIVE .........ccovereriicrrierne e 3
Nature’s 3D PriNters ... s 5
History of RobotiC 3D Printing.......ccccecvverinvnsnne s s esses e ssesaenns 6
The RepRap MovemENt .........ccooerirvrce e sae e 7
Crowdfunding and MaKEIS .......ccccevererrerrereressessesessssessesessessssessessesssssssessessens 8
AWOrd ADOUL KitS .....ccccercerierrisirere e s e s s snsse s 10
When 10 Use @ 3D PHINTer.......ocvoe vt s e e se s s 11
Laser Cutting vs. 3D Printing........cccccvvecrnccrnrcsrsscrssc e 12

CNC Machine vs. 3D Printing........cccccvrenrnrrniennsscrssc s esessesessenes 13

[ ] o1 L= S 14
SUMMANY....eieeeeresese s e se s se s e e e nre e 17
Chapter 2: 3D Printers and Printable Materials ..........cccvnnsnsnnnnnnnnnnnas 19
Filament PriNTErS........coucvivernesinesesn s s 20
Parts of @ Filament Printer..........ccccovvvnnnennssc s 23

HOW Printing WOTKS ......ccoceviririerereninsene s ses s se e s e ssssessessessssessesaesaes 27
Filament ChOICES ......ccvcerriernerrrese e 32



TABLE OF CONTENTS

Multimaterials vs. Multiple EXtruders........ccoovnirennsninnnssnsessese s 39
Aftermarket UPgrades ........cccccvcvrinnnniennesssssese s sessssessessens 40
Advanced Filament Printers ... 40
Resin Printers: SLA @nd DLP ... 43
Printing PrOCESS .....cccvueireecrircreree s 44
POSE-PrOCESSING.....ccictrereriirirrire et e e s 45
T2 g T 46
Other TeChNOIOGIES. ....ccueoerveerererere e 47
SLS e ——————————————————————— 48
Binder Jetting and Material Jetting.........ccocveeeererrnsesnneserese s 48
(31T o T 1] T T 49
SUMMANY....ceiiieiresere e s r e s e s e np e e 49
Chapter 3: 3D Printer Workflow and Software .........cccccevvsssssssnnnnnnnnnas 51
WOTKFIOW OVEIVIBW ... e s ss s snsassssssssens 52
MOGEIS ... e 53
Types of 3D-Printable Files........ccovvvrrirvrre e 53
File REPOSITOMIES ......ciceriere e 54

LT 1131110 S 56
Slicing Software: Filament Printers.........ccccovvvninnnninnnnesn s 57
3] 1] PR 58
MALtErCONTIOL........ceveeeceerer e s 59
UIIMAKET CUIA 3. s 60
OthEr PrOgrams .......ccveeverenersereresessesessesssssssessessessssessessesssssssessessesssssnsessees 60
Using a SIicing Program...........cocucvviinnnnnniennsnnsese s ses e e sssssssessesnens 60
Example: UItimaker Cura 3 ... sessesesns s sessesse e 61
Simulating Your Print..........ocicr v 64
Print Quality and Layer Height...........coocnniincninecrcrcnesc e 65



TABLE OF CONTENTS

£ 1 65
Platform AdRESION ..o 66
Supporting and Orienting @ Model..........ccccoceeerrirnienrercrrcerrerer e 69
Managing Internal Open SPACE ........cccvrerrerererernserer e 73
TEMPEIALUIES. ....couecieecir e s r e nne s 78
Speeds, Cooling, Extrusion MUIpliers ........ccccvvvnivnnsnnscsnesene e 79
More EXOtiC SEHiNgS......ccoucvnievriinrrr s 80
TroubleShOOTING .....cccce v e e 81
Printing More Than One Object at @ TIME .......c.ccvveveverrerrerievesersersereesessenenes 81
MUItiple EXITUAEIS ..ot s enea 82
Mesh Repair Programs ........c.cccovenernncrensesesssnmssssesessesessssessesesessesesssssssesessssesenns 84
GmCOUB....uerreerree e 85
HOSE Programs........cccoeeerenernenenese s sese s s sesssssssssessnnes 88
OCLOPNINT. ... ——————— 89
RESIN PHNTEIS......coierireseriee e 89
U] 4= O 92
Part lI: Living with Your 3D Printer........cccuscmmmmmnsssnnnnnnnssssnnnnns 93
Chapter 4: Selecting a Printer: Comparing Technologies .......cusessuses 95
WHO IS YOUEF USEI? ...t s s sssnssssssssens 96
3D Printer RESOIULION ........ccovviericerireeree e 96
Selecting @ Printer ... 98
Filament VS. RESIN .......cccou i 98
TIME 10 PriNt ... 99
Selecting a Filament-Based 3D Printer.........cccoocvvnennnnsnienssnsensese s senennens 100
Platforms and NOZzIES..........coceereenrrrerereser e 100
MUltiple EXITUAENS .....c.cveeetr et s snens 104
One Big Printer or Several Small Ones? ..........ccccovvnvninininsnnnese s 106

vii



TABLE OF CONTENTS

Printer CONNECHIVILY ......cccccveiirceriercsr e enens 107
Open Source Materials vs. Cartridges ........cccvvriinnininiennsns s 108
FIlAMENT SIZE.....ceeeeeeeecereeree e 109
ENCIOSEd OF OPEN......cccverecir e nnens 109
Buy Within @ Brand ..o sessessessssessesnens 110
Should You Buy @ Kit?.......ccccvivrnirncrir s sens 110
Initial Costs, Filament Printing..........ccoucvnnnnnnnininnnesnns s 110
Selecting a Resin Printer..........ccvivinnnni s sesesnens 111
Cleaning and CUFING .......coovvrverierennsines s ssssessessesnes 112
DLP VS. SLA ...ttt st 112
Proprietary RESINS ... s ssssessesnens 113
Initial Costs, Resin Printing........c.ccocvcvvninnnnsnicnsss s sessesnes 113
Using a Service Bureau INStead...........covvvrerrcenrnesesnsernseseseses s 114
10T 111 T o SR 114
Chapter 5: Living with Your 3D Printer ........ccccunsmmmmnssennnnssssnsnnnnssnnns 117
Getting Started with a Filament Printer .........ccocvvvvevnnnsenievnsensesse e sessenensens 118
Where 10 PUL IE.........ooiin s 118
StOring FIlAMENT .......coevecrirer e s 123
YOUur First Print......cccocoiics s 124
Calibrating Your Printer.......cccccvevennnriene s sese s ssesessesaesnes 125
When @ Print SEarts ... 128
DUring @ PriNt ..o s 129
When a Print Finishes Normally...........cccccnininininnnne s 130
Getting a Part off the Build Platform...........ccccininnininininsncnececencenenn, 130
Picking Off Support and Cleaning Up the Print.........cccconinvnininninicnnens 132
Restarting or Shutting Off the Printer ... 132

viii



TABLE OF CONTENTS

Manually Controlling Your Printer..........cccriniinsni s 133
STOPPING @ PriNt......cocccecccrcce e s 134
Changing Fillament...........ccorrrnrcrrsrr e 134
Changing Temperatures During a Print..........ccccccovvninnnecninccvnccnenecenenne 136

Basic Hardware TroubleShooting .........ccvoeeerreernnenmrene s 137
Checking the Motion of One Axis at @ TIMe ........c.ccoevvviriennsnsniene s 137
Backing Out of a Bad Situation............ccccecevvcnininnnnsnnesn e 138
Extruder Not EXIruding ........cccvvrerinnsnnnie s snssessesnens 138
Clearing a Clogged NOZZIe...........cccvcvirinnnnnnenn e 140
Clicking or Grinding NOISES .......ccccerrerieriernsnsenese e snes 145

Post-processing Tools and SPace .........ccccvirninrniennnnsnse s 147

RECYCING PHNTS .....cveceriecriscserse s 148

Getting Started with Resin Printers..........couvvvevnininncsnsse e 148

Staff and USer TraiNiNg........coovrvverrerienensensesesssessessesessssessessesssssssessessessssessessens 151

SUMMAIY.c.veitetrereresee s rse s s srese e e ssessesaese s e saesaese e e saesaesae e e e saesaessesensesaess 152

Chapter 6: 3D MOdelS ......cccuussnmmnmrssssnnnssssssnsnnssssssnnssssssnnnnsssssnnnnssssnnns 153

3D Model File FOrmMats.......c.ccccvreererenernseresesesese s sessesenns 154

(S 7 SRRSO 155

Downloading and Modifying MOEIS...........ccoveermrenernnernsenenesessse s 155
Models of Everyday ThiNgS........coucvnennineninnennessnsse e sessessssenens 156
Specialized Databases ..........ccuvvvrvrernsnnesnes e 156

Creating @ NeW MOGEL.........ccovirvrierenirserene s s s s sessesnens 158
USIiNg @ CAD Program .........ccveereererensersessessssessessessessssessessesssssssessesssssssessesses 158
Options for Getting Started QUICKIY ......c.cccvvvvririrrrrcer e 159
Programs for Specific Applications ........c.ccocvcvvninnnninine e 164

Creating Multiple-EXtruder FileS .........cuvvrerrerrsenserieressnsessessessssessessessessssessessens 169
Using One Extruder for Support Material...........ccooovvvrvriennsnsenserenensensennes 169

ix



TABLE OF CONTENTS

Two-Color or Two-Material Prints.........ccccoverrenrnsnerere e 170
Cura’s Process for a Dual Extruder Print ... 172
3D Printing DesSign RUIES .......cccvoveerererrncrereersne e s nenns 177
Complexity Is Free: Hardware as @ SEerviCe ........ccouevrnerererereeseressesessenerennes 180
Speed vs. Customization .........c.ccovcvvrinnnnnnne s 180
SUMMANY....ceiveerinesesese s e e s e se e nenssnenns 181

Part IlI: 3D Printing Curriculum Development..........ccccuseeenenn. 183

Chapter 7: ClasSroom ISSUES ......uuuusssssssssssssnsssssssnnssssssnnnssssssnnnnssssnnns 185
WOTKFIOW ...t s 185
TIME 10 PriNt .. 186

Print Queue Management............ccccoveererenernnmnnsesessse s sesesseens 187
CUITICUIUM ISSUBS ...vreeeerreneresesessesessesesessessssssessssesesssssssssesssssssssssessssssssssssssssnns 188
What “Design Thinking” MEaNS ........c.cccvrerernsermsesenesesssesessessssssessssesessessssenens 189
SUMMAIY.c.eeiteirerere st se s s s e e s e s sae e e e s ae e aesa e e e e e aesae e e e naennens 191
Chapter 8: Art and Theater ..........cccucmmsmmmsesmssmmmssnsmssssssssssnsssassssasssns 193
Specialty Materials .......cccveevvrrrriererrrerrerers s s s sse s ssessessssessessens 194
Challenging GEOMELIiES......cccucvvrrerernsirere s enens 195
VASE PINTS.....eeeeeeeeeeee e e 196
Other Uses 0f Vase MOGE...........ccoeeeerrererereresereeeresese e 197
Printing HOHOW ......ov it nnens 198
Printing Transparent (Solid) Pi€CeS........cuucrivvrnienrssenssesne e 199

Tall POINtY PriNtS......ccocviiiccrcre s sn e snens 201
Printing 0N FabBIiC ......ccccevererierrr e 202
Printing InterloCKing Pi€CES.......cccverirverreererercer e 203
Printing Physically Big ODJECLS ......ccvrerierererrerreressssessersessesessessessessssessensens 204

[0 K00 =T 205



TABLE OF CONTENTS

Big ODJECLS ...ecuereeieiecerer ettt 205
Gluing PieCes TOGEINEN ........cccveeerecrereere e s 207
Using an ACETONE SIUITY ..o 208
Welding With @ 3D PeN ... 209
Sanding, Painting, and DYEING .........ccccvvermenmrenmsnsesesesess e sessenenns 209
Chemical SMOOTNING ......cccoveererierereer s 209

RS- T 1 T RS 210
Painting and Clear COats ...........coouvrrrererenernsesesesese s 210
DYEING NYION ... 213
RESIN PHNTS ..o s 214
Casting and JeWelry-making ..........ccovrerrrenernsennsesssnse s sessesessesessenes 214
Designing Models for Casting.........c.cueevererernsesnsesesissesssesssesesesesessesssseens 215
SANA CASTING ...evvreerrrreerresernse s nra s 215
INvestMent Casting.........cccvvvernrerenenennsesse s 218
Low-Temperature Metals .........c.ccooviririnnninsrse e 221
Casting vs. Printing in Metal...........ccccoivvvninnennss s 222
Finding Casting SErViCES ......ccuururrmsesmreserssesrse s srsse s s s sessssenens 222
SUMMAIY.c..eitiirerere st e s e s s a e e s e s s re st e e e e s aesae e s e e aesae e e e nannnees 223
Chapter 9: Engineering, Math, and Science.........cccccuseenrrssssnnnsssssnnns 225
ViSUANZALION.......ceeeeeercere e 226
EXPEIMENTS ... e 228
3T0] oT0] 11 SO STTS 231
FUNCLIONAI ParTS .....cvcceevcecirc e 233
CoONAUCTIVE PartS.......coverriiiisiriirsse s 239
Learning MOTE.......ccuceveriniirsre st a e s s 240
310111117 OO OS 241



TABLE OF CONTENTS

Chapter 10: Language Arts and Social Studies .......cucceurrmssnnnnrsssanns 243
Models That TEll @ SEOrY .......cccveerrcerrerrr e s 244
Creating TeITaAIN........ccocvirere e e 245
Examples of Student ProjectS.........ccovrrercrnsennnesesese e 247

B 1YL= 11 | S 248
The SilK ROAQ.......ccccuiirrirririririrssi e es 249
ViKings and 3D PENS........cccrvninininnsin st ssssessesnens 250
3D Printing in Latin Class .........cooveerrererenmrnsesessesesesessssesessesessesessesesessesenns 252
SUMMANY....ceiviertreserese e e s e e e e nr e e 253

Chapter 11: Elementary Students.........ccccccnmmnssnemmnmnsssssnnmnssssssnmssnnns 255
What IS REAlISTIC? ........ccecrereririisiiri s 255
DBSION ...t ——————————— 257
Teaching Coding........coouevrerrnnernenine s se s 258
SUMMANY..c..eitiirire e bbb b e s R b e e e nne s 259

Chapter 12: The Special-Needs Student.............cccinssnemmnmnsssnnnnnssanns 261
Teaching the Visually Impaired ...........ccocvrerrnirnnenenenesssesesse e sessesessenens 262

Making Tactile MOdels..........ccocoerenrrirercerrseresese e 262
Case Study: Constant-Volume Models..........cccocrirnnininiennsnsnnene s 264
3D Printed Braille.........ccoveeerenerncrereerese s 266
TVI ChallENQES .....ceeereeerreerieesessee s s sss e sesss s sessenenns 268
Learning Differently ........ccooeverernsnnesnnse s 269
L1114 OSSN 269

Part IV: Building Lifelong SKillS ........ccccsummmsssnmnnnmmssssssssnnnsssssnnns 271

Chapter 13: University Research Applications ...........cccemnsssnnnnnsssnnes 273
MALEIIALS ......eeeeecieee e s 274
Printing Metal.......ccoivvirirere s s 275

xii



TABLE OF CONTENTS

ANAIYZING PAITS ......cceeiiicirc e 276
Printing FOOU.......cooiirecrrcre e 277
2170 1111 T ST 278
Custom Equipment and Prototypes........ccoovcrvvennennnse s 278
STANAANDS.....c.covieirccr e —————————————— 279
SUMMAIY.c.veiteitrrerere s s e sesse s e s e e s ssesaese s e saesaess e e saesaesaesessesaesaessesensessens 280
Chapter 14: Community and Careers........cccesrsssssnnsrsssssnssssssssnsssssssnns 281
Student Entrepreneurship ... 282
Public Library MaKerspaces........c.cuevrererreneressesessmsessesessssesessesessesesessesssssnsssenes 285
Digital Fabrication Gareer Opportunities........c.cccvvriernnnsnnninsn s 287
0] (0] 41701 T TSRS 288
Bridge ManufaCturing.........cocueeernnrnsesesesesssssessesessse s s sessesensenens 288
Short-Run Manufacturing........c.cceverernsmsensesesssesssesessesesssse s sessesessssessnses 289
Mass CUSTOMIZALION ......c.cccceerererererrere e 290
Industrial MoldmMakKing..........ccovererenernnerneseresessse s seenes 292
Direct Metal 3D Printing .......ccccovvnerrnenerenernsesese s sesse s sesesessenens 293
SUMMANY....ceivierinererese e r s s e nr e e 293
Appendix: Links and ReSOUICES......ccuuummmrmssssnnsssssssnnssssssssnnssssssnnssssss 295
Front Matter ... s 295
{181 0T i S 295
CRAPIEE 2 ... 295
Chapler 3 ... —————————— 296
CRAPEEE 4 ... 296
CRAPTEE B ..o e e 296
{181 0 (T OSSN 297
{181 0 (T OO 297

xiii



TABLE OF CONTENTS

CRAPIEE 8 ... ——————— 297
CRAPIEI O ... ——————— 298
CRAPIEE 10 ..o s 298
ChapLer T1 ... e 298
18T T (=T R 298
18 1T T (=T 1 O 299
0 T2 1 g I OO 300
Media Sites Focusing on 3D Printing ..o 300
2100 G ST 300
INA@X.ueeiiienrsiensnies s —————————————— 303

Xiv



About the Authors

Joan Horvath and Rich Cameron are the cofounders of Nonscriptum LLC,
based in Pasadena, California. Nonscriptum consults 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 seventh collaboration for Apress. They teach online
classes in 3D printing and maker tech for LERN Network’s U Got Class
continuing education program. They have also authored online courses
for LinkedInLearning/Lynda.com. Links for all of the above are on their
website, waw.nonscriptum. com.

In addition to her work with Rich, Joan also
has an appointment as adjunct faculty for
National University’s College of Letters and
Sciences. She 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.


http://www.nonscriptum.com/

ABOUT THE AUTHORS

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.

Rich (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’s 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.
The maker community as a whole has also been very supportive. 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, Corbin Collins, 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 2016 and 2017 3D Printed Science Projects
books.

We talked to many 3D-printing professionals and maker-educators to
develop this book and we are grateful for the advice, images, and in some
cases permission to use screenshots or photographs of their work, which
is credited in more detail in the text. On the 3D-printing side of the family,
we want to particularly call out Steve Wygant of SeeMeCNC; Shelley Sun
and Russell Singer of MAKEIT, Inc.; Mara Hitner and Dave Gaylord at
MatterHackers; Diego Porqueras of Deezmaker; Marius Kintel and the
other OpenSCAD developers; the teams at Ultimaker and Formlabs; and
Thatcher Chamberlain, Metalnat Hayes, Giovanni Salinas, and David
Shorey.

Educators (and their students) who particularly inspired us were
Simon Huss, Regina Rubio, Tri Nguyen, Karalyn Ramon, and others at the
Windward School; Dori Friedman and Paul Way of Crossroads School;
Omeed Shahhosseini and Will Kalman, Granada Hills Charter High

xvii



ACKNOWLEDGMENTS

School, and maker-educators John Umekubo, Lucie deLaBruere, and
Rodney Batschelet. We were inspired 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, Yue-Ting Siu, and Jim Allan. We have spoken to quite a
few librarians to understand their issues and are particularly grateful to
Vivienne Bird, Los Angeles Public Library, and Michael Pierce and his
colleagues at the Pasadena Public Library.

Finally, we are grateful to our families for putting up with our endless
brainstorming and test runs of explanations, particularly Joan’s husband
Stephen Unwin, Rich’s sister, Rachel Cameron, and Diamond the Wonder

Puppy.

xviii



Introduction

It has only been four years since the original 2014 Mastering 3D Printing
went to press. In the intervening years, the field has exploded so much
that we are to focusing this book on the needs of the educational and
scientific markets. Printers have dropped in price down to a few hundred
dollars for a basic model and a few thousand for a fairly sophisticated
one. Yet adoption has been remarkably slow in education, and we hope
to change that.

This book focuses on consumer-level printers and their applications
in the educational and scientific environments. We focus primarily on 3D
printers that create objects by melting plastic filament, but also include a
little about printers that use liquid resin.

3D printing can be defined pretty simply: creating an object by
building it up layer by layer, rather than machining it away the way
you would by making something from a block of wood, or by squirting
something into a mold as you would for injection-molded plastic parts. Its
flexibility and the sheer magic of seeing something built from nothing have
captured people’s imaginations, and it is clear that surprising applications
will continue to pop up for years to come.

This book is intended for several audiences. It is meant to be a self-
contained tutorial on consumer 3D printers and the open source software
that runs them, particularly for educators who are trying to set up or run
a school makerspace or librarians who are trying to figure out what to do
about a mandate to buy printers or create a community space.

Although we say the book is for “classroom, library, and lab,” a
broader audience will find the core information helpful. If you are not
an educator and want to focus on the 3D printing per se, Chapters 1-6

Xix



INTRODUCTION

apply to anyone’s use of consumer-level printers; Chapter 8 gives a lot

of information on post-processing prints to make them look good; and
Chapter 9 discusses making prints as strong as possible. The examples in
the other chapters, although primarily classroom oriented, may inspire
you for your projects as well.

This book also is intended to be used as a text for a semester-length
class or university extension course series covering 3D printing, its
applications, and its place in education. It might be paired with an in-
depth class on 3D computer-aided design (CAD) software for students
interested in teaching engineering and industrial or product design.
Similarly, it might be paired with instruction in one of the sculptural
3D-modeling programs for students developing skills in 3D animation or
fine art.

Part I (Chapters 1-3) of the book gives background on the history of
3D printers, talks about how the hardware and software work, discusses
available materials, and gives some detail of the 3D-printing workflow.

Part II (Chapters 4-6) reviews how to decide what kind of printer you
need to buy, based on what you want to build with it and what materials
you think you will want to be able to use. This part also reviews what
kinds of facilities different 3D printers require, and the hands-on details of
dealing with issues that might arise during a print. Finally, this part reviews
options you can use to create 3D-printable model files.

Part III (Chapters 7-12) discusses the classroom use of 3D printing in
different subject disciplines, with a particular focus on K-12. We start off
with a brief introduction to common issues in classroom 3D printing, and
then look at art and theater concerns, considering print post-processing
topics like gluing, sanding, and painting, as well as a bit about casting
jewlery. We also consider engineering concerns, like making a print strong
enough for a functional job. Next, we take up using printers in language
arts and social studies, and in the elementary school environment.
Finally, we talk about how 3D prints might help special-needs students,
particularly the visually impaired.
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Finally, in Part IV (Chapters 13 and 14), we discuss university and
community uses of 3D printing and how to think about careers in 3D
printing in the near and long term. Chapter 13 focuses on research into
both applications of 3D printing and technology development for 3D
printers per se. Chapter 14 winds up the book with a discussion of the
opportunities and challenges for teaching entrepreneurship, and tries to
predict where the manufacturing and other applications of the technology
are likely to be in the near and longer term.

We also include an appendix, in which we have gathered all the links
from the book, plus a few news sources that cover the 3D printing world
and some books that might provide other places to explore.

Librarians will likely find Chapters 1-6 and 13-14 the most useful,
although the materials in Chapters 7-12 may suggest community projects.

The field is still evolving. As in the 2014 Mastering 3D Printing, we
have avoided detailed descriptions of software packages. We stick with
descriptions that will let you get started but will not be wrong three months
after publication. We like to say that 3D printing is about as complex as
cooking. In cooking terms, you will find that this book has a bias away from
providing recipes to follow exactly and instead leans toward teaching you
how to cook using your own judgement for the long haul.

If you are just starting your exploration of the field, welcome. Hopefully
this book will be a good guide for you, and you will finish it ready to take
on challenges and try to help build this new frontier along with us.



PART |

3D Printing: State of
the Art

In Part I (Chapters 1-3) we introduce you to 3D printing and discuss why
you may want to use a 3D printer instead of other digital manufacturing
tools, like laser cutters or computer numerically controlled (CNC) milling
machines. We cover the basics of printer technologies. These days, which
materials you want to use and what types of things you want to build will
drive your choice of printer, and we detail the issues in Chapter 2. Finally,
in Chapter 3 we introduce you to the overall workflow of 3D printing and
discuss the details of using “slicing” programs to create 3D-printable files.



CHAPTER 1

Why Use a
3D Printer?

In the last five years, 3D printing has gone from a technology hyped

as capable of solving any problem to one of disillusionment as people
realized it took more expertise than some advertisements implied. Now
machines are getting both easier to use and more powerful, and there is
a creative explosion in both printer technology and applications. But we
are still not quite at the point of clicking Print without any thought on the
user’s part.

In this book, we attempt to give you a clear-eyed view of the state of
the art in 3D printing: what you can do, what you might be able to do soon,
and what you really do not want to do, at least not yet. This chapter focuses
on when you want to use a 3D printer, and, perhaps more importantly,
when you do not. The most fundamental question is: when do you want to
use a 3D printer in the first place?

Subtractive vs. Additive

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
is created, controlled by a digital design stored in a computer, followed
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by another layer, 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).

Figure 1-1. A 3D printed part in progress

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, which 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 you want plus a pile of sawdust or
metal shavings.

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—you
need to have data that is stored as a full 3D model of the object. We talk
about this in depth in Chapter 6. (Although Tinkercad and other software
discussed in Chapter 6 can “extrude” an image to make a “2.5D” raised
version of a drawing.)
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Nature’s 3D Printers

3D printing seems like an advanced technology, but many organisms
and natural processes have been doing the equivalent for eons. Many
rock formations in the southwestern United States were laid down when
ancient oceans built up layers of silt. The resulting sandstone has since
been carved away by wind, rain, and plant roots. Figure 1-2, taken in Zion
National Park in Utah, is an example of the current state of processes that
build up material a layer at a time and then erode some of it away. This is
a mix of an additive process (like 3D printing), followed by a subtractive
process (like conventional manufacturing).

Figure 1-2. Sandstone layering (Zion National Park, Utah)
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When people watch a natural process, they are often inspired to create
a fabrication process that will work the same way. Some types of additive
manufacturing have been around for a long time. A very simple example is
the humble brick wall. A brick wall is built up one brick at a time, with the
addition of a bit of mortar, based on either a formal plan drawn out by an
architect or engineer, or perhaps just built out of a contractor’s head if the job
is routine enough. All the steps you will see in 3D printing are there in building
a brick wall: designing a desired end product, planning out how to arrange the
layers so that the structure will not fall down while it is being built, and then
executing the product one layer at a time. 3D printers add the elements of
robotic control to this process of building an object up a layer at a time.

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
the University of Texas.

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
Jabrication) feeds a plastic filament into a heated extruder and then
precisely lays down the material. When key patents expired in 2005,
this technology became the basis of the RepRap movement. This book
mostly focuses on this type of printer, but we go on some forays into resin
stereolithography (SLA) printers as well.

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.
By adding ink to these binders, this process can make full-color prints.
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These inkjet 3D-printing patents became the basis for Z Corp, another early
printer company that created large industrial printers. Z Corp is now part of
3D Systems. Other powder-based printing technologies manufactured by 3D

Systems and others use a laser to fuse powdered plastic or metal together in a
process called selective laser sintering (SLS).

The RepRap Movement

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, making them available to anyone
and encouraging others to improve them—with the requirement that
anyone who improved it had to post their versions with the same terms
(called 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 one, 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 hardware stores or could 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
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online, but became much cheaper and easier to find as the 3D printer
market increased the demand for them.

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 is now one
of the larger consumer 3D-printer companies, still based in the Czech
Republic. You can look at a “family tree” of this period at http://reprap.
org/wiki/RepRap_Family Tree.

After a while there was a transition from 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. It was superseded by the Makerbot Thing-O-Matic
in 2010. These were mostly made of lasercut 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.
Because 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 developers split into two main 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.
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On April 28, 2009, the Kickstarter crowdfunding platform launched
(www. kickstarter.com). Kickstarter is one of many crowdfunding
platforms that allow an entrepreneur to post a project and ask people to
support the endeavor. Various crowdfunding platforms have different
rules about which types of projects are 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 the developer seeking funding offers a
printer as the reward for those who support the development.

In 2012, the Form I 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 1-3 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.

Figure 1-3. The 2011 Wallace and 2013 Bukito
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At the same time that open source hardware was becoming common,
open source or free software also began to stabilize and become useful
to a non-expert consumer. Software to design models of 3D printers 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.

It is quite stunning to look at Figure 1-3 and see how rapidly open
source printer design matured in a little over two years. Of course,
innovation does not stop. In the intervening years, many 3D-printer
companies have been started, and many have gone out of business or
been acquired. This tumult is typical of a new industry and probably will
continue for a while. In Chapters 4 and 5, we talk about how to select a
printer for your needs and how to set up a good workflow. For the most
part, we have tried to avoid naming brand names because the industry is
still changing rapidly.

The pace of development in the field is very rapid; new methodologies
are being invented both by commercial companies and by academics, and
it can be a real challenge to keep up with it all and distinguish between a
new capability and a dubious idea. The reach of consumer-level printers
has expanded beyond maker hobbyists to more commercial applications.
We discuss the opportunities and limitations in later chapters.

A Word About Kits

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 some keyed and labeled electrical connectors in
to the appropriate ports. The cost can be a lot lower than buying a fully
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