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Making news recently. 'l'l':"
London museum turns 3D-printed Liberator guns
into works of art

By Matt Brian posted Sep 16th, 2013 at 615 AM

MANUFACTURING _ TECHONOWY DETROIT o+ pwt

Can 3D Printing Revive America’s
Middle Class?

improve next year. Could 3D printing trn thin

i com/2013/09/can-3d-
printing-revive-americas-middle-class/

Printing out Particle Detectors with 3D-Printers —
a Potentially Transformational Advance for HEP Instrumentation

M. Hohlmann

Current capability Performance goal
Printing resolution in x-y. ~75 um, ~1pm
Layer thickness in z ~50 ~Tum
Print speed 10 s > 100 cols
Materials Eitier polymers or Polymer-metal composites

metals

Object size 50 cm < 50 cm * 25 cm 200 cm < 100 cm * 10 cm.
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What is Additive Manufacturing?

= Additive Manufacturing (AM) refers to a process by which
digital 3D design data is used to build up a component in
layers by depositing material. (from the International
Committee F42 for Additive Manufacturing Technologies,
ASTM).

= The term "3D printing" is increasingly used as a synonym
for AM. However, the latter is more accurate in that it
describes a professional production technique which is
clearly distinguished from conventional methods of
material removal. Instead of milling a workpiece from solid
block, for example, AM builds up components layer by
layer using materials which are available in fine powder
form. A range of different metals, plastics and composite
materials may be used.

From http://www.eos.info/additive_manufacturing/for_technology_interested ajhart@mit.edu | 2.008-F13 | 6

References 'II'Iiri

= Textbook: lan Gibson, David W. Rosen, Brent Stucker.
Additive Manufacturing Technologies: Rapid Prototyping
to Direct Digital Manufacturing.
http://library.mit.edu/item/001725616 (full text access via
MIT-SFX)

= Popular interest book: Hod Lipson and Melba Kurman.
Fabricated: The New World of 3D Printing.
http://www.amazon.com/Fabricated-The-New-World-
Printing/dp/1118350634

= Good online reference: http://www.solidconcepts.com/

= Wikipedia is (surprisingly) sparse on technical details of
AM.
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Fused deposition modeling (FDM) @

= A nozzle deposits molten polymer by an extrusion head
onto a support structure or the part layer-by-layer.

1 Plastic Support
Filament Filament

2 Heated Head, moying in x,y

Nozzles l H '

Stage, moving vertically

http://www.cs.berkeley.edu/~sequin/CAFFE/cyberbuild.html
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Fortus 900mc
The ultimate 3D production system

useq Deposion Hodeing (FOM) System

=T Emm

Oomts  Soncbcrnons oo

Production Series

Fortus 900me Product Specs

Stratasys whitepapers: J—
http://www.stratasys.com/resourcesiiterpaperg = = =

fety PG Mo B2 Fww O D Eec @ W Toam

Related Information

Smooth FOM Parts Without

Leommore »
Next Steps.

.edu | 2.008-F13 | 13

Pinwheel made by FDM (Fall 2002)
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TRANPHAM Overview

PRICE Fortus 900mc Prolet 7000
r 3 Connex500
“Production”
ProJet 6000 Connex350
US$200,000 H m
Proets000 i [ Edensoov
i e
Fortus 400me 5 Connex260
2 H
H
Eden350V
USsi300,000 Zprinter 850 Fortus360mc 3 | Prolet 3500HD Eden260V.
“Professional” US$99900 o 2
Zprinter 650 Prolet35000 s Eden250
US$ 59,900 s
Us$50,000 Zorinter 450 Fortus 250mc 5
US$ 44,900 3 T
&, ZBuilder Dimension BST
Personal 8 Us$34,500 =
Deskto) — 5
L P) e s Zprinter 250 P g
US$ 20,000 US$24,900 o 3
[BTiom W) | s B i Prolet1500 ObiET2a
Us59,900  FUss 9,900 4 3 15519,900
US$ 14,900 ]
mﬂ) mw Mojo Projet1000
Us$6,900  ©Us$ 6,900 US$ 9,900 _
Quality
tuan@tranpham.com | 339.234.1381 @ Stratasys N @BJET
http://www.linkedin.com/in/ttranpham ~ teowemner e - -
North America: 60+ VAR 60+ VAR/120 agents 40+ VAR 20+ VAR/80 agents

Box, 2012

Pinwheel, 2002
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Standard Terminology for
Additive Manufacturing Technologies'?
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1. Scope ing similarities. For many years, the additive manufacturing
industry lacked categories for grouping AM technologies,
which made it challenging educationally and when communi-
cating information in both technical and non-technical settings.
These process categories enable one to discuss

nes, rather than needing 1o explain an extensive list of
commercial variations of a process methodology

1.1 This terminology includes terms, definitions of terms,
descriptions of terms, nomenclature, and acronyms associated
with additive-manufacturing (AM) technologies in an effort to
standardize terminology used by AM users, producers, fe-
searchers, educators, press/media and others
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etiions o 4 heeyar b 0 e I e detnin i3Sl
e 2 sated. Reviions will be made when deermined o be

ategory of

bi —an additive manufacturing process in which
a Iuwm thm agent is selectively deposited 1o join
powder maerials
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producton eady lems
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Rediyes peinens n many caes ey s
owvolume ems, such 35 components

2. Referenced Docu

2.1 IS0 Standard:
1S 10303 -1:1994 Industrial automation systems and inte-

ents

s directed cnergy deposion, n—<n addit manfacuring
used

ration - Product data representation and excha art Drttacns et el eneney s . e to bl specaio s scedator
1: Overview and fundamental principles (6., laser, clectron beam, or plasma arc) s focused to melt the paper-maling equipment Other ompo-
e, such a5 sbpeined ol and Jgh

cc and Use materals being deposiled.

material extrusion, n—an additive manufacturing process in
‘which material is selectively dispensed through a nozzle or
orifice

3.1 The defiitions o the terms presented in this standard 3D printing scales up o cutem bl e ed.
were created by this subcommittee. This standard does not & 4 " "
purport (0 address Safety concerns associatd with the use of
AM technologies. It is the responsibility of the user of this  material js —an additive manufactring process in
standard 1o cstablish approprite safly and heallh practces " which droples of build materia e selectivl deposted
and determine the applicability of regulatory limitations prior Drscussv—Example malerias include photopolymer and wax

becomingintegrated with mainstream manitacturing Ao e o
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powder bed fusion, n—an additive manufacturing process in

4. Additive Manufacturing Process Categories ‘which thermal energy selectively fuses regions of a powder EEK o e i windows
4.1 The follow provide a structure for grouping % o N o les. Producton of these o
terms are esos, and you can cich  glmpse of i sare pars s ew phabing s pow

e sheet lamination. n—an addilive manufacturing process in
useful for educational and standards-development purposes  which sheets of material are bonded to form an object
and are intended 1o clrify which machine types share process-
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¥ e st wih ASTM Incmions (ASTA b Sciyor 3D printer, n—a machine used for 3D printing u | 2.008-F13 ] 17

(y-axis is annual growth rate of AM equipment 7|'li:‘| The consumer market is responsible for the i
and services market) hype, and huge potential?

30

28.2% of $2.1B v (s )
By s $590M 4000 L0 (e

prellmlnary estlmates 12,000 +—| ™ commercial |
) 10,000

8,000

6,000 —_ -
4,000 —
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o -,__._-,-.-uuill,ll
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Data courtesy of Wohlers Associates, Inc., and

Tuan TranPham

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 3D printers sold per year. Sales of consumer-grade machines (Imthn
d a3

$5,000) begins in 2007 and sales of I-gi
in201.

Source: Wohlers Report 2013
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Industry drivers

Figure 1

Generic drivers for AM
technology adoption

Drivers

Healthcare
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Increased design freedom
Supply chain efficiency
Customisation

Material utilisation and energy consumption

Creative Ind

Hi

Lo

None

“SHAPING OUR NATIONAL COMPETENCY IN ADDITIVE
MANUFACTURING” (UK industry interest group)”
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Common AM methods / classification

= “3-D Printing”
= Utilizes powder or liquid resin, deposited in layers,
and cured with ultraviolet light and/or heat.
- Sachs and Cima (MIT), Patent issued 1995, ZCorp

= FDM - Fused Deposition Modeling

= A nozzle deposits molten polymer onto a support
structure layer-by-layer.

- Scott Crump (patent 1992): Stratasys Inc

= SLA - Stereolithography
= Converts liquid plastic resins and composites into
solids layer-by-layer using light.
-> Chuck Hull (patent 1986): 3D systems Inc

= SLS - Selective Laser Sintering / Melting (SLS/SLM)

= Fuses powdered material (polymer, metal, or ceramic)
using a laser or electron beam.

- UT Austin mid-1980’s (Deckard, Beaman et al.)

ajnar@mi

.UUB-F13 | 23
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3D Scan-2-Print Process

FDM physics: extrusion

Analysis by Arjun Chandar, Aleksandra Gorkina, Andrey Vyatskikh — 2.5981 F13
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The extruder (Stratasys Dimension)

http:/kisslicer.com/forum/index.php?topic=375.0
ajhart@mit.edu | 2.008-F13 | 26

FDM part mechanical properties

Stress-Strain Curve for Various
Orientation Angles

(0 deg = loaded parallel to filament)

20
80
/\ Raster Modulus Ultimat Yield Ductility
7 of e Tensile Strength Elong.
/ Angle Flasticity  Strength
- / S i (MPa) (MPa) (Mp) %
S0 o 253940 7560 EX =]
H / 104 344 460 015
240
§ Y] s e s wm o am
@30 I. 2166 4,64 414 038
20 90 23278 4570 285 237
10
o
o 002 004 008 008 01 012 044
Strain (in./in.) l
~—Injection Molded —#—Zero Degree —8—45 Degree
90 Degree —=—T75 Degree ~o—15 Degree
Source: Stratasys Material Analysis for Ultem-9085 ajhart@mit.edu | 2.008-F13 | 28

Finishing Touch Smoothing Station
FDM parts that look injection molded

Finishing Touch Smoothing Station Specs

it.edu | 2.008-F13 | 27

“Vapor smoothing”
(solvent vapor dissolves
polymer at surface)

v

http://www.shapeways.com/blog/archives/295-the-
stratasys-fdm-vapor-smoothing-process-for-our-white-
glaze-material.html

ajhart@mit.edu | 2.008-F13 | 29
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Stereolithography (SLA) @

= Principle: converts photo sensitive liquid resins and
composites into solids layer-by-layer using light (usually UV)

Laser

Mirror —

v v
Laser beam —| |

Workpiece

la

Photosensitive resin

Platform

D. Dutta ajhart@mit.edu | 2.008-F13 | 30

SLA skull prototype
(*video)

T. Donajkowski / UMich Medical Innovation Cente!

W

formlabs

Printing Properties  Technology: Stereolithography
(SLA)
Canvas Size: 125 x 125 x 165 mm
49%49x65in
Feature Size: 300 microns*
X/ Axis Resolution (0.012in)
*See FAQ.
Min Layer Thickness: 25 microns
2 Axis Resolution (0.001 inches)
Supports: Auto Generated
Easily Removable
Form1  Dimensions: 30x28x 45 cm
12x11x181in
Weight: 8k
18 lbs
Power Requirements: 100-240V
1.5A 50/60Hz
sow

Material Properties * Acrylate Photopolymer Resin
« Long shelf life when not exposed to light
« Easily remove extra resin from parts using Form Finish
« Safe to use in a controlled environment
« Low environmental impact with proper disposal

ajhart@mit.edu | 2.008-F13 | 33
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Part comparison: FDM vs. SLA i

Mojo, $10,000

Form1, $4,000

ajhart@mit.edu | 2.008-F13 | 36

Mo > — I-M-M-M-
- -M-M-M-M...-M-1

P-I—> I+ (free radical formation)
e +M > I-Me (initiation)

...-Me (propagation)

Photoinitiator: converts light into free radicals to initiate chain

Fig. 4.4 Free-radical polymerization process

_

Platorm

) o

Laserboam —
I workisce

Photosensiive resin

light source monomer

© O  polymer chain
000
00

O % s

photoinitiator _ reactive species

(free radicals or ions)

htp://web.itu.edu.tr/

Gibson and Rosen, Additive Manufacturing Technologies

Fig. 4.8 Resin “working curve” of cure depth vs. exposure

Cure Depth (mils)

A sphere made on the
Form1: post-print curing

Cure Depth vs. Exposure

-5

-10

10°

10! 102 10°
Exposure (mJ/cm?)
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Surface roughness: where is FDM, SLA? i

Sand casting

Die casting
Investment casting
Low-pressure casting
Forging

Extrusion

Sheet forming

g2 Powder methods
g Electro-machining
8% Conventional machining
Injection molding

= o Blow molding
g £ Compression molding
§ s Rotational molding
@ Thermo-forming
Polymer casting

2 Resin-transfer molding
g_ £ Filament winding
£8

S

Metal shaping
|

Lay-up methods
Vacuum bag
0.01 0.1

Precision machining
Grinding| s

Lapping | - s

Polishing |- |
== metal

Finishing

ceramic == polymer == compasite oA 00

FIGURE 13.31
The process-surface roughness chart. The inclusion of finishing processes allows simple process chains to be explored.

Ashby. ajhart@mit.edu | 2.008-F13 | 40

Tolerances: where is FDM, SLA?

Metal shaping

Ceramic
shaping

Polymer
shaping

Composite
shaping

FIGURE 13.30

The process-tolerance chart. The inclusion of finishing processes allows simple process chains to be explored.

i

Sand casting

Die casting
Investment casting
Low-pressure casting
Forging

Extrusion

Sheet forming
Powder methods
Electro-machining
Conventional machining
Injection molding
Blow molding
Compression molding
Rotational molding
‘Thermo-forming
Polymer casting
Resin-transfer molding
Filament winding
Lay-up methods
Vacuum bag

Precision machining

2

= Grinding
£ Lapping
= Polishing

0.01 0.1 1
Tolerance (mm)
-
= metal == ceramic wm polymer s composite wEA, 09

it.edu | 2.008-F13 | 39

Ashby.

nanoscribe.de

Fibre Laser

Micro-SLA (in some cases known as “two-photon
polymerization”)

Piezoelectric 3D Scanning Stage

Inverted Miroscope

i

ajhart@mit.edu | 2.008-F13 | 42
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F1 car 0.285 mm long!

A 285-Micrometer Indy Car Printed With Two-Photon Lithography Captured by a scanning electron
microscope. Vienna University of Technology

http://www.youtube.com/watch?feature=player_embedded&v=5y0j191HOKY#! ajhart@mit.edu | 2.008-F13 | 44
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United States Patent 1 {1 Patent Number: 5,387,380
Cima et al. [45] Date of Patent: Feb. 7, 1995
[54] THREE-DIMENSIONAL PRINTING (58] Field of Search .. 264/63, 69, 71, 109,
TECHNIQUES 264/113, 123, 8; 425/130, 218, 425;
222/171
[75] Inventors: Michael Cima, Lexington; Emamvel [56) References Cited
e E e U.S. PATENT DOCUMENTS
‘Watertown; Steven P. Michaels, 4,575,330 3/1986 Hull ........ e 425/174.4
Melrose; Satbir Khanuja, Cambridge; 4,665,492 5/1987 Masters 3647468
Alan Lauder, Boslon;ASlng—Jnon. J. :;g;%g ‘;;:Zg What is claimed is:
ICA:;I‘)C:‘E‘Z?:%;"D&:&T"W» 23%23? : ;:g m:),s [Z fprocess for making a component comprising the
gx‘;ggf Harald Tuerck, 5204055 4119 (1) depositing a preselected quantity of 2 powder
Primary Examiner—| ‘material;
[73] Assignee: Massachusetts Institute of Attorney, Agent, or | (2) spreading said powder material in a layer of prese-
Technology D. Pahl, Jr. lected thickness over a predetermined confined
region;
(3) applying a further material to selected regions of
43A said layer of powder material which will cause said
U layer of powder material to become bonded at said
Na 43 42 selected regions;
‘.J U’ ./ (4) repeating steps (1), (2) and (3) a selected number
s 44 of times to produce a selected number of successive
" layers, said further material causing said successive
8 layers to become bonded to each other;
(5) removing unbonded powder material which is not
at said one or more selected regions to provide the
v component.
REPEAT CYCLE 2. A process as set forth in claim 1 wherein said pow-
der comprises essentially spherical particles.

“3D printing” (as it was named)

= Utilizes ink-jet technology to apply binder to powder,
deposited in layers, and binder is cured (optionally with
added ultraviolet light and/or heat)

Print Layer Drop Position

Repeat Cycle

Finished Part
ajhart@mit.edu | 2.008-F13 | 46

7 4 % 7
Intermediate Stage  Last Layer Printed

Example “3D printed” parts (quality?)

F

Z-corp 3D printer

ajhart@mit.edu | 2.008-F13 | 47

D. Dutta ajhart@mit.edu | 2.008-F13 | 48




Powder 3D printing (Z-Corp)

VPrinter 650

http://www.youtube.com/watch?v=0OpGrFBHhIsM ajhart@mit.edu | 2.008-F13 | 49

Selective laser sintering (SLS)

General functional principle of laser-sintering

4

PO

Thin layer of heat fusible Laser bonds the powder

Roller lays out a new
powder is laid out together layer of powder

Table indexes down.

ajhart@mit.edu | 2.008-F13 | 51

Video from QR code in Kalpakjian (7*" ed)

Selective laser sintering (SLS)

ajhart@mit.edu | 2.008-F13 | 50

Betsy: An Evolutionary Academic Machine

While waiting for more equipment, Deckard
figured out a way to regulate the laser with a

p . He used a C d 64
computer and made a custom board to control
it, with all the hand-assembled programming
able to fit into 4KB. Once he had established
good enough parameters that the parts were
strong enough to handle, he brought a part to
Beaman who told him to write it up for his
master's degree.

After completing his master's in 1986, Deckard
decided to stay at UT as a Ph.D. student to
continue working on the project. He and Dr.
Beaman, who was the Principal Investigator
(PI), received a $30,000 grant from the
National Science Foundation (NSF) to
advance the technology, building another
academic machine nicknamed "Betsy." They
improved the system by enclosing it in an
electrical box and adding a counter-rotating
roller for more even powder deposition, which
Deckard had previously been controlling by
hand using a device similar to a saltshaker. By
this point, the parts coming out of Deckard's

Instrumentation for the Betsy machine: an
oscilloscope, Deckard's custom board, a
[« 64, and scanner drivers.

One of the intermediate parts that Deckard
created with Betsy once he had begun
improving the scan parameters of his

machine.
machine were good enough to use as casting
patterns for real parts.
http://www.me.utexas.edu/news/2012/0712_sls_history.php (Betsy, Godzilla, Bambi, etc..) ajhart@mit.edu | 2.008-F13 | 54




Selective laser sintering (SLS)

Sinterstation® Pro SLS® system

.
| NITROGEN
J GENERATOR
s rowen

J it i |
4 C——Pro——

LS systen)

AoM CHLLER RCM B8

d # = - —
i — [ ]

] II

oA

TYPICAL ROOM LAYOUT
S sy system.

Rapid Change Module (RCM)-Build module mourted on
wheels for quick and easy ransfer between the Sinterstation,
e OTS and BOS.

- S e e o} Nitrogen Generator-Delivers a continuous supply of nitrogen

o the SLS system.

i Offine Thermal Station (OTS) -Pre-heats ACM before it is
loaded into the SLS system and manages the RCM cool-down
process after a build has been completed.

Break Out Station (BOS)-In the BOS the parts are removed from the RCM.The non-sintered powder

is automatically sifted and transferred to the IRS.

Integrated Recycling Station (IRS ) The IRS automatically mixes recycled & new powder. The mbed

powder is automatically transferred o the SLS system.

Intelligent Powder Cartridge (IPC)-New powder is loaded into the IRS from a retumable powder cartridge. When the IPC is connectedto the IRS,
iectronic material information is automatically ransferred o the SLS system.

Fig. 5.8 3D Systems Sinterstation Pro and its modular layout (replaced by the sPro Systems in May 2009, courtesy 3D Systems)

ajhart@mit.edu | 2.008-F13 | 56

Sintering mechanism

Figure 3 SEM Micrograph of the unsintered Titanium powder

-~ - - o
o
rdision
sandard
———
«ll
Fgue 4 S Toaiam pos vith il prics
Fig. 4: Model of the standard material cell et oot g by i w30 o L
o v ot S o e i

post procesing with a Nd-Glass
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SLS - metal parts

T. Donajkowski

Infiltration after sintering i

Loose Powder [ Green Part [ Brown Part Finished Part

with a lower-

Polymer

Metal or ceramic particles
mixed with polymer binders.

Melting and
of polymer binders enable
complex parts to be formed
without thermally affecting
the metal or ceramic
powders.

and
particle sintering at elevated
temperatures results in a
porous, sintered component.

metlting-temperature metal
results in a dense, finished
component.

anneal

= Consider methods for metals, polymers, ceramics
= SLS (sinter) vs. SLM (melt) vs. binding | infiltrate |

ajhart@mit.edu | 2.008-F13 | 60




- r - —
Dyson SLA/SLS prototyping (T
= Likely chosen due to combination of geometry, material properties,
throughput.
= http://www.youtube.com/watch?v=nICLNZq3vC4

http://vacuumcleaners-reviews.net/

ajhart@mit.edu | 2.008-F13 | 61

LENS nozzle designs @

Laser beam —_

y Shielding
@ gas

/ Co-axial
" Powder feeder

/' Shielding gas
7'/ compresses
powder stream Final Focus Optics.

€O, Laser Boam 4
4
Nozzle Shielding
Gas

To Powder Feeder

Fixture Deposition

http://www.youtube.com/watch?feature=player_embedded&v=Z4kNkwmeqz8

Simultaneous deposition and fusion W
“Laser Engineered Net Shaping” (Sandia Natl Labs)

= http://www.optomec.com/Additive-Manufacturing-Technology/Laser-Additive-

Manufacturing

LENS Repairing
Titanium Vane Edge

=l

2] LENS 850R No Sound

ajhart@mit.edu | 2.008-F13 | 62
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Unifying attributes of AM methods? @

= Deposition/bonding method
= Material (e.g., polymer, metal, ceramic, bio)
= Scale / geometry
= Other?

ajhart@mit.edu | 2.008-F13 | 65
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Cost versus throughput (volume)

For example, what
will it cost to make
this plastic cup or
cupholder?

'II'Iil_i

+ Materials/geometries
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Invisalign ’I""i

= Market cap. $3.72B 9/10/2013
= 2012: revenue $0.5B, net income $0.05B

INVISALIGN TAKES A
MODERN APPROACH TO
STRAIGHTENING TEETH

st

N il
HOW INVISALIGN WORKS
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Real applications and markets i

= High value personalized products

= Rapid prototyping and tooling (esp. for short run
manufacturing)

= Components that have advantageous attributes if made
by AM
= e.g., save material if made by AM, materials not easily machined
= begin with markets that can afford low throughput, e.g., aerospace,

ajhart@mit.edu | 2.008-F13 | 69

medical
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Invisalign process (as of Kalpakjian): take tooth 'II’II'Fi

impression (mold), 3D scan mold, calculate aligner
geometry, make aligner molds by SLA, thermoform aligners

(b)

FIGURE 20.17 The manufacturing sequence for Invisalign orthodontic aligners. (al
polymer impression of the patient’s teeth. (b) Computer modeling to produce CAD r
desired tooth profiles. (c) Production of incremental models of desired tooth moy
produced by thermoforming a transparent plastic sheet against this model. Source:
Technology, Inc.
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Short run injection molding

“Using 3D printing to make injection mold tools can not only save time but also expense over aluminum or steel
molds.”
In the video below the molds were 3D printed in Objet Digital ABS material. These mold tools are then injected with
real polypropylene at 220 degrees C.
The Digital ABS molds were used in over 100 injection shots, producing a total of 600 ice cream spoons, without
any visible deformation to the tools.
It used only 7 hours to complete the process, while normally it might take 30 days for the work with traditional
manufacturing. The cost saving - 44% over aluminium, 75% over steel is based on the data collected from two

ti CNC mold tool in South America.”

http://www.3ders. { 0130408-making-short-run-injecti Ids-with-3d-printing.html ajhart@mit.edu | 2.008-F13 | 71

Aircraft parts i
Printing Parts

Systems that print mechanical components with metal powder
could be used to build lighter, more efficient airplanes.

By Stuart Nathan on August 23, 2011

While the number of colleges
offering online programs grows each
year, few can claim the history,
faculty, and technical expertise that
goes along with a degree from
Drexel University.

[ e starten TopaY ]

Povoutiaguare  SRBRAISY

Ghris Turner, an engineer at EADS Innovation Works near Bristol, England,
twists a lever on a boxy black machine, and a porthole opens to reveal a dark
cavity with a floor covered in gray powder. An invisible beam sweeps across the.
powder, and sparks fly. The box is an additive-layer manufacturing machine,
Sometimes known as a 3-D printer, and it is making a small part for an Airbus
A330 aifiner. EADS, which owns Aitbus, hopes the evice can transform
manufacturing. Among other things, it could produce parts that make airplanes
lighter, so they use less fuel.

http://www.technologyreview.com/demo/425133/printing-parts/?mod=MagOur ajhart@mit.edu | 2.008-F13 | 72

Individual design
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INervous System is a generative design studio that works at the intersection of science. art, and technology. We create
sing a novel process that employs computer simulation to generate des d digital fabrication to reaiize products.
(Orawing inspiration from natural phenomena, we write computer progra and patterns found in
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and who cares WHERE or HOW my part 'Il.' :‘i

is made?
http://www.kraftwurx.com/
(see materials)

Kraftwurx’s cloud-based 3D printing solution is called “Digital
Factory™”

“In 2004, we set out to build a
platform that empowers everyone to
create, showcase, buy and sell
personalized products with 3D
Printing. We envision a world where
the power to create and manufacture
new products is placed into the hands
of everyday people”. Kraftwurx (link)

110+ Smart Grid™
production facilities worldwide

“Digital Factory™ is a patented & patent-pending scalable cloud-based platform for on-
demand 3D-Printing. We've combined a powerful e-commerce solution with Enterprise
Resource Planning technology and powerful tools that empowers consumers to customize
their own products, into one seamless solution.”. Kraftwurx (link)
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Proposed “organ printing” method i
" WWW.organovo.com
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Critical enablers of continued growth Dlii

= AM processes (seminal patents expired or expiring soon)
- Needs for improvement (RATE, quality, COST, flexibility?)
= Printable materials, e.g.,

= Aerospace-grade plastic that can make replacement toilet parts for
out-of-production aircraft

Biocompatible plastics for hearing aids

= Powders for SLS (or aerosol jet) deposition of different metals and
semiconductors; “structured materials LLC”

= CAD systems and file formats
= 3D scanners

= Data infrastructure

= Standards!
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[I /] Designation: F2792 - 12a
g’

INTERNATIONAL

Standard Terminology for

Additive Manufacturing Technologies'?

This standard is issued under the fixed designation F2792; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (&) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This terminology includes terms, definitions of terms,
descriptions of terms, nomenclature, and acronyms associated
with additive-manufacturing (AM) technologies in an effort to
standardize terminology used by AM users, producers, re-
searchers, educators, press/media and others.

Note 1—The subcommittee responsible for this standard will review
definitions on a three-year basis to determine if the definition is still
accurate as stated. Revisions will be made when determined to be
necessary.

2. Referenced Documents

2.1 ISO Standard:’

ISO 10303 -1:1994 Industrial automation systems and inte-
gration -- Product data representation and exchange -- Part
1: Overview and fundamental principles

3. Significance and Use

3.1 The definitions of the terms presented in this standard
were created by this subcommittee. This standard does not
purport to address safety concerns associated with the use of
AM technologies. It is the responsibility of the user of this
standard to establish appropriate safety and health practices
and determine the applicability of regulatory limitations prior
to use of additive manufacturing.

4. Additive Manufacturing Process Categories

4.1 The following terms provide a structure for grouping
current and future AM machine technologies. These terms are
useful for educational and standards-development purposes
and are intended to clarify which machine types share process-

! This terminology is under the jurisdiction of Committee F42 on Additive
Manufacturing Technologies and is the direct responsibility of Subcommittee
F42.91 on Terminology.

Current edition approved March 1, 2012. Published March 2012. Originally
approved in 2009. Last previous edition approved in 2012 as F2792-12. DOI:
10.1520/F2792-12A.

2 Through a mutual agreement with ASTM International (ASTM), the Society of
Manufacturing Engineers (SME) contributed the technical expertise of its RTAM
Community members to ASTM to be used as the technical foundation for this
ASTM standard. SME and its membership continue to play an active role in
providing technical guidance to the ASTM standards development process.

3 Available from International Organization for Standardization (ISO), 1, ch. de
la Voie-Creuse, Case postale 56, CH-1211, Geneva 20, Switzerland, http:/
www.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_
detail.htm?csnumber=20579

ing similarities. For many years, the additive manufacturing
industry lacked categories for grouping AM technologies,
which made it challenging educationally and when communi-
cating information in both technical and non-technical settings.
These process categories enable one to discuss a category of
machines, rather than needing to explain an extensive list of
commercial variations of a process methodology.

binder jetting, n—an additive manufacturing process in which
a liquid bonding agent is selectively deposited to join
powder materials.

directed energy deposition, n—an additive manufacturing
process in which focused thermal energy is used to fuse
materials by melting as they are being deposited.
Discussion—"Focused thermal energy” means that an energy source
(e.g., laser, electron beam, or plasma arc) is focused to melt the
materials being deposited.

material extrusion, n—an additive manufacturing process in
which material is selectively dispensed through a nozzle or
orifice.

material jetting, n—an additive manufacturing process in
which droplets of build material are selectively deposited.
Discussion—Example materials include photopolymer and wax.

powder bed fusion, n—an additive manufacturing process in
which thermal energy selectively fuses regions of a powder
bed.

sheet lamination, n—an additive manufacturing process in
which sheets of material are bonded to form an object.

vat photopolymerization, n»—an additive manufacturing pro-
cess in which liquid photopolymer in a vat is selectively
cured by light-activated polymerization.

5. Terminology

5.1 Definitions:
3D printer, n—a machine used for 3D printing.

3D printing, n—the fabrication of objects through the deposi-
tion of a material using a print head, nozzle, or another
printer technology.
Discussion—Term often used synonymously with additive manufac-
turing; in particular associated with machines that are low end in price
and/or overall capability.
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3D scanning, n—a method of acquiring the shape and size of
an object as a 3-dimensional representation by recording
x,y,Z coordinates on the object’s surface and through soft-
ware the collection of points is converted into digital data.
Discussion—Typical methods use some amount of automation,
coupled with a touch probe, optical sensor, or other device. Synonym:
3D digitizing.
additive manufacturing (AM), n—a process of joining mate-
rials to make objects from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing methodolo-
gies. Synonyms: additive fabrication, additive processes,
additive techniques, additive layer manufacturing, layer
manufacturing, and freeform fabrication.

additive systems, n—machines used for additive manufactur-
ing.

binder jetting, n»—an additive manufacturing process in which
a liquid bonding agent is selectively deposited to join
powder materials.

direct metal laser sintering (DMLS®), n—a powder bed
fusion process used to make metal parts directly from metal
powders without intermediate “green” or “brown” parts;
term denotes metal-based laser sintering systems from EOS
GmbH - Electro Optical Systems. Synonym: direct metal
laser melting.

directed energy deposition, n—an additive manufacturing
process in which focused thermal energy is used to fuse
materials by melting as they are being deposited.

Discussion—"Focused thermal energy” means that an energy source
(e.g., laser, electron beam, or plasma arc) is focused to melt the
materials being deposited.

facet, n—typically a three- or four-sided polygon that repre-

sents an element of a 3D polygonal mesh surface or model;
triangular facets are used in STL files.

fused deposition modeling (FDM®), n—a material extrusion

process used to make thermoplastic parts through heated
extrusion and deposition of materials layer by layer; term
denotes machines built by Stratasys, Inc.

laser sintering (LS), n—a powder bed fusion process used to

produce objects from powdered materials using one or more
lasers to selectively fuse or melt the particles at the surface,
layer by layer, in an enclosed chamber.

DiscussioN—Most LS machines partially or fully melt the materials
they process. The word “sintering” is a historical term and a misnomer,
as the process typically involves full or partial melting, as opposed to
traditional powdered metal sintering using a mold and heat and/or
pressure.

material extrusion, n—an additive manufacturing process in
which material is selectively dispensed through a nozzle or
orifice.

material jetting, n—an additive manufacturing process in
which droplets of build material are selectively deposited.
Discussion—Example materials include photopolymer and wax.

powder bed fusion, n—an additive manufacturing process in
which thermal energy selectively fuses regions of a powder
bed.
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prototype tooling, n—molds, dies, and other devices used to
produce prototypes; sometimes referred to as bridge tooling
or soft tooling.

rapid prototyping, n—additive manufacturing of a design,
often iterative, for form, fit, or functional testing, or combi-
nation thereof.

rapid tooling, n—the use of additive manufacturing to make
tools or tooling quickly, either directly, by making parts that
serve as the actual tools or tooling components, such as mold
inserts, or indirectly, by producing patterns that are, in turn,
used in a secondary process to produce the actual tools.

rapid tooling, n—in machining processes, the production of
tools or tooling quickly by subtractive manufacturing meth-
ods, such as CNC milling, etc.

reverse engineering, n—in additive manufacturing, method of
creating a digital representation from a physical object to
define its shape, dimensions, and internal and external
features.

selective laser sintering (SLS®), n—denotes the LS process
and machines from 3D Systems Corporation.

sheet lamination, n—an additive manufacturing process in
which sheets of material are bonded to form an object.

stereolithography (SL), n—a vat photopolymerization process
used to produce parts from photopolymer materials in a
liquid state using one or more lasers to selectively cure to a
predetermined thickness and harden the material into shape
layer upon layer.

stereolithography apparatus (SLA®), n—denotes the SL
machines from 3D Systems Corporation.

subtractive manufacturing, »—making objects by removing
of material (for example, milling, drilling, grinding, carving,
etc.) from a bulk solid to leave a desired shape, as opposed
to additive manufacturing.

surface model, »—a mathematical or digital representation of
an object as a set of planar or curved surfaces, or both, that
may or may not represent a closed volume.

Discussion—May consist of Bezier B-spline surfaces or NURBS
surfaces. A surface model may also consist of a mesh of polygons, such
as triangles, although this approach approximates the exact shape of the
model.

tool, tooling, n—a mold, die, or other device used in various
manufacturing and fabricating processes such as plastic
injection molding, thermoforming, blow molding, vacuum
casting, die casting, sheet metal stamping, hydroforming,
forging, composite lay-up tools, machining and assembly
fixtures, etc.

vat photopolymerization, »—an additive manufacturing pro-
cess in which liquid photopolymer in a vat is selectively
cured by light-activated polymerization.

5.2 Acronyms:
CAD, n—Computer-Aided Design. The use of computers for
the design of real or virtual objects.
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CAM, n—Computer-Aided Manufacturing. Typically refers to Discussion—originally a product data exchange specification devel-
systems that use surface data to drive CNC machines, such oped in the 1980s by the IGES/PDES Organization, a program of US

as digitally-driven mills and lathes, to produce parts, molds, Product Data Association (USPRO), it was adopted as the basis for and
and (ies y P p subsequently superseded by ISO 10303 STEP.

STEP, n—Standard for the Exchange of Product Model Data.

CNC, n—Computer Numerical Control. Computerized control DiscussioN—The common name for ISO 10303 that “provides a

of machines for manufacturing. representation of product information, along with the necessary mecha-
DiscussioN—Common CNC machines include mills, lathes, grinders, nisms and definitions to enable product data to be exchanged. [The
and flame, laser, and water-jet cutters. standard] applies to the representation of product information, includ-
ing components and assemblies; the exchange of product data, includ-

IGES, n—Initial Graphics Exchange Specification, a platform ing storing, transferring, accessing, and archiving.”

neutral CAD data exchange format intended for exchange of

product geometry and geometry annotation information; STL, n—in additive manufacturing, file format for 3D model

IGES version 5.3 was superseded by ISO 10303, STEP in data used by mgchmes to build physmal parts; S.TL is the de

2006. facto standard interface for additive manufacturing systems.
Discussion—IGES is the common name for a United States National STL originated from the term' ste.reollthography.

Bureau of Standards standard NBSIR 80-1978, Digital Representation . Discussion—The STL .format’ in binary and .ASCH forms, uses

for Communication of Product Definition Data, which was approved by trlangule.lr facets to apprommat'e the shape of an ObJeCt.' The format lists

ANSI first as ANS Y 14.26M-1981 and later as ANS USPRO/IPO-100- the vertices, ordered by the right-hand rule, and unit normals of the

1996. triangles, and excludes CAD model attributes.

PDES, n—Product Data Exchange Specification or Product 6. Keywords

Data Exchange using STEP. 6.1 additive manufacturing; rapid prototyping; 3D printing
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