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Making news recently. 

http://techonomy.com/2013/09/can-3d-
printing-revive-americas-middle-class/ 
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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 | 7 

References 
§ Textbook: Ian 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. 

http://www.cs.berkeley.edu/~sequin/CAFFE/cyberbuild.html 
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+ camera on rook texture 
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Stratasys whitepapers: 
http://www.stratasys.com/resources/white-papers  ajhart@mit.edu | 2.008-F13 | 14 
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Pinwheel made by FDM (Fall 2002) 
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Box, 2012 

Pinwheel, 2002 
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(y-axis is annual growth rate of AM equipment 
and services market) 

ajhart@mit.edu | 2.008-F13 | 20 Lipson and Kurman, Fabricated: The New World of 3D Printing. 

The consumer market is responsible for the 
hype, and huge potential? 
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“SHAPING OUR NATIONAL COMPETENCY IN ADDITIVE 
MANUFACTURING” (UK industry interest group)” 

Industry drivers 
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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. 
à Sachs and Cima (MIT), Patent issued 1995, ZCorp 

§  FDM – Fused Deposition Modeling 
§  A nozzle deposits molten polymer onto a support 

structure layer-by-layer.  
à Scott Crump (patent 1992): Stratasys Inc 

§  SLA – Stereolithography 
§  Converts liquid plastic resins and composites into 

solids layer-by-layer using light.  
à 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. 
à UT Austin mid-1980’s (Deckard, Beaman et al.) 

ajhart@mit.edu | 2.008-F13 | 25 

FDM physics: extrusion 
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Analysis by Arjun Chandar, Aleksandra Gorkina, Andrey Vyatskikh – 2.S981 F13 
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The extruder (Stratasys Dimension) 

http://kisslicer.com/forum/index.php?topic=375.0 
ajhart@mit.edu | 2.008-F13 | 27 
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FDM part mechanical properties 

Source: Stratasys Material Analysis for Ultem-9085 

Stress-Strain Curve for Various 
Orientation Angles 

(0 deg = loaded parallel to filament) 
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http://www.shapeways.com/blog/archives/295-the-
stratasys-fdm-vapor-smoothing-process-for-our-white-
glaze-material.html 

“Vapor smoothing” 
(solvent vapor dissolves 

polymer at surface) 
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Stereolithography (SLA) 

D. Dutta 

§ Principle: converts photo sensitive liquid resins and 
composites into solids layer-by-layer using light (usually UV) 
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SLA skull prototype  
 (*video) 

T. Donajkowski / UMich Medical Innovation Center ajhart@mit.edu | 2.008-F13 | 33 
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Photoinitiator: converts light into free radicals to initiate chain 

http://web.itu.edu.tr/ 
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Part comparison: FDM vs. SLA 

Form1, $4,000 

Mojo, $10,000 
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A sphere made on the 
Form1: post-print curing 
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Tolerances: where is FDM, SLA? 

Ashby. 
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Surface roughness: where is FDM, SLA? 

Ashby. ajhart@mit.edu | 2.008-F13 | 42 nanoscribe.de  

Micro-SLA (in some cases known as “two-photon 
polymerization”) 
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F1 car 0.285 mm long! 

http://www.youtube.com/watch?feature=player_embedded&v=5y0j191H0kY#!  ajhart@mit.edu | 2.008-F13 | 46 

“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) 

ajhart@mit.edu | 2.008-F13 | 47 ajhart@mit.edu | 2.008-F13 | 48 D. Dutta 

Example “3D printed” parts (quality?) 

Z-corp 3D printer 
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Powder 3D printing (Z-Corp) 

http://www.youtube.com/watch?v=OpGrFBHhlsM ajhart@mit.edu | 2.008-F13 | 50 

Selective laser sintering (SLS) 

Video from QR code in Kalpakjian (7th ed) 
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Selective laser sintering (SLS) 

Thin layer of heat fusible 
powder is laid out 

Laser bonds the powder 
together Table indexes down. Roller lays out a new 

layer of powder 

ajhart@mit.edu | 2.008-F13 | 54 http://www.me.utexas.edu/news/2012/0712_sls_history.php (Betsy, Godzilla, Bambi, etc..)  
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Selective laser sintering (SLS) 
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SLS – metal parts 

T. Donajkowski 
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Sintering mechanism 
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Infiltration after sintering 

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

anneal 
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Dyson SLA/SLS prototyping 
§  Likely chosen due to combination of geometry, material properties, 

throughput. 
§  http://www.youtube.com/watch?v=nlCLNZq3vC4 

http://vacuumcleaners-reviews.net/ 

ajhart@mit.edu | 2.008-F13 | 62 

Simultaneous deposition and fusion  
“Laser Engineered Net Shaping” (Sandia Natl Labs) 
§  http://www.optomec.com/Additive-Manufacturing-Technology/Laser-Additive-

Manufacturing  

http://www.youtube.com/watch?feature=player_embedded&v=Z4kNkwmeqz8 
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LENS nozzle designs 
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Unifying attributes of AM methods? 
§ Deposition/bonding method 
§ Material (e.g., polymer, metal, ceramic, bio) 
§ Scale / geometry 
§ Other? 



12/1/13 

14 

ajhart@mit.edu | 2.008-F13 | 67 

Cost versus throughput (volume) 
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3D printing? 

Injection 
molding 

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

+ Materials/geometries 
that can’t be easily 
processed by 
conventional methods 

Differences in 
quality? 
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Real applications and markets 
§ 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, 

medical 

ajhart@mit.edu | 2.008-F13 | 69 

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

ajhart@mit.edu | 2.008-F13 | 70 

Invisalign process (as of Kalpakjian): take tooth 
impression (mold), 3D scan mold, calculate aligner 
geometry, make aligner molds by SLA, thermoform aligners 
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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 
traditional CNC mold tool manufacturers in South America.” 

http://www.3ders.org/articles/20130408-making-short-run-injection-molds-with-3d-printing.html ajhart@mit.edu | 2.008-F13 | 72 

Aircraft parts 

http://www.technologyreview.com/demo/425133/printing-parts/?mod=MagOur 
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Individual design 
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and who cares WHERE or HOW my part 
is made? 
http://www.kraftwurx.com/ 
(see materials) 
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Proposed “organ printing” method 
§  www.organovo.com 
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Critical enablers of continued growth 
§ AM processes (seminal patents expired or expiring soon) 
à 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! 



Designation: F2792 − 12a

Standard Terminology for
Additive Manufacturing Technologies1,2

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:3

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-

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—9Focused thermal energy9 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.

1 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

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. United States

1

 

Copyright by ASTM Int'l (all rights reserved); Mon Sep  9 17:52:47 EDT 2013
Downloaded/printed by
MIT Libraries pursuant to License Agreement. No further reproductions authorized.

http://www.astm.org/COMMIT/COMMITTEE/F42.htm
http://www.astm.org/COMMIT/SUBCOMMIT/F4291.htm


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—9Focused thermal energy9 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.

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, n—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, n—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, n—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
systems that use surface data to drive CNC machines, such
as digitally-driven mills and lathes, to produce parts, molds,
and dies.

CNC, n—Computer Numerical Control. Computerized control
of machines for manufacturing.

DISCUSSION—Common CNC machines include mills, lathes, grinders,
and flame, laser, and water-jet cutters.

IGES, n—Initial Graphics Exchange Specification, a platform
neutral CAD data exchange format intended for exchange of
product geometry and geometry annotation information;
IGES version 5.3 was superseded by ISO 10303, STEP in
2006.

DISCUSSION—IGES is the common name for a United States National
Bureau of Standards standard NBSIR 80-1978, Digital Representation
for Communication of Product Definition Data, which was approved by
ANSI first as ANS Y14.26M-1981 and later as ANS USPRO/IPO-100-
1996.

PDES, n—Product Data Exchange Specification or Product
Data Exchange using STEP.

DISCUSSION—originally a product data exchange specification devel-
oped in the 1980s by the IGES/PDES Organization, a program of US
Product Data Association (USPRO), it was adopted as the basis for and
subsequently superseded by ISO 10303 STEP.

STEP, n—Standard for the Exchange of Product Model Data.
DISCUSSION—The common name for ISO 10303 that “provides a

representation of product information, along with the necessary mecha-
nisms and definitions to enable product data to be exchanged. [The
standard] applies to the representation of product information, includ-
ing components and assemblies; the exchange of product data, includ-
ing storing, transferring, accessing, and archiving.”

STL, n—in additive manufacturing, file format for 3D model
data used by machines to build physical parts; STL is the de
facto standard interface for additive manufacturing systems.
STL originated from the term stereolithography.

DISCUSSION—The STL format, in binary and ASCII forms, uses
triangular facets to approximate the shape of an object. The format lists
the vertices, ordered by the right-hand rule, and unit normals of the
triangles, and excludes CAD model attributes.

6. Keywords

6.1 additive manufacturing; rapid prototyping; 3D printing
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