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Abstract

The adoption of 3D printing, also commonly referred to as additive manufacturing, 1s occurring at a very rapid
pace with a further projected growth of 459% compounded annual growth rate (CAGR) over the coming years.
An important aspect of the widespread acceptance of industrial 3D printing has been an industry-wide focus

on improving quality, rehability and repeatability of 3D printed parts. Industry stakeholders, including printer
manufacturers and imdustrial end users of parts, have identified further quality assurance through mternationally
established standards, verification, and certification as essential to spur even more rapid technology adoption and
implementation.

In this paper we begin by presenting the basics of 3D printing technology and then turn to explore the unique
challenges that 3D printing poses with respect to ensuring the production of high quality parts. Additionally, we
present an overview of the current stakeholders for 3D printed parts’ quality standards and verification mecha-
nisms. Lastly, we examine the current trends to lower costs for quality assurance of the burgeoning 3D printed

parts market, which include systemic aggregation of quality assurance programs and new low cost measurement
technologies.
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Introduction: 3-D
Printing Verification

Twenty years ago, 3D printing, also
commonly referred to as additive
manufacturing, was perceived as a fu-
turistic technology; a novelty whose
promise was decades away and
though mtriguing left too many gaps
with respect to conventional manu-
facturing to be considered for wide-
spread use. In the decades since,
through refinement of techniques
and the 1dentification of new tech-
nologies, 3D printing has advanced
significantly to the point that the in-
corporation of 3D-printed parts in
high end industrial components 1s
rapidly becoming commonplace.
Industrial adoption of 3D-print-
ed parts 1s occurring at a very rap-
id pace with a further projected
growth of 45% compounded an-
nual growth rate (CAGR) over the
coming years. An important aspect
of this widespread acceptance has
been an industry-wide focus on
immproving such parts’ quality, reli-
ability and repeatability. Industry
stakeholders, including printer man-
ufacturers and industrial end us-
ers of parts, have i1dentified further
quality assurance through interna-
tionally established standards, verifi-
cation, and certification as essential
to spur even more rapid technolo-
gy adoption and implementation.

Quality assurance companies have
created departments focused spe-
cifically on the 3D printing mar-

ket.  Moreover, several national
and International consortia and
government agencies have em-

barked on multi-year programs to
define worldwide standards to en-
sure the quality of 3D printed parts.
At the culmination of these pro-
grams, the consortium expects
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to make a worldwide presentation
of detailed standards regarding the
qualification and processing of mate-
rials, as well as new testing guidelines.

But the path to the full implementa-
tion of such standards 1s not a clear
one. Based on the potential explo-
sion 1n scale of new printing devic-
es, printable materials, and printing
applications, we anticipate a gap in
the capability of the industry to en-
force the new standards and con-
tinue to develop additional charac-
terization methods mn order to keep
pace.  With respect to the sheer
size of the new market, we project
that quality assurance aggregators
will streamline testing and certifica-
tion costs i the 3D printing indus-
try as they have demonstrated i the
conventional manufacturing space.
With respect to new materials and
characterization technologies,
predict that new technical solutions
such as low cost dimensional mea-
surement will be developed and
proliferate through the marketplace.

we

I. The State of 3D Printing
Technology

Thousands of 3D printers are avail-
able in the market today, and just
about every other week a new mod-
el of 3D printer 1s introduced. The
price of these printers ranges from a
few hundred dollars at the entry-lev-
el, to the level of “sky-1s-the-lmit”
(high-end, special size/materials).
Printer manufacturers, software
developers, service providers, and
3D printing users are rushing to
the marketplace with new business
models created daily. Some of the
most important developments are
highlighted i the following sections.
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1.Types of 3D Printing
Technologies

1. 1. Materials and Printer types

A wide range of materials 1s
available for 3D printing mate-
rial. The most commonly used
materials are  the  following:

Polylactic Acid (PLA): Fasy for print-
mg. Plant-derived and biodegrad-
able. Available for various color
and rigidness levels.

Nylon: Slippery and slightly phiable.
Good for parts requiring low fric-
tion. Some take on dyes well, and
can be particularly strong.

Acrylonmitrile butadiene stryrene (ABS):
The most common 3D printingplas-
tics. Strong. Available in a variety
of colors. Unpleasant odor during
printing.

Stainless Steel: T'ypically infused with
bronze. Cheapest form of metal
printing. Very strong and suitable
for significantly large objects.

Tutanium Alloys: Powders are sin-
tered together by laser to produce
metal parts.

Similar to the wide range of materi-
als available, there are a wide variety
of printing technologies. In combi-
nation, the field of 3D printing has
become diverse and interesting. The
followingare afewof the mostsuccess-
ful current 3D printing technologies:
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Selectie Laser Sintering (SLS):
Computer-controlled laser pulses
down on the platform, tracing a
cross-section of the object onto tiny
particles of plastic, ceramic or glass.
The laser heats the powder either to
Just below boiling point (sintering)
or above boiling point (melting),
which fuses the particles together
mto a solid form.

Fused Deposition Modeling (FDM): 3D
prototypes are created by heating
and extruding a filament of plastic
material. The extrusion nozzle
moves over the build platform,
“drawing” a cross section of an
object onto the platftorm. When
this thin layer of plastic cools and
hardens, 1t immediately binds to
the layer beneath it. Once a layer

1s completed, the base 1s lowered
slightly, making way to add the next
layer of plastic.

PolyFet: Works by jetting photopoly-
mer materials i ultra-thin layers
(16um) onto a build tray untl the
part 1s completed. Each photo-
polymer layer 1s cured by UV light
mmmediately after it 1s jetted.

Stereolithography (SLA): Method based
on the hardening of successive lay-
ers of fluid resin using UV rays or
lasers. After each layer 1s fused, the
perforated platform 1s lowered very
slightly and another slice 1s traced
out and hardened by the UV / laser.
This process 1s repeated until a
complete object has been printed.

1.2. Challenges with 3D printing
materials

Despite the rapid advancement,

3D printing materials still face the
following challenges:

Strength: 3D printed parts are not as
strong as traditionally-manufactured
parts. Their layer-by-layer tech-
nique of manufacturing is both their
biggest strength and their greatest
weakness. Metal printing very often
uses powder metals, which contain
oxides, which not only make the
metal rust more easily, but also act
like holes in Swiss cheese which
weaken the final products.

Surface finish: 3-D printed objects
generally have matte finish with
rough layer lines all over. Although
we can post-process parts to make
the object’s surface smooth, this
generally involves labor and/or ad-
ditional chemicals, and loses detail
and tolerance on parts.

Energy inefficiency: According to
research done by Loughborough
University, melting or fusing 3D
printing materials consumes about
50 to 100 times more electrical en-
ergy than injection molding, casting
or machining i order to make an
item of the same weight.
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Reliance on plastics: Environmental
movements in recent history have
attempted to reduce reliance on
plastics, from grocery bags to water
bottles, and replace them with ones
that can be made from recycled
materials . The most popular—and
cheapest—3D printers use plastic
filament. If 3D printing becomes
industrialized, disposal of this by-
product will become a new environ-
mental 1ssue.

Safety concerns: 3D printer poses a
serious health risk when used inside
the home. The printers emit parti-
cles 1n great numbers and can cause
serious health-related 1ssues.

In particular, there are additional
challenges for 3D printing metal ma-
terials. A clear example of this 1s the
higher temperature level required
to print metal objects, which in turn
translates to even higher energy con-
sumption and a higher manufactur-
mg cost for 3D-printed products.

Primary Global AM Market
USS$ in millions, unless otherwise stated
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Figure 1: 3d Printing Market Forecast by Segments
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2. 3D Printing Business
Models

2.1 Maor market trends

Industry analysts predict tremendous
growth opportunities in the 3D print-
ing business for the next few years.
The trend 1s consistent across all 3D
printing segments and regions, as
mdicated by Figure 1 and Figure 2.

2.2 Industrial 3-D Printing

Industrial 3-D printers generally
have larger print throughput capaci-
ties, top-notch resolution and use sig-
nificantly durable printing materials.

2.2.1 Major companies moving into
mdustrial 3D Printing

Up to now, 3-D printing has been
most useful in creating prototypes. But
from the automotive to the electron-
ics and toy industries, 3D printers will
icreasingly produce critical parts and
finished products. For example, Bent-
ley 1s one company that has already
demonstrated the feasibility of using
3D printing for small, complex parts.
Motorcyclists and bikers will also be
able to order their own customized
helmets that are printed to fit their
mdividual head size and structure.

2.2.2 Why companues will choose
mdustrial 5-D Printing

Industrial 8D printers are superior
to consumer-grade 3D printers for
manufacturing fully-functioning qual-
ity prototypes. As mentioned before,
the best industrial 3D printers have
large print capacities, top-notch res-
olution and use extremely durable
materials. These printers make man-
ufacturing a much simpler process
for individual users and companies.
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 Emissions by Sector Average 1990-2012
Inkjet Powders
Photopolymers

B Thermoplastics (solid)

- B Thermoplastic (powder)

Figure 2: The Current Breakdown of 53D Printing Materials Market

2.8 3-D Printers for small business
and Home Use

Everyone who 1s looking at how 3-D
printing affects small business and
home users feels pretty certain it 1is
going to have a large impact. How-
ever, the magnitude of disruption 1s
uncertain. For now, early-adopting
small business owners tend to use
3D printing for prototyping, creat-
g replacement and intricate parts,
and for making customized gifts.
The barrier to more widespread
use of the printers 1s not cost—the
cheapest 3D printers will drop from
$1,000 to $100 within the next few
years—but  technical know-how.
2.4 Printing Services

Instead of owning a 3D printer and
self-printing objects, there are advan-
tages to outsourcing 3D printing ser-
vices instead. In addition to lowering
the cost, these service providers take
the hassle outof settingup, testing, and
operating a 3-D printer by providing:

Design: Concept to 3D modeling
Manufacture: Quality, Volume and
Materials

Sales of printers and supplies

Equipment  Service and  Consulting

Marketplace for 3D printing prod-

ucts

Providers of such services 1n-
clude:  Shapeways, 1.Matenalise,
Ponoko, RedEye, Sculpteo. The

advantages and disadvantages for
3-D printing outsourcing to an ex-
ternal provider are the following:

Advantages

- Cost of owning 3D printers

- Design Services: for customers
without CAD experience

- Quality: Special printer capabilities

- Volume: Larger quantities

- Materials: Special materials

Drisadvantages
- Iterations can be slow and expen
sive

II. Methods of 3D printing

standards and verification

All the major stakeholders i 3D
printing commerce recognize the
need for well-defined standards,
verification and certification mech-
anisms. Printer and material manu-
facturers seek to differentiate their
products based on their ability to
print high-quality parts. These man-
ufacturers research and report on
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the capabilities of their printers and
materials. However, the definition
of “high quality” must be univer-
sally defined and accepted by the
industry. National and international
quality consortia and government
agencies have traditionally held the
role of defining objective, repeat-
able, and enforceable standards

in the manufacturing industry as
awhole. These consortia are,
generally speaking, public-private
organizations that convene to define
common standards for materials,
materials testing, and dimensional
analysis.

1. Role of consortia
1.1 Maor Consortia Players

The types of consortia and govern-
ment agencies associated with 3D
printing standards and verification
can be loosely grouped into two cat-
egories. Firstly, there 1s a traditional
manufacturing  standard-and-test-
g consortia as well as government
agencies that have created sub-
groups to specifically address the
unique challenges of 3D printing.
Secondly, there are 3D printing in-
dustry and printing users consortia.

The foremost of the traditional
manufacturing standards consor-
tia to establish standards in addi-
tive manufacturing 1s the American
Society of Testing and Materials
(ASTM) which formed a technical
committee (ASTM F42) for addi-
tive manufacturing in 2009. ASTM
F42 convenes bi-annually with par-
ticipation of approximately 70 of
its 215 members. The organization
lists 1ts scope as “The promotion of
knowledge, stimulation of research
and 1mplementation of technology
through the development of stan-
dards for additive manufacturing

technologies.” Moreover, it states that
the work of the organization “will be
coordinated with other ASTM tech-
nical committees and other nation-
al and international organizations
having mutual or related interests.”

ASTM’s mternational counterpart,
the International Organization for
Standards (ISO) also established a
technical committee (T'C261) for
additive manufacturing m  2011.
Nineteen participating countries
are currently listed as ISO TC 261
members. The scope of the tech-
nical committee 1s defined as “Stan-
dardization 1n the field of Additive
Manufacturing (AM) concerning
their processes, terms and defini-
tions, process chains (Hard- and
Software), test procedures, quality
parameters, supply agreements and
all kind of fundamentals.” In No-
vember of 2013, ISO and ASTM
published a jomnt plan to unify
ASTM and ISO additive manu-
facturing standards. ASTM'’s anal-
ysis of the structure of required
standards 1s presented m Figure 3.
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Other major consortia with com-
mittees and activities related to
additive manufacturing include the
American Society of Mechanical
Engineers (ASME), the Society of
Materials Engineering (SME), the
Society of Automotive Engineers
(SAE), and the American Society of
Precision Engineering (ASPE).

Consortia specializing in the devel-
opment of the 3D printing industry
as a whole as well as those including
standards as a primary focus mclude
the Additive Manufacturing Users’
Group (AMUG), America Makes
(The National Additve Manufac-
turing Innovation Institute), and

the Additive Manufacturing Con-
sortium (AMC), and a European
consortium, the Support Action for
Standardization in Additive Manu-
facturing (SASAM).

1.2 Details of when Agencies will
Release Standards

Two U.S. governmental organiza-
tions worth noting for establishing
3D printing verification standards

Structure of AM Standards

General AM
Standards

Processes / Materials
= 150172962
= Qualification and
Certification Methods
= Requirements for
Purchased AM Parts
= Non-Destructive
Evaluation Methods

* 50172963

Terminology
* ASTM F2792-12a
* 15017296-1
* ISO/ASTM 52921-13 |

Methods

Raw
Iaterials

Material Category-Specific

MetalPowders Powder Bed Fusion

164 ING25

PolymerPowders
Photopolymer Resins Material Extrusion
Ceramics

etc. etc.

Process/Material-Specific
Standards

Material-Specific Standards

Material-Specific Size

specification Process-Specific

Material-Specific

L Process-Specific Test
Chemical Composition

Artifacts
Material-SpedficViscosity
Specification Methods

etc etc,

Figure 3: Structure of AM Standards

TestMethods

* Test Artifacts
* GeneralTest

+ Performance
Test Methods

Process Category/Material-Specific

Directed Energy Deposition

Performance Test Methods

System Component Test

General
Top-Level

AM Standards
- General concepts
- Common

requirements
- Generally applicable

Design / Data Formats
= 150172964
= ISO/ASTM 52915-13
= DataStructures and
Metrics for AM Models

Finished
Parts

Standard Protocols for Round Categorv
Robin Testing
AM
Mechanical Test Methods - e.g.,
— Part 1: Tensile Tests, Part 2: Porosity Standards
Tests, Part 3: Fracture Toughness, etc. .
- Specificto
Metals Polymers Others material or
Part Specifications process
e category
Application-Specific Standards Speaa lized
AM
T Standards
Medical - Spedificto
- material,
Automotive process, or
etc. application

39



Applied Innovation Review

and techniques include the Nation-
al Institute of Standards and Testing
(NIST), and Oak Ridge Nation-
al  Laboratory (ORNL). A sam-
ple test artifact 1s shown m Figure
4. NIST’s Measurement Science
Roadmap 1s presented in Figure 5.

The ORNL contribution to additive
manufacturing as a whole 1s broader
i scope than that of NIST. ORNL
has partnered with America Makes
and AMC to host additive manu-
facturing conferences and has also
participated i projects to demon-
strate advanced 3D printing tech-
niques, such as printing a Shelby
Cobra for the Detroit Auto Show
i January of 2015. With respect to
additive manufacturing verification,
ORNL has a specialized metrology
mitiative using neutron characteri-
zation techniques to measure geo-
metric tolerances and map residual
stress i 3D printed components.

1.3 Role of Non-profits and Univer-
sities

AM Process and

AM Materials

Tagure 4: NI,

Several universities have research
in  additive

programs

manufactur-
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Iowa State University
eral corporate sponsors “to cre-

g which iclude elements of 3D
printing verification. Some nota-
ble examples include an America
Makes sponsored project involving
North Carolina State University,

AM Qualification

ate a system that will be able to

produce a mechanical product
to final geometric specification”.

Another university based effort 1s the

AM Modeling

Characterization Data
and Standards for Post
Processing

R —

(R

Robust In Situ Process
Monitoring Techniques

R —
—

Metals Design
Allowables Database

Me——

Equipment and Certification and Simulation
Non-Destructive
Evaluation Techniques - Closed Loop Process - Expert System for AM
Optimized for Metals Control Design
AM
N — N —— N ——
- ——
) Standard Guidelines and Validated Physics- and
Fast In-Situ Methods for .
— . — Properties-Based
Measurements Qualification and
TRE Models for AM
Certification
N e— N — N —
P  — EEEE——
Performance Capability Shared/ Standardized Standard DAat.a.
g Structures, Definitions,
Database for AM - Third-Party Data - ,
Technologies Repositor SciiMetyicsiorAM
- PoSioLY Models
Ne—— Ne— Ne——
Sensors for Measuring Standards and Protocols
and Monitoring AM =t fOr Round-Robin Build
Processes and Products and MaterialTesting

-
Figure 5: NIST Measurement Science Roadmap Manufacturing Report
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Rapid Prototype Consortium (RPC)
of the Milwaukee School of En-
gineering (MSOE). The MSOE
also partners with America Makes
and SME to offer a certificate in
Additive  Manufacturing through
which practiioners can become
certified by passing an exam on
the collecive “body of knowl-
edge” of additive manufacturing.

There are also other emerging
programs i 3D-printing user cer-
tification; for NYU’s
School of Professional Studies of-
fers certificate programs 3D
Modeling and Printing, as well
as 3D Design and Fabrication.

example,

2. Role of Manufacturers
in standards and verification

2.1 Manufacturers Internal Quality

While 3D printer manufacturers
and service providers are certainly
highly active participants in the pre-
viously mentioned consortia, they
also seek to define and differenti-
ate their product offerings based
on their ability to print high quality
parts on a more fundamental level.
For example, Stratasys, a leader in
Fused Deposition Modeling (FDM)
of thermoplastics, has published a
white paper available for download
on their website entitled “The Ac-
curacy Myth” authored by Bonnie
Meyer (Figure 6), addressing a qual-
ity emphasis on dimensional accura-
cy and repeatability. The purpose
of the white paper 1s to establish the
long term dimensional stability of
FDM printed parts manufactured
on a Stratasys printer while assur-
g the end user of the capability
of Stratasys materials and printers.

2.2 Manufacturers Partnerships

Major 3D printer manufacturers
have also embarked on partnerships
with their industrial customers. One
notable example 1s the partnership
between KOS GmBH, the indus-
try leader m printer manufacturing
for laser sintering of metal alloys,
and MTU Aero Engines, a German
aerospace engine manufacturer. In
January of 2015, EOS and MTU an-
nounced their plans to integrate an
MTU-developed metrology technol-
ogy described as “Optical Tomog-
raphy” on EOS systems to monitor
laser energy and material sintering
properties in real time to help en-
sure material quality and mtegrity.

3. Ranking and Crowd-
sourced Quality

At the lower end of the 3D printing
quality and service spectrum are ef-
forts of printing services to crowd-
source quality control through user
assessment and feedback. An ex-
ample of this method 1s the design
ranking feature of the Shapeways
3D printing service. Regulation of
quality with respect to design in-
tegrity 1s done by labeling prod-
uct designs as “Never Printed Be-
fore”, “First to Try””, “Below 50%
- Not Printable”, “50-809% - First
To Try”, and “80% and above”.
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One may make note of the fact that
a design can be rated as “Prod-
uct” quality despite the one in
five chance that it might not print.

3.1 User-Generated Quality Stan-
dards

Another example of crowdsourced
quality mncludes a user-generated
database in the “3D Printing Tests”
section on MarkerBot’s Thingverse
website. Through this database, us-
ers generate and share their own
quality test structures and describe
i detail the parameters employed
to print the object. In the representa-
tive sample in Figure 6 the user up-
dated a test printing file and a picture
of the final result as well as detailed
mstructions regarding the machine
printing speed used. The purpose
of this test fixture 1s to demonstrate
the finish and resolution of the Mak-
erBot Ultimaker 2 as a function of
printing speed and temperature.

III. Market Opportunities

1.Established Quality Com-

panies

Currently there are companies and
non-profit organizations which offer
standard compliance auditing and

Width Nominal Apr-2008 Aug-2011 Change
(3.000", 76.2 mm) Actual Actual over time
Sample 1 2997" 2.997" 0.000"
(0.00 mm)
Sample 2 3.001" 3.000" -0.001"
(0.03 mm)
Sample 3 2.999" 2.998" -0.001"
(0.03 mm)
Average 2.999" 2.998" -0.001"
(0.03 mm)

Figure 6: “The Accuracy Myth” by Bonmie Meyer
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1gure
safety certification, and coordi-
nate standards across multiple
OEMs.  Such companies include

the Underwriter’s Laboratory (UL),
Sigma Labs, Intertek, American
Association for Laboratory Ac-
creditation (A2AL), and the Per-
formance Review Institute (PRI).

For example, UL provides prod-
uct review, compliance services
and certification 1n the additive
manufacturing (3D printing) space.
This services include addressing
equipment and materials compli-
ance, as well as providing printed
parts and product validation for
the medical, automotive, building
materials, jewelry, household prod-
ucts, and electronics industries.

An emerging trend is the consolida-
tion of partnerships at the high-end
3D printing space, where there 1s a
price premium and requirement for
quality, which ultimately validates
the need for the services outlined
above. For example, GE awarded
$500,000 to Sigma Labs, which an-
nounced the PrintRite3D software/
hardware system in 2012 to ensure
higher quality 3D printing of met-
al parts for critical applications.

42
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: MakerBot Ultimaker 2, Temperature Torture Calibration lest

Bjorn

Another example 1s EOS partners,
partnering with MTU, whose Op-
tical Tomography (OT) augments
the monitoring capabilities by us-
g multiple sensors to verify sys-
tem status, and camera based OT
technology to control the expo-
sure processes. Those in turn en-
sure the material quality and finish.

1.2 Role of Quality aggregators -
web based market elliciencies

Outside the high-end 3D printing
market where quality standards must
be met, another emerging trend 1s
the emergence of web based aggre-
gators which reduce qualification
costs while maintaining quality stan-
dards.  Such aggregators include
the Interlink program by Intertek |,
Net-inspect, and PRI’s Nadcap and
MedAccred programs. These ser-
vice providers act as clearinghous-
es to link certified parts manufac-
tures to commercial-end customers.
This type of service could easily
extend to encompass 3D printed
parts. For example, MedAccred,
destined for medical application
parts, could mclude a 3-D print-
ed knee replacement component.
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1.3 Software Verification and certifi-
cation by W vendors

Effective software algorithms reduce
3D printing time and waste, such as
comparison of 3D geometric data
and validation of translated models.
The typical considerations include:
(a) correctly define printer bound-
ary conditions and nozzle diame-
ter of the 3D printer, (b) manually
define additional needed features,
such as support structures to prop-
erly construct the printed parts, (c)
define the position of normal vec-
tors of the meshes in the .stl file,
and (d) ensure that the 3D surface
should be closed. In addition, the
software algorithm should be able to
highlight the problem area for the
users and suggest corrective action.

For users who don’t want to use
professional 3D software, .stl files
can be downloaded from a 3D da-
tabase, such as Thingiverse, Grab-
CAD, Ponoko or Nervous System.
Those designs can then be custom-
1zed using a WebGL-based 3D
modeling tool. For in-browser 3D
modeling environments, controllers
such as “Leonar3Do” by Leopo-
ly, can help the user navigate and
work m a 3D wirtual reality space.

‘When the 3D model 1s finished, it
can be verified before printing using
Netfabb for mesh repair function,
Willlt3DPrint, or Blender. After
verification, the model 1s sliced to
generate a G-code which defines
the tool path for the extruder head
of the 3D printer firmware. Codes

for the 3D printer head movements
follow a NIST G-code standard.
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2. Emerging Tech opportu-
nities

2.1 3-D Scanning and Imaging

3D scanners analyze a real-world
object to collect data and then con-
struct 3D models, using optical
technologies, tomography scanning,
contact mode or non-contact mode
scanning. A coordinate measuring
machine (CCM) 1s an example of a
high precision contact mode scan-
ner, frequently used in manufactur-
mg. Non-contact active scanners
emit radiation or light, ultrasound,
or X-rays. For example, a 3D laser
scanner is an active scanner using la-
ser light to probe the subject using the
time-of-flight laser range. A triangu-
lation-based 3D laser scanner shines
a laser on the subject, and exploits a
camera to look for the location of the
laser dot. Conoscopic holography
measures distance by using the po-
larization property of the converging
light cone that reflects from an object.

Additional 3D scanning techniques
computed  tomography
(CT), which generates a large series
of 2D X-ray mmages. It produces a
discrete 3D volumetric representa-
tion and corresponding 3D surface.

mnclude

2.2 Lower cost coordinate measure-
ments

Low cost digital metrology is becom-
ing available which will enable a wid-
er usage of 3D printing. Examples
mclude the 1Sense 3D Scanner for
Apple’s1PAD and Mac products, Re-
alSense 3D Camerafor Intel’s tablets/
phones, and HP Sprout computers.

The 1Sense 3D scanner 1s integrated
with companies such as Cubify.com
to accompany their 3D printers.

Those 3D scans can be uploaded di-
rectly for 3D printing either at home
or through cloud printing. Intel’s
RealSense 1s an integrated 3D cam-
era which tracks points of a mov-
g object to form 3D mmages. The
scan can then be saved and shared
digitally, or printed with the use of
3D printer. HP’s Sprout Comput-
er uses DLP Projector technolo-
gy and Intel’s RealSense 3D cam-
era to capture a 2D or 3D object.

2.8 Lower cost materials character-
1zation

The steps of the 3D printing pro-
cess mvolve thermal treatment in
order to connect extruded printing
materials between and within layers.
Such thermal treatment modifies
the material properties, which can
lead to enhanced or reduced reli-
ability of the parts or products. The
reliability SPEC 1s based on specif-
ic applications. Since the process
flow 1s different from “subtractive
manufacturing”, the requirement of
specification needs to be studied in
detail when those 3D printed parts
are used for critical applications,
such as high performance mechani-
cal applications or medical devices.

For example, when a printed part
1s used 1 a highly mechanical-
ly stressful application, the tensile
and fatigue behaviors must be stud-
led. Often parts for those appli-
cations are made of alloys, whose
material phases can easily be mod-
ified during thermal processes, and
need to be analyzed using X-ray
diffraction or Cross-section elec-
tron microscopies to control and
ensure the end-product reliability.

Those  material  analysis  in-
struments are expensive
and not available to most of
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the machinery part manufacturers.
Thus, as commercial applications
continue to grow, we envision an in-
creasing need of such high-end qual-
ification services. This can lead to
additional aggregation to reduce the
characterization cost, and opens the
possibility for the generation of new
business models and partnerships.

2.4 Self-verification and reporting
service

Web-based 3D printing services,
such as “crowdsourced reviews and
ranking”, provide useful resources
for user communities regarding the
designs, printers, and material se-
lection, as well as information about
ranks designers and companies pro-
viding general 3D printing services.

For example, Shapeways 1s an inter-
net-based market place of 3D print-
ing services and reviews (http://www.
shapeways.com/).  Other similar
web based marketplace and review
forums include Ponoko (http://www.
shapeways.com/), Sculpteo (http://
www.sculpteo.com/en/), and 1Ma-
terialise  (http://i.materialise.com/).

Additionally, for the medium to
low-end 3D printing applications
where quantitative validation and
certification are not required,
those and
ranking” websites are effective al-
ternatives for product validation.

“crowdsourced reviews

Conclusion

The 3D printing market 1s rapidly
expanding and gaining widespread
acceptance for industrial applica-
tions. Ensuring the manufacturing
of high quality, highly repeatable
parts through standards and ver-
ification 1s an essential element
for speeding the further adoption
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of the new technology. Multiple
stakeholders are currently addressing
the needs for quality assurance with
expected completion of the most
detailled and stringent mternational
quality standards due in 2018. In the
meantime, new technologies may
emerge that will require further char-
acterization. Also, due to the high
cost of existing characterization tech-
niques and the potential scale of the
new market, improvements are need-
ed to reduce the cost of quality assur-
ance programs as well as create new
lower cost characterization methods.
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