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Book Organization

The book is organized into 10 chapters. The objectives of each chapter are
described below:

o Chapter 1: Introduction: This chapter introduces the readers to the
world of rapid prototyping and 3D printing (3DP). Definition, his-
torical development, important developments, and applications are
described.

® Chapter 2: How Does 3D Printing Work? This chapter provides an
introduction to 3DP and rapid prototyping (RP) as part of addi-
tive manufacturing. It provides a difference between conventional
manufacturing and 3DP. It also describes the basic steps in making
prototypes-solid model, data conversion, building the part, software
limitations, and a detailed case study.

e Chapter 3: Design of a 3D Printer: This chapter provides the details
of the construction of a 3D printer. The goal of this chapter is to
use available kit components to make an inexpensive 3D printer in-
house that can be as fast as the commercial fused deposition model-
ing printer.

® Chapter 4: Calibrating the 3D Printer: This chapter describes the cali-
bration of the printer that is vital for fast, easy, and quality prints. It
is the mind of the printer that controls the printer. An open-source
software, called Marlin, has been used to control all aspects of the
printer.

o Chapter 5: Materials for 3D Printing: RP materials play a key role in the
quality, strength, and accuracy of prototypes. This chapter reviews
3DP materials (polymers, metals, ceramics, and composites) from the
fundamental approach by reviewing chemical bonding. It discusses
the current 3DP materials and processes and gives advantages and
disadvantages of each material.

® Chapter 6: Classifications of RP and 3DP Systems: Most printers fall
into the categories of liquid-, solid-, and powder-based printers.
This chapters describes some of the most common but successful 3D
printers on the market today.

o Chapter 7: Scanning and Reverse Engineering: In this chapter, the prin-
ciples and applications of scanners and reverse engineering (RE) are
introduced and discussed. RE plays an important role in shortening
product lead time. This chapter discusses the background, scanning
techniques, data conversion systems, and future trends in RE.
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xvi Book Organization

e Chapter 8: Common Applications of 3D Printers: The applications of
3DP are mind-boggling. This chapter introduces readers to the com-
mon household can opener to designing and printing a flower vase,
recreating human face, and medical applications in making human
fingers.

e Chapter 9: 3D Printing in Medicine: This chapter describes medical
imaging and specific applications aspects of 3DF, and also presents
3D printing of a C1 Vertebrate from CT scan data.

® Chapter 10: How to Select RP and 3DP? This chapter describes the
guidelines for implementing 3DP and RP in the workplace, opera-
tions and management issues, and service bureaus. It describes the
development of an expert system that can be used to select a particu-
lar type of 3DP and RP that suites the needs of the user.

There is enough material in this book to cover a single-semester course. Each
instructor can select those portions of the book that cover the topics he or she
wants to cover in a particular course. Students can also use the book as refer-
ence for other topics that are not covered during the course.



Preface

3D printing (3DP), also known as additive manufacturing (AM) and rapid pro-
totyping (RP), is a technology that takes information from a computer-aided
design and “prints” it on a 3D printer, which creates a solid object by building
up successive layers of material. The technology was developed in 1989 and,
since then, has been expanding exponentially. Figure 1 shows the explosive
growth of 3D printers in recent years. 3D printers are similar in many ways
to RP machines except that they are cheaper (less than $5000.00), smaller, and
sometimes, less accurate in terms of strength and surface finish. Commercial
systems, such as stereolithography and fused deposition modeling, have
passed into public domain. These are the big companies who have been mak-
ing big and expensive RP machines for a long time. However, inventors and
entrepreneurs around the world are using commercially available kit compo-
nents to build 3D printers whose prices have fallen from $100,000 to over $500.
The author of this book and two of his students have recently designed and
built a 3D printer at Loyola Marymount University. The cover page shows the
completed printer. The 3DP essentially consists of a frame, extruder, electron-
ics, materials, and software. This project has been a great experience for the
author and the students. Now that the printer has been built, the next chal-
lenge is the continuous improvement of the printer for its precise control.

The advantage of the digital design is that it can be tweaked easily with
a few mouse clicks. The 3D printer can run unattended and make many
things, which are too complex for a traditional manufacturing process. In
time, these amazing machines may be able to make almost anything, any-
where, anytime. The applications of 3D printer are especially amazing.
From 3D printed organs and prosthetics to tools that have been printed in
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FIGURE 1
Growth of 3D printers.
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zero gravity on the International Space Station, not to mention some of the
incredible sculptures that redefine what is possible to achieve in a physical
medium, 3D printers are being used almost in every industry to transform
the way we do things and lead us into a bold new future. 3D printer was even
touted by President Obama as having potential to “revolutionize the way we
make almost everything” during his 2013 State of the Union address.

Those of us who are engaged in design have been using RP since its incep-
tion in 1989. It is a powerful tool that has many advantages. Some of the
benefits attributed to RP and 3DP are (1) reduced lead-time to produce proto-
types, (2) improved ability to visualize the part due to its physical existence,
(3) early detection and correction of design errors, and (4) increased capabil-
ity to compute mass properties of components and assemblies.

An impressive number of individuals, educational institutions, manu-
facturing organizations, and industries have discovered RP, 3DP, and their
potential benefits. Many high schools, colleges, and universities have pur-
chased and implemented RP machines and 3D printers into their curricula.
Students are routinely taught the principles and applications of 3DP. Students
use 3DP tools in their laboratory and design/capstone projects. Automobile
manufacturers and suppliers are using both 3DP and 3DP to prototype vari-
ous mechanical components. Aerospace companies mostly use RP machines
to produce parts and assemblies for both commercial and military aircraft,
as well as in the product development cycle. Manufacturers of business
machines use RP and 3DP to prototype computer parts, copier, telephone,
and fax machine parts.

The primary purpose of this book is to present the technology, applications,
and selection of 3D printer as it relates to the world of concept development,
design, and manufacturing. The book is designed for hobbyists, entrepre-
neurs, high school students, and college/university students for an entry-
level course on 3DP in design and manufacturing automation. The book can
also be used as a supplement to computer graphics text and manufacturing
texts that are currently being used. The book is also intended to serve as a
reference for industrial and academic practitioners interested in competitive
product design and manufacturing.

MATLAB® is a registered trademark of The MathWorks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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Introduction

1.1 Introduction

Mastering the art of 3D printed components, sub-assemblies, and products
is vital for any product development process. Over the last few years, new
and exciting technologies have emerged that are changing the ways that
products have been launched. 3D printing (3DP) is an example of such tech-
nology, which is revolutionizing the design and manufacturing of new prod-
ucts. This technology is being used to fabricate physical solid models for
early verification of concepts, e.g., form, fit, and function as well as reducing
lead-times for product development [1].

Not long ago, 3DP was only associated with prototyping. Nowadays, 3DP
technology has come a long way from basic rapid prototyping (RP) machines
of the 1980s, and 3DP is more than just prototyping with today’s materi-
als and technology. 3DP process offers transformative advantages at every
part of the manufacturing process from initial concept design to produc-
tion of final products to be marketed, and all the steps in between. There is
extremely large variety of 3D printers and technologies available these days;
therefore, it is important to be thoroughly informed in order to choose the
right 3D printer for specific applications.

First, 3DP technology as we know it today emerged in 1980s, and a thought
of having a personal mini 3DP workstation was a dream. Even just a few
years ago, in-house 3DP technology was enjoyed only by a very few profes-
sional design engineers, and the applications were very limited to creation
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of concept models and simple prototypes. Once considered a luxury, 3DP
has proven to yield long-term strategic value by enhancing design-to-
manufacturing capabilities and reducing the time to market final products.
3DP technologies have allowed an ever-growing number of creators, design-
ers, engineers, physicians, researchers, academics, and manufacturers to
unleash all the benefits of RP/3DP in-house across the entire design process.

Leading manufacturing companies harvested the full power that 3DP
technology has to offer and are now using 3DP to evaluate more concepts in
short time to improve the decision-making and design process early in prod-
uct development. As the design process moves forward, technical decisions
are iteratively tested at every step to guide decisions, to achieve maximum
performance, minimize manufacturing costs, and deliver the highest qual-
ity. In the preproduction phase of manufacturing process, 3DP allows accel-
erated first concept product development and assists with troubleshooting of
any problems that may arise. In the final production stage of manufacturing
process, 3DP allows for higher productivity, increased flexibility, reduced
logistics costs, economical optimization, improved product quality, reduced
product weight, less overall parts in the assembly, and greater efficiency in a
growing number of industries [2].

In this opening chapter, 3DP will be defined. In addition, study of 3DP
history and the importance of this technology for product development will
be covered as well. Applications of this technology through a case study and
future trends will also be discussed.

1.2 The World of 3DP

The field of 3DP encompasses a wide variety of new methods, technologies,
and applications that have already stimulated some fascinating research.
Many companies have found exciting new ways to improve product devel-
opment processes and enhance profitability. The prospect of being a part
of this new technology with its promise of radical improvement in the way
business is done should be as highly motivating to the reader, as it is to the
author. In this section, some definitions and applications of 3DP will be dis-
cussed, and examples of some companies that are using 3DP will be given.

1.2.1 What Is 3DP?

3DP, as described in this text, refers to the fabrication of a physical, 3D part
of arbitrary shape directly from a numerical description (typically a CAD
model) by a quick, totally automated, and highly flexible process without
any tooling. According to Wohler’s Report 2014, 3DP is defined (as also
defined by ASTM International Committee F42) as “fabrication of objects



Introduction 3

through the deposition of a material using a print head, nozzle, or other
printer technology.” However, the term is often used synonymously with
additive manufacturing (AM). AM is a broader term that encompasses build-
ing 3D physical models. Prototypes, patterns, and tooling components using
various materials such as plastics, ceramics, metals, etc. [3].

1.2.2 What Is RP?

RP is a technology that also refers to the fabrication of 3D part of an arbitrary
shape directly from a numerical description by a quick, totally automated,
and flexible process. RP is the term that has been used since 1989 when the
RP process was invented. From 1989 to 2005, the additive technology was
known as RP. After nearly two decades of the use of RP, the personal 3DP
revolution started with an open-source project known as RepRap. Since then,
the growth of 3DP has been phenomenal, exceeding over 72,000 units sale in
2013. The difference between RP and 3DP is minimal and the two terms can
be used interchangeably. In particular, 3DP is associated with machines that
are lower in relative price (<$5000) and overall functional capability. Both RP
and 3DP are part of AM.

As it was mentioned before, 3DP is a relatively new technology that creates
profound effect on the product development process of design and manufac-
turing industries worldwide. 3DP technology can prototype parts very rap-
idly in most cases, i.e.,, in hours rather than in days or weeks. This technology
is quickly expanding to include rapid tooling (RT) and rapid manufacturing
(RM). RP, tooling, and manufacturing are technologies that are also widely
used these days. 3DP can be sometimes referred to as desktop manufacturing,
direct CAD manufacturing, and instant manufacturing.

The unique characteristic of 3DP manufacturing process is that it makes
physical prototypes one layer at a time. Therefore, following terms that
emphasize this layer-by-layer manufacturing characteristic are sometimes
used as well: layered manufacturing, material deposit manufacturing, and mate-
rial addition manufacturing.

The last group of terms for 3DP emphasizes the words “solid,” “freeform,”
and “fabrication.” This group of terms includes solid freeform fabrication and
solid freeform manufacturing. The word “solid” refers to the final solid state of
the material, although the initial state may be solid, liquid, or powder. The
word “freeform” stresses the fact that 3DP can prototype complex shapes
with little or no constraint on shape form. 3DP is also related to “automated
fabrication,” which describes new technologies for generating 3D objects
from computer files in a completely automated process.

1.2.3 The History of 3DP

Charles Hull, the founder of 3D System:s, is consider as the founder of 3DP. He
obtained his first patent for 3DP in 1984 for his stereolithography apparatus
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(SLA), which uses UV light to cure photopolymer resin in a vat to make pro-
totypes. The principle of 3DP is that a software can slice a 3D object into
layers of particular thickness and a machine can stack them together one
above the other, forming the 3D part. In the early 1980s, the computer-aided
design (CAD) was still in its infancy, and Mr. Hull had a challenge of how to
translate the CAD file in a file format that the 3D printer can interpret and
print. Again, with the help of a consulting firm (Albert Consulting Group),
he developed the stereolithography (STL) file format that could be used by
any 3DP machine. Although people talk about some limitations of the STL
file, today; it is still the de facto standard for 3DP process. We shall talk more
about this STL file in the next chapter [4].

Scott Crump, the founder of fused deposition modeling (FDM) printing
process, developed the FDM technology in 1989 and founded the Stratasys
company. Crump also developed acrylonitrile butadiene styrene (ABS) mate-
rials for the FDM machine that is widely used by a vast majority of 3D print-
ers today. 3D Systems and Stratasys are the two biggest 3DP companies in
the world. Over the years, these two companies have acquired other compa-
nies with different technologies and have truly become the best and biggest
3DP companies in the world.

Dr. Carl Deckard and Dr. Joe Beaman developed selected laser sintering
(SLS) process at the University of Texas in the mid-1980s independently of
the SLA and FDM processes. While SLS and FDM were successful in mak-
ing plastic and nylon parts, none of the technology could make prototypes in
metals. SLS was the only technology at that time to make prototyping parts
in metals. The technology was originally sold by DTM Corporation, which
was later purchased by 3D Systems.

In the early 1990s, the Massachusetts Institute of Technology (MIT)
invented inkjet 3D printing, known as 3DP. The license for 3DP was given to
Z Corp. In the early 2012, 3D Systems bought the company to acquire all the
associated patents and licenses.

Many of the industrial patents of 3D Systems and Stratasys expired a few
years ago. Especially, the expiration of FDM technology started the consumer
3DP technology, as we know it today. The 3DP revolution was started in 2005
with the open-source project called RepRap. The purpose of the RepRap
project is to make a machine that can replicate itself. With the participation
of entrepreneurs and hobbyists, the 3DP revolution is going on in full swing.
These 3D printers are very inexpensive (<$5000) but very robust in most
cases. Most 3D printers use FDM and stereolithography technology. They
use open-source hardware and software to operate. With the advancement
of computer technology and electronics and software, these 3D printers are
the future. The historical growth of 3D printers since 2005 bears testimony to
this effect. Some of the most popular consumer 3D printers of the market are
MakerBot Replicator and FormLabs 1+ We shall describe some of the most
popular 3D printers in the next few sections of this chapter.
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1.2.4 Applications of 3DP

There are many types and classes of physical prototypes, but their main pur-
pose is to minimize risk during the product development process. Some of
the specific applications of 3DP technology are mentioned below:

¢ Communication of product characteristics

¢ Engineering concept definition

e Form, fit, and function testing

¢ Engineering change clarification

¢ Client presentations and consumer evaluations

¢ Bid proposals and regulation certification

¢ Styling, ergonomic studies

* Facilitate meeting schedule and making milestones
® Masters for silicone rubber tooling

* Masters for spray metal tooling (all processes)

* Masters for epoxy tooling to be used for injection molding
* Master/Pattern for investment casting

¢ Tooling for injection molding

1.2.5 The Basic Process of 3DP

There are many different 3DP processes available today that use a variety of
materials, such as wax, plastics, metals, and many more. The most widely used
and popular 3DP processes are SLA, selective laser sintering (SLS), and FDM.
Although there are many different 3DP processes, almost all of the processes
operate by forming solid objects, using either liquid, powder-based, or solid
materials. This means that all these 3DP techniques follow the same basic pro-
cess for part creation. This basic 3DP process consists of the following steps [5]:

1. Create a CAD model of the design.

2. Convert the CAD model to STL file format.

3. Slice the STL file into 2D cross-sectional layers.
4. Grow the prototype.

5. Clean and finish the model.

The first step in the process is to create the CAD solid model using CAD soft-
ware packages, such as AutoCAD, Pro/Engineer, or Solid Works.

In the second step, CAD file of the part to be manufactured is converted
into STL file format. Because various CAD software packages use different
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algorithms to represent solid objects, STL file format has been selected as
the de facto standard in the RP industry. The STL file represents a 3D sur-
face of an object as planar triangles. The file contains the coordinates of the
vertices and the direction of the outward normal of each triangle. The STL
file format is the best file format to represent all surfaces, in preparation for
the “slicing” algorithms. More about the STL file format will be discussed
in Chapter 2.

The third step involves “slicing” of the STL file using a proprietary soft-
ware program, provided by the manufacturer of the 3DP machine in which
the model is to be produced. The preprocessing software imports the STL
file, and lets the user orient the part, and adjust the size and slice thickness
of the model. The layer thickness may vary from 0.01 to 0.7mm depend-
ing on the capabilities of the machine. Lower slice thickness increases the
accuracy of the prototype but also increases the time to build it. The pre-
processing software may also generate a structure to support portions of
the model during its buildup. Supports are necessary for creating features
such as overhangs, internal cavities, and thin-walled sections. 3DP process-
ing software also provides information about how much time and material
will be required to make the prototype.

The fourth step involves the actual making of the prototype. Once the STL
file is processed and saved, it is sent to the 3DP machine. During this part of
3DP process, the machine essentially acts as a printer by building the proto-
type one layer at a time. Most modern 3DP machines can operate unattended
once the initial setup is completed, and the printing operation is initiated.

The final step is removing the part from the machine and cleaning it before
use. This step is also known as postprocessing. It also involves postcuring
of photosensitive materials, sintering powder materials, and removing of the
support materials. Some prototypes are also subjected to surface treatment,
such as sanding, sealing, or painting to improve their surface finish, appear-
ance, and durability.

1.2.6 Industries Using 3DP

Design and manufacturing industries use 3DP technology to reduce the
manufacturing time and for marketing their products, and more importantly
to cut manufacturing costs. The early uses of prototypes were mainly for
visualization to check form, fit, function, and the early verification of design
error. 3D prototypes are now used for many other purposes. Functional
models and fit/assembly together represent approximately 48.5% of all 3D
models used. About 20.4% of 3D printed models are used for patterns for
prototype tooling and metal casting. This area of application is expected to
increase dramatically in the near future. Figure 1.1 shows how companies
are using 3D printed models. Figure 1.2 shows the same data as Figure 1.1
but in terms of the number of units produced for each application of 3D
printed models [3].
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FIGURE 1.2
Number of 3D printed models used per specific application area.

1.3 Growth of RP and 3DP Systems
1.3.1 Growth of RP

While the RP industry continues to grow, the rate of growth has been very
flat for the years 1997-2002 due to the lethargy in the overall economy. In
spite of this, during 2000-2001, established commercial 3D printer manufac-
turing companies released new technologies, new materials, and new appli-
cations for 3DP machines. Overall, the electronic component and costs have
decreased, while computing power increased. This made sales of commercial



