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Additive manufacturing processes take the information from a computer-aided design (CAD) file that is later converted to a
stereolithography (STL) file. In this process, the drawing made in the CAD software is approximated by triangles and sliced
containing the information of each layer that is going to be printed. There is a discussion of the relevant additive manufacturing
processes and their applications. The aerospace industry employs them because of the possibility of manufacturing lighter
structures to reduce weight. Additive manufacturing is transforming the practice of medicine and making work easier for
architects. In 2004, the Society of Manufacturing Engineers did a classification of the various technologies and there are at least
four additional significant technologies in 2012. Studies are reviewed which were about the strength of products made in additive
manufacturing processes. However, there is still a lot of work and research to be accomplished before additive manufacturing
technologies become standard in the manufacturing industry because not every commonly used manufacturing material can be
handled. The accuracy needs improvement to eliminate the necessity of a finishing process. The continuous and increasing growth
experienced since the early days and the successful results up to the present time allow for optimism that additive manufacturing
has a significant place in the future of manufacturing.

1. Rapid Prototyping
The first form of creating layer by layer a three-dimensional
object using computer-aided design (CAD) was rapid prototyping, developed in the 1980’s for creating models and
prototype parts. This technology was created to help the realization of what engineers have in mind. Rapid prototyping
is one of the earlier additive manufacturing (AM) processes.
It allows for the creation of printed parts, not just models.
Among the major advances that this process presented
to product development are the time and cost reduction,
human interaction, and consequently the product development cycle [1], also the possibility to create almost any shape
that could be very diﬃcult to machine. However, at the
present time it is not yet adopted in the manufacturing
sector, but scientists, medical doctors, students and professors, market researchers, and artists use it [2–4]. With rapid
prototyping, scientists and students can rapidly build and

analyze models for theoretical comprehension and studies.
Doctors can build a model of a damaged body to analyze it
and plan better the procedure, market researchers can see
what people think of a particular new product, and rapid
prototyping makes it easier for artists to explore their
creativity.
The steps involved in product development using rapid
prototyping are shown in Figure 1. Here, it can be seen that
creating models faster save a lot of time and there is the
possibility of testing more models.
At the present time, the technologies of rapid prototyping
are not just used for creating models, with the advantages
in plastic materials it has been possible to create finished
products, of course at the beginning they were developed
to expand the situations tested in the prototyping process
[5]. Nowadays, these technologies have other names like 3D
printing, and so forth, but they all have the origins of rapid
prototyping [2, 6]. According to Wohler’s report 2011 the
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Figure 1: Product development cycle [2].

growth rate for 2010 was 24.1%. The compound annual
growth rate for the industry’s history, until 2010, is 26.2 percent [7, 8]. This growth shown in Figure 2.
In addition, it is important to notice that rapid manufacturing became possible by other technologies, which are
computer-aided design (CAD), computer-aided manufacturing (CAM), and computer numerical control (CNC). This
three technologies combined together made possible the
printing of three-dimensional objects [2, 5, 11].
Rapid prototyping is still not the best solution for all
cases, in some cases CNC machining processes still need to be
used. Parts dimension could be larger than available additive
manufacturing printers [8]. Materials for rapid prototyping
are still limited. It is clear that at least it is possible to print
metals and ceramics but not all commonly used manufacturing materials [11].
In Figure 3, there is an overview of the diﬀerent additive
manufacturing processes that are going to be further discussed. Here in this figure adapted from [11], the criterion
used is to classify these processes into liquid base, solid
based, and powder based. The processes included in this
review are considered the most relevant in the past, and
promising for the future of the industry. The processes considered are stereolithography (SL), Polyjet, fused deposition
modeling (FDM), laminated object manufacturing (LOM),
3D printing (3DP), Prometal, selective laser sintering (SLS),
laminated engineered net shaping (LENS), and electron
beam melting (EBM). The liquid-and powder-based processes seem more promising than solid-based processes of
which LOM is the predominant one today. In 2004 [11],
EBM, Prometal, LENS, and Polyjet were nonexistent.
These technologies were first created to produce models,
but they have expanded since then. In the chart is presented a
survey made by Wohlers in which 24 manufacturers participated and so did 65 services of 5000+ users and costumers. In
Figure 4 is shown the amount of responses received by these
companies [12].

2. Stereolithography
Stereolithography (SL), developed by 3D Systems, Inc., was
the first and is most widely used process of rapid prototyping,
so, in the past the two terms were used synonymously. This is

System sales
7000
6000
5000
4000
3000
2000
1000
0
1995

2000

2005

2010

Figure 2: Growth of rapid prototyping [9]. Source. Wohler’s report
2010 adapted from [10].

a liquid-based process that consists in the curing or solidification of a photosensitive polymer when an ultraviolet
laser makes contact with the resin. The process starts with
a model in a CAD software and then it is translated to a
STL file in which the pieces are “cut in slices” containing
the information for each layer. The thickness of each layer
as well as the resolution depend on the equipment used.
A platform is built to anchor the piece and supporting the
overhanging structures. Then the UV laser is applied to the
resin solidifying specific locations of each layer. When the
layer is finished the platform is lowered and finally when the
process is done the excess is drained and can be reused [2, 5,
11]. A newer version of this process has been developed with
a higher resolution and is called microstereolithography. This
process that has a layer thickness of less than 10 µm can be
achieved [13]. In Figure 5 are shown the basic parts of a
stereolithography machine.
The basic principle of this process is the photopolymerization, which is the process where a liquid monomer or
a polymer converts into a solidified polymer by applying
ultraviolet light which acts as a catalyst for the reactions; this
process is also called ultraviolet curing. It is also possible to
have powders suspended in the liquid like ceramics [14].
There are errors induced to the final piece from the
process of stereolithography. One is overcuring, which occurs
to overhang parts because there is no fusing with a bottom
layer. Another is the scanned line shape, which is introduced
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Figure 3: Three-dimensional printing processes. Adapted from [11].

all the resin has to be drained and filled with the new material
when the process reach the layer where the change is going to
take place. This must occuer even if the first material is going
to be used again because is only possible to print consecutive
layers. resin. In the software a scheduling process has to be
specified [22].
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Figure 4: Diﬀerent usage for additive manufacturing printing processes [12].
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Figure 5: Stereolithography.

by the scanning process. Because the resin is a high-viscosity
liquid the layer thickness is variable and this introduces an
error in the border position control. Another error caused
could be if the part needed to have a surface finished process
that is normally done by hand [21]. All these errors are
minimized in equipments of high quality.
There is the possibility of using diﬀerent materials while
building a piece; this process is called multiple material
stereolithography. In order to print with diﬀerent materials

The STL file was created in 1987 by 3D Systems Inc. when
they first developed the stereolithography, and the STL file
stands for this term. It is also called Standard Tessellation
Language. There are other types of files, but the STL file is
the standard for every additive manufacturing process. The
STL file creation process mainly converts the continuous
geometry in the CAD file into a header, small triangles, or
coordinates triplet list of x, y, and z coordinates and the
normal vector to the triangles. This process is inaccurate
and the smaller the triangles the closer to reality [2, 13, 23].
The interior and exterior surfaces are identified using the
right-hand rule and vertices cannot share a point with a
line. Additional edges are added when the figure is sliced.
The slicing process also introduces inaccuracy to the file
because here the algorithm replaces the continuous contour
with discrete stair steps [23]. To reduce this inaccuracy, the
technique for a feature that has a small radius in relation to
the dimension of the part is to create STL files separately and
to combine them later. The dimension in z direction should
be designed to have a multiple of the layer thickness value
[21]. In Figure 6 is shown the position of the STL file creation
in the data flow of a rapid prototyping process. In Figure 7 is
shown the data flow in the STL file creation software.
Other types of files are stereolithography contour (SLC)
and SLI from 3D Systems, CLI from EOS, Hewlett-Packard
graphics language (HPGL) from Hewlett-Packard, stereolithography contour from Stratasys, and F&S from Fockele
and Schwarze and initial graphics exchange specifications
(IGES) [13].

4. 3DP
3DP process is a MIT-licensed process in which water-based
liquid binder is supplied in a jet onto a starch-based powder
to print the data from a CAD drawing. The powder particles
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which is a medical grade PC. The main advantages of this
process are that no chemical post-processing required, no
resins to cure, less expensive machine, and materials resulting
in a more cost eﬀective process [2, 5]. The disadvantages are
that the resolution on the z axis is low compared to other
additive manufacturing process (0.25 mm), so if a smooth
surface is needed a finishing process is required and it is a
slow process sometimes taking days to build large complex
parts. To save time some models permit two modes; a fully
dense mode and a sparse mode that save time but obviously
reducing the mechanical properties [24]. In Figure 8 is shown
the basics fused deposition modeling process.

6. Prometal
Prometal is a three-dimensional printing process to build
injection tools and dies. This is a powder-based process in
which stainless steel is used. The printing process occurs
when a liquid binder is spurt out in jets to steel powder.
The powder is located in a powder bed that is controlled
by build pistons that lowers the bed when each layer is
finished and a feed piston that supply the material for each
layer. After finishing, the residual powder must be removed.
When building a mold no postprocessing is required. If
a functional part is being built, sintering, infiltration, and
finishing processes are required [5, 11]. In the sintering
process, the part is heated to 350◦ F for 24 hour hardening
the binder fusing with the steel in a 60% porous specimen.
In the infiltration process, the piece is infused with bronze
powder when they are heated together to more than 2000◦ F
in an alloy of 60% stainless steel and 40% bronze [25–27].
The same process, but with diﬀerent sintering temperatures
and times, has been used with other materials like a tungsten
carbide powder sintered with a zirconium copper alloy for
the manufacturing of rocket nozzles; these parts have better
properties than CNC machined parts of the same material
[28].

7. Selective Laser Sintering

STL file

Figure 7: Data flow in STL file creation [2].

lie in a powder bed and they are glued together when the
binder is jetted. This process is called 3DP because of the
similarity with the inkjet printing process that is used for
two-dimensional printing in paper. This process can handle
a high variety of polymers [5, 13].

5. Fused Deposition Modeling
Fused deposition modeling (FDM) is an additive manufacturing process in which a thin filament of plastic feeds a
machine where a print head melts it and extrude it in a thickness typically of 0.25 mm. Materials used in this process are
polycarbonate (PC), acrylonitrile butadiene styrene (ABS),
polyphenylsulfone (PPSF), PC-ABS blends, and PC-ISO,

This is a three-dimensional printing process in which a
powder is sintered or fuses by the application of a carbon
dioxide laser beam. The chamber is heated to almost the
melting point of the material. The laser fused the powder
at a specific location for each layer specified by the design.
The particles lie loosely in a bed, which is controlled by
a piston, that is lowered the same amount of the layer
thickness each time a layer is finished. This process oﬀers
a great variety of materials that could be used: plastics,
metals, combination of metals, combinations of metals and
polymers, and combinations of metals and ceramics [13, 29,
30]. Examples of the polymers that could be used are acrylic
styrene and polyamide (nylon), which show almost the same
mechanical properties as the injected parts [29, 31]. It is also
possible to use composites or reinforced polymers, that is,
polyamide with fiberglass. They also could be reinforced with
metals like copper. For metals, a binder is necessary. This
could be a polymer binder, which will be later removed by
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heating or a mix of metals with very diﬀerent melting point
[29, 31, 32]. Parts of alumina with high strength can be built
with polyvinyl alcohol, which is an organic binder [5]. The
main advantages of this technology are the wide range of
materials that can be used. Unused powder can be recycled.
The disadvantages are that the accuracy is limited by the size
of particles of the material, oxidation needs to be avoided by
executing the process in an inert gas atmosphere and for the
process to occur at constant temperature near the melting
point. This process is also called direct metal laser sintering.

8. Electron Beam Melting
A process similar to SLS is electron beam melting (EBM).
This process is relatively new but is growing rapidly. In this
process, what melts the powder is an electron laser beam
powered by a high voltage, typically 30 to 60 KV. The process
takes place in a high vacuum chamber to avoid oxidation
issues because it is intended for building metal parts. Other
than this, the process is very similar to SLS. EBM also can
process a high variety of prealloyed metals. One of the future
uses of this process is the manufacturing in outer space
[33, 34], since it is all done in a high vacuum chamber.

9. Laser Engineered Net Shaping
In this additive manufacturing process, a part is built by
melting metal powder that is injected into a specific location.
It becomes molten with the use of a high-powered laser
beam. The material solidifies when it is cooled down. The
process occurs in a closed chamber with an argon atmosphere. This process permits the use of a high variety of
metals and combination of them like stainless steel, nickelbased alloys, titanium-6 aluminium-4 vanadium, tooling
steel, copper alloys, and so forth. Alumina can be used too.
This process is also used to repair parts that by other processes will be impossible or more expensive to do. One problem
in this process could be the residual stresses by uneven
heating and cooling processes that can be significant in highprecision processes like turbine blades repair [5, 13, 35–37].
Figure 9 is an illustration of how the part is made in this
process.

10. Laminated Object Manufacturing
Laminated Object Manufacturing (LOM) is a process that
combines additive and subtractive techniques to build a part
layer by layer. In this process the materials come in sheet
form. The layers are bonded together by pressure and heat
application and using a thermal adhesive coating. A carbon
dioxide laser cuts the material to the shape of each layer
given the information of the 3D model from the CAD and
STL file. The advantages of this process are the low cost,
no post processing and supporting structures required, no
deformation or phase change during the process, and the
possibility of building large parts. The disadvantages are
that the fabrication material is subtracted thus wasting it,
low surface definition, the material is directional dependent
for machinability and mechanical properties, and complex
internal cavities are very diﬃcult to be built. This process
can be used for models with papers, composites, and metals
[2, 5, 38].

11. Polyjet
This is an additive manufacturing process that uses inkjet
technologies to manufacture physical models. The inkjet
head moves in the x and y axes depositing a photopolymer
which is cured by ultraviolet lamps after each layer is finished.
The layer thickness achieved in this process is 16 µm, so
the produced parts have a high resolution. However, the
parts produced by this process are weaker than others like
stereolithography and selective laser sintering. A gel-type
polymer is used for supporting the overhang features and
after the process is finished this material is water jetted. With
this process, parts of multiple colors can be built [9, 39, 40].

12. Applications
12.1. Lightweight Machines. With additive manufacturing
technologies it is possible to manufacture lightweight parts.
In the automotive and aerospace industry the main goal is
to make the lightest practical car or aircraft while securing
safety. Additive manufacturing technologies have enabled
the manufacture of complex cross sectional areas like the
honeycomb cell [41] or every other material part that contains cavities and cut-outs which reduce the weight-strength
relation. It is possible to create lightweight structures; they
are methods to get a shape that have a minimum weight like
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the hanging method and the soap film method [42]. The
hanging method and the soap fill method produce a very
diﬃcult form of a structure which has been used for civil
construction, but with additive manufacturing it is possible
to create structural parts for machines using the shape
described by these methods and reducing the total weight.
Selective laser sintering, and electron beam are now used
in the aircraft and aerospace industries. Engineers perform
design within the manufacturing constrains but this process
expands the limits. With SLS and EBM, the limit will be the
engineer’s imagination. They open a whole new dimension
of possible designs with almost any prealloyed metal powder
[37]. With the traditional process these complex shape
structures will be expensive to do if at all possible. With
additive manufacturing printing technologies like selective
laser sintering or electron beam melting, hollow structures,
which are less expensive than a solid one, can be made since
less material is used.
12.2. Architectural Modeling. Creating an architectural
model can be very diﬃcult for architects. Architects usually
build their models with hand techniques, but when complex
models are on their minds making a physical model can be a
very hard task. Modeling is very important for the architects
to study the models and their functionality. They are also
needed for architects to explain them to their customers
and convince them to make the project a reality [43].
Additive manufacturing technologies can provide architects
a very powerful tool for their business, by being able to
create a physical model faster without worrying about the
complexity of their design. It also achieves a better resolution
than other processes used in architecture. Architects work
with CAD software, so there is no need for them to adapt
to anything because the STL file is created from a CAD
file. Stereolithography is a process very suitable for the
architectural modeling because of the materials used and the
printing resolution [34–47].
12.3. Medical Applications. Additive manufacturing printing
technologies have vast applications in the medical world.
They are transforming the practice of medicine through
the possibilities of making rapid prototypes and very high
quality bone transplants and models of damaged bone of
the patients for analysis. Additive manufacturing printing
methods permit to scan and build a physical model of
defective bones from patients and give doctors a better idea
of what to expect and plan better the procedure, this will
save cost and time and help achieve a better result [48, 49].
Bone transplants now can be done by printing them and
additive manufacturing methods make it possible to have
a transplant that is practically identical to the original.
Because of the limitless form or shape of what could be
built, doctors have the option to create a porous-controlled
material that will permit osteoconductivity or to create a
precise metal transplant identical to the original depending
on the bone to be replaced [50–52]. Characteristics of
the transplants such as density, pore shape and size, and
pore interconnectivity are important parameters that will
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manipulate tissue ingrowth and mechanical properties of the
implant bone. The mechanical strength of these implants are
three to five times higher than others produced by other
processes and the possibility of inflammation caused by
microdebris that breaks during the procedure is reduced
[45]. Additive manufacturing is a very good tool for dentists
because they can easily build a plaster model of a patient’s
mouth or replace the teeth, which have a unique form with
process like stereolithography, selective laser sintering and
electron beam melting [53–55].
According to PC Magazine [54], an 83-year-old Belgian
woman became the first-ever person to receive a transplant
jawbone tailor-made for her face using a 3D printer and the
surgery time and recovery were a lot less than other patients
that received the same procedure. The shapes of bones diﬀer
too much between each person and additive manufacturing
printing produces transplants that fit better, and are easier to
insert and secure, reducing the time for the procedure and
produce a better cosmetic result [55, 56].
Stereolithography is being used to manufacture prosthetic sockets. By using this technology to ensure that the
form of the socket adapt better to the patient while being
more cost-eﬀective than hand or machined methods [57].
Not only hard parts like bones can be produced, also it is
possible to print cells in a 3D array that with the possibility
of printing complex shapes and arrays human tissue can be
printed [58–61]. This technology will help patients that have
lost tissue in accidents or from other reasons to recover faster
and with better cosmetic results. In addition 3D cell printing
technologies oﬀer the possibility of printing artificial blood
vessels that can be used in the coronary bypass surgery or any
other blood vessel procedure or diseases, like cardiovascular
defects and medical therapy [62–64]. The application of this
printed blood vessels is in the future. Research in this area,
also called bioprinting organs, will eventually lead to printed
organs, but this could take 20 years until someone achieves it
[65].
Cell printing is not limited to print human tissue; it
is also used in the field of molecular electronics. The precision of high-resolution processes like nanolithography
and photolithography permits the creation of biochips and
biosensors [63, 66, 67].
12.4. Improving the Manufacturing of Fuel Cells. Additive
manufacturing technologies can be used in processes that
require a very precise thin film of a certain material. In
the manufacture of polymer electrolyte membrane fuel cells
(PEMFCs), it is necessary to precisely deposit a very thin
layer of platinum, needed for the oxidation and reduction
reactions, with high utilization eﬃciency of the platinum.
This could be critical for taking this technology to the masses.
One of the other processes used is screen printing, but this
process is done by hand and compromises the uniformity
and time eﬃciency. The process is greatly improved by using
the 3D printing process to deposit the layer of platinum.
In Figure 10, there is a comparison between the processes.
The inkjet printing method is 4 to 5 times faster than screen
printing [15].
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12.5. Additive Manufacturing in Art. Additive manufacturing
technologies are a very powerful tool to artist in the fashion,
furniture, and lightning industry given the possibility of
virtually manufacturing the most complex form imaginable.
There are companies that manufacture furnishing complements, lightning, and accessories including clothes using SLS
[68–70].
12.6. Additive Manufacturing for Hobbyist. Additive manufacturing technologies are reaching nonindustrial users. This
revolution started in 2007 with printers that could be as low
as $500 using a variant of the fused deposition modeling
process. However, these low-cost printers are mostly sold
as do-it-yourself (DIY) projects, so, technical ability on the
part of the users is required. However, these days with
larger companies entering the business 3D printers are closer
to reaching the masses. At this time, plastics and edible
materials like chocolate materials are only available [71–73].
Users can use CAD software normally used by engineers.
Easier ones for hobbyists are available which can be used
for design. There are many apps that hobbyists can make 3D
models and print them using a 3D printer [74].
12.7. Strength Comparison. Studies have been made to
analyze the properties of the product in each process. Kim
and Oh [16] compared the properties of nonmetal additive
manufacturing processes. They tested the specimens in the
building direction and perpendicular to the building direction and they found very little influence in the building
direction in 3DP but an enormous influence in LOM [70].
Figure 11 is a comparison of the strength for LOM, Polyjet,
SL, SLS, FDM, and 3DP.
The strength of the material produced by Prometal, EBM,
SLS, and LENS is compared in Figure 12. The studies were
made by [17–20].

13. Discussion and Conclusion
In this paper article is discussed the early versions of additive
manufacturing for making fast prototypes that was initiated

LOM
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3DP
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Figure 11: Tensile strength of various 3D printing processes adapted from [16].

by the necessity of speeding the process in model development and shortening the time between product development
and market placement. Additive manufacturing processes
take the information from a CAD file that is later converted
to an STL file. In this process, the drawing made in the CAD
software is approximated by triangles and sliced containing
the information of each layer that is going to be printed.
There is also a discussion of the relevant additive manufacturing processes and their applications and a review of
how the parts are made using these additive manufacturing
processes. The continuous and increasing growth experienced since the early days and the successful results up to
date, there is optimism that additive manufacturing has a
significant place in the future of manufacturing.
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In 2004, the Society of Manufacturing Engineers did a
classification of the various technologies [11], but there are
at least four additional significant technologies in 2012.
Additive manufacturing technologies have been welcomed in the aerospace industry because of the possibility
to manufacture lighter structures to reduce weight, which
is the common goal of aircraft and spacecraft designers.
In the automotive industry, additive manufacturing is advantageous also in reproducing diﬃcult-to-find parts, for
example, parts for classic cars. Additive manufacturing is
transforming the practice of medicine; now it is possible
to have a precise model of a bone before a surgery and
the possibility of creating an accurate transplant, no matter
how complex its form is. Additive manufacturing is making
work easier for architects, who now can print the 3D models
of whatever complex shape for a civil project they have in
mind. In addition, studies are reviewed which were about
the strength of products made in additive manufacturing
processes. Review has been presented of studies considering
nonmetal material processes and metal material processes in
which a comparison of strength of the products was made
by the various processes. However, there is still a lot of work
and research to be accomplished before additive manufacturing processes become the standard in the manufacturing
industry because not every commonly used manufacturing
material can be handled. The accuracy needs improvement
to eliminate the necessity of a finishing process and to be able
to produce parts that require the highest levels of precision.
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